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AIMS & SCOPE

Pakistan Journal of Scientific and Industrial Research ( PJSIR ) was started in 1958 to disseminate

research results based on utilization of locally available raw materials leading to production

of goods to cater to the national requirements and to promote S&T in the country. Over the past

55 years, the journal conveys high quality original research results in both basic and applied

research in Pakistan. A great number of major achievements in Pakistan were first disseminated

to the outside world through PJSIR.

It is a peer reviewed journal and published in both print and electronic form. Original research

articles, review articles and short communications from varied key scientific disciplines are

accepted however, papers of Pure Mathematics, Computer Sciences and Medical Sciences are

not entertained.

From 54th Volume in 2011, it has been bifurcated into Series A: Physical Sciences & Series

B: Biological Sciences. Each series appears three times in a year as follows:

Physical Sciences in January-February, May-June and September-October issues. It includes

research related to Natural Sciences, Organic Chemistry, Inorganic Chemistry, Industrial

Chemistry, Physical Chemistry, Environmental Sciences, Geology, Physics, Polymer Sciences

and Technology. 

Biological Sciences in March-April, July-August and November-December issues. Papers

included in this series are from Agriculture, Agronomy, Botany, Biochemistry, Biotechnology,

Food Sciences, Genetic Engineering, Pharmaceutical Sciences, Microbiology, Marine Sciences,

Soil Sciences, Tissue Culture, Zoology and Technology.

Due to many global issues, we are encouraging contributions from scientists and researchers

from all across the globe with the sole purpose of serving scientific community worldwide on

the whole and particularly for our region and third world countries.
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Abstract. Niacinamide forms  metal complexes of general formula [M(C
6
H

6
N

2
O)

2
]Cl

2
; where M = Mn(II),

Co(II), Ni(II), Cu(II) and Zn(II) in the aqueous medium. The complexes were formulated by comparing

the experimental and calculated data for C, H, N and metal. The prepared complexes were characterised

by different physicochemical methods. The UV-vis, FTIR spectral analysis and thermo gravimetric analysis

(TGA). TGA of these complexes have been discussed. Magnetic susceptibility values indicate that all

complexes except Zn complex are paramagnetic in nature. The redox properties of the metal ions in the

Mn, Cu and Zn complexes have been discussed from the cyclic voltammetric studies. In all cases the

systems are quasi reversible.

Keywords: niacinamide, magnetic susceptibility, metal complexes, thermo gravimetric analysis

Introduction

The vitamins are a disparate group of compounds. They

have little in common either chemically or in their metabolic

functions. Nutritionally, they form a cohesive group of

organic compounds that are required in the diet in small

amounts (micrograms or milligrams per day) for the

maintenance of normal health and metabolic integrity

(Bender, 2003). Considering the significant role of metal

ions in vast number of widely different biological processes

many scientists are working in the field of interaction of

metals with different vitamins. A great deal of work has

been done in the field of preparation and characterisation

of metal-vitamin compounds (Mamun et al., 2011; Rahman

et al., 2011; Ehsan et al., 2004; 2001; Haider et al., 1988;

1987).

Niacinamide named as vitamin B3 is one of the most

important member of water-soluble vitamins (B-vitamins).

Vitamin B3 functions as coenzyme in oxidation and

reduction reactions, functional part of NAD and NADP,

role in intracellular calcium regulation and cell signaling.

Vitamin B3 deficiency causes pellagra, characterised by

a photosensitive dermatitis, like severe sunburn, typically

with a butterfly-like pattern of distribution over the face,

affecting all parts of the skin that are exposed to sunlight.

Similar skin lesions may also occur in areas not exposed

to sunlight, but subject to pressure, such as the knees,

elbows, wrists, and ankles. Advanced pellagra is also

accompanied by a dementia or depressive psychosis, and

there may be diarrhoea (Bender, 2003). Studies of metal-

niacinamide complexes are therefore, very important from

the physiological activity point in the living system.

The niacinamide is a 3-substituted derivative of pyridine.

It has three donor atoms (2N and 1O). The coordination

chemistry of niacinamide is important since there are

possibilities to form variety of complexes with d-block

metal ions. In this communication preparation and

characterisation of niacinamide complexes of first row

transition metals namely; Mn, Co, Ni, Cu and Zn have

been reported, all in the + 2 oxidation state.

Materials and Methods

Analytical grade reagents (BDH and Aldrich) were used

in all preparative and analytical works. Micro-analysis for

C, H and N were performed on an automatic micro-analyser

in the Laboratory of Organic Structural Chemistry (Prof.

Shinmyozu Lab.), Department of Molecular Chemistry,

Graduate School of Sciences & IMCE, Kyushu University,

Japan. Metal content of the complexes were quantitatively

determined by complexometric method. Chloride content

of all the complexes were qualitatively tested by AgNO3

solution. The melting point of all the complexes were

measured in a heating device with a thermometer, MEL-

TEMP II Laboratory Devices made in USA. Infrared

spectra of the complexes were recorded on a calibrated

Fourier Transformation Infrared Spectrophotometer

(Shimadzu FTIR IR prestige-21 S/N) in the range of 500-

4500 cm-1 as KBr pellets at QC Department of Beximco
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Pharmaceuticals, Bangladesh. The electronic spectra of

niacinamide and its complexes were recorded on a

Shimadzu UV-visible recording spectrophotometer (UV-

 160A) in the wavelength range 200-1100 nm using nujol

mull technique. The thermo gravimetric analysis of the

complexes was carried out with a computer controlled

TA-60WS thermo gravimetric analyser and TGA-50H

detector made in Japan at Centre of Excellence, Dhaka

University. The magnetic properties of the complexes were

studied at ambient temperature on a magnetic susceptibility

balance (Magway MSB Mk1 Sherwood Scientific Ltd.,

Cambridge, England). The cyclic voltammogram of the

complexes were studied with Epsilon, a PC controlled

potentiostat; developed by Bioanalytical Systems, Inc.

USA.

Preparation and formulation. All the complexes were

prepared by following a general procedure. In all cases 20

mmol niacinamide and 20 mmol metal salt were dissolved

separately in deionised water. These two solutions were

filtered separately and mixed together. The resultant mixture

was concentrated by heating carefully with moderately

low flame in a Bunsen burner. Then the concentrated

solution was allowed to cool at room temperature. The

precipitate obtained was filtered, washed with water and

dried over silica gel in a desiccator. All the complexes

were stable in light and air. Preparation of the complexes

are shown in scheme 1.

The formulation of the complexes was done by comparing

the experimental and calculated data for elemental analysis.

The micro analytical data of C, H, N and M content in the

prepared complexes are given below:

A [Mn(C6H6N2O)2]Cl2: calcd, (%): C, 38.91; H, 3.27;

N, 15.13; Mn, 14.85.

anal Found, (%): C, 38.22; H, 3.23; N, 14.86; Mn,

12.60.

B [Co(C6H6N2O)2]Cl2:  calcd, (%): C, 38.50; H, 3.23;

N, 14.97; Co, 15.76.

anal Found, (%): C, 38.42; H, 3.24; N, 14.99; Co, 13.75.

C   [Ni(C6H6N2O)2]Cl2:  calcd, (%): C, 38.52; H, 3.24;

N, 14.98; Ni, 15.70.

anal Found, (%): C, 37.62; H, 3.19; N, 14.69; Ni, 13.60.

D   [Cu(C6H6N2O)2]Cl2:  calcd, (%): C, 38.03; H, 3.20;

N, 14.80; Cu, 16.77.

anal Found, (%): C, 37.95; H, 3.13; N, 14.78; Cu, 14.48.

E   [Zn(C6H6N2O)2]Cl2:  calcd, (%): C, 37.85; H, 3.18;

N, 14.72; Zn, 17.18.

anal Found, (%): C, 37.66; H, 3.27; N, 14.65; Zn, 14.96.

Results and Discussion

Metal complexes of niacinamide have been synthesised

in the aqueous medium following a general procedure.

The complexes have the general formula:

[M(C6H6N2O)2] Cl2; M = Mn(II), Co(II), Ni(II), Cu(II)

and Zn(II)

The complexes are soluble in water but insoluble in most

of the common organic solvents. The physical appearance

of the complexes are [Mn(C6H6N2O)2]Cl2 (light pink),

[Co (C6H6N2O)2] Cl2 (orange), [Ni (C6H6N2O)2]Cl2

(yellowish green), [Cu(C6H6N2O)2]Cl2 (light green),

[Zn(C6H6N2O)2]Cl2 (colourless). Melting point of the

complexes are more than 200 °C. The high melting point

and the solubility nature of the complexes indicate that

they are ionic in nature to some extent.

IR Spectral analysis. The IR spectral analysis confirm the

formation as well as similar bonding nature of all the

complexes. The IR absorption spectra of niacinamide and

Cu-niacinamide complex are compared in Fig. 1. The

tentative assignments have been done on the basis of standard

references (Silverstein et al., 2005, Banwell et al., 2003,

Pavia et al., 2001) and presented in Table 1.

In all the complexes a strong peak at ~3157 to 3203 cm-1

appears due to symmetric N-H stretching vibration.

Asymmetric N-H stretching vibration appears at ~ 3319 to

3402 cm-1. Whereas, for the ligand a strong broad peak

at 3165 cm-1 and 3365 cm-1 was due to symmetric and

asymmetric N-H stretching vibration of �NH2 group,

respectively. The change in sharpness and position of the

peaks in the complexes with respect to that of ligand is due

to the fact that the nitrogen participate  in the coordination.

All the complexes absorb strongly at ~1664 to 1708 cm-1

due to C=O stretching vibration. Strong sharp band

appear at ~1602 to 1624 cm-1 due to aromatic C=C stretching

vibration. For ligand a strong peak at 1678 cm-1 and

1618 cm-1 are due to C=O and aromatic C=C stretching

vibrations. At ~1375 to 1398 cm-1 all the complexes absorb

20 mmol metal salt

dissolved in 10-15 mL

deionised water

20 mmol of niacinamide

dissolved in 10-15 mL

deionised water

Solid precipitate of

complexes were filtered

out after cooling

gently heated

after mixing
®+

Scheme 1. Preparation of complexes.
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due to C-N stretching vibration. A strong sharp peak at

1394 cm-1 appeared due to C-N stretching vibration for

ligand. A sharp peak for aromatic =C-H stretching vibration

appears at 2360 to 2762 cm-1 in the complexes. The

sharpness of the peaks due to C=O, C=C and CN bands

and their displacement with respect to that of ligand

confirmed the formation of the complexes.

UV-vis spectral analysis. The electronic absorption spectra

of the niacinamide complexes and their characteristic

absorption bands with tentative assignments are presented

in Fig 2 and Table 2, respectively. The assignments have

been done on the basis of some standard references (Banwell

et al., 2003; Pavia et al., 2001).

The n ® s* absorption bands due to the transition of

nitrogen lone pair to the anti bonding orbital of C-N bond

4500 4000 3500 3000 2500 2000 1750 1500 1250 1000 750 500

Wavenumber (1/cm)

Table 1. Comparison of IR bands of niacinamide and its complexes

Compound u (NH) u (NH) u (CH) u (C=O) u (C=C) u (NH) u (CN)

str. str. str. str. str. bending str.

(sym) (asym) aromatic cm-1 aromatic cm-1 cm-1

cm-1 cm-1 cm-1 cm-1

Niacinamide 3165 3365 2783 1678 1618 1576 1394

[Mn(C
6
H

6
N

2
O)

2
]Cl

2
3203 3342 2365 1670 1622 1601 1375

[Co(C
6
H

6
N

2
O)

2
]Cl

2
3196 3319 2754 1666 1602 1568 1396

[Ni(C
6
H

6
N

2
O)

2
]Cl

2
3196 3367 2752 1664 1624 1605 1398

[Cu(C
6
H

6
N

2
O)

2
]Cl

2
3157 3402 2360 1708 1605 - 1379

[Zn(C
6
H

6
N

2
O)

2
]Cl

2
3184 3344 2762 1674 1603 1568 1375

a

b

c

d

e

f

200 400 600 800 1000

Wavelength (nm)Fig. 1. Comparison of the FTIR spectra of (a)

[Cu(C6H6N2O)2]Cl2 and (1) Niacinamide

(C6H6N2O) in the region 500 to 4500 cm-1.

Fig. 2. The UV absorption spectrum in the region

200 to 1100 nm of (a) [Mn(C6H6N2O)2]Cl2
(b) [Co(C6H6N2O)2]Cl2 (c) [Ni (C6 H6 N2

O)2]Cl2 (d) [Cu(C6H6N2O)2]Cl2 (e) [Zn

(C6H6N2O)2] Cl2 and (1) niacinamide

(C6H6N2O).

Table 2. Absorption bands of niacinamide and its

complexes

Compound                           Absorption bands l
max

 (nm)

d®d*  n®p* n®s* p®p*

Niacinamide (C
6
H

6
N

2
O) - 343 300 250

[Mn(C
6
H

6
N

2
O)

2
]Cl

2
- 340 298 263

[Co(C
6
H

6
N

2
O)

2
]Cl

2
520, 620 342 299 263

[Ni(C
6
H

6
N

2
O)

2
]Cl

2
700 340 299 265

[Cu(C
6
H

6
N

2
O)

2
]Cl

2
650 341 299 262

[Zn(C
6
H

6
N

2
O)

2
]Cl

2
- 338 299 255

61Transition Metal Complexes of Niacinamide



appeared at 299 nm instead of 300 nm in niacinamide.

The bands due to p ® p* transition in the metal complexes

at ~ 255-263 nm are somewhat broad and seem to be

overlapped with the n ® s* bands. The n ® p* transition

bands in the complexes are observed in the region 338-

340 nm whereas the ligand absorb at 343 nm. The broad

bands for the coloured complexes in the range of 520-700

nm were clearly due to the d-d transitions  which is absent

for the complex  with d10 system.

The presence of p ® p*, n ® p* and n ® s* bands in

all the complexes indicate the presence of the functional

groups of the parent ligand (e.g. -C=O, -NH2). Shifting of

the absorption bands in the complexes and appearing of

a new band for d-d transitions also indicate the probability

of forming M¬L coordination bonds in the complexes.

Again the positions of the absorption bands also indicate

the similar bonding pattern of the complexes.

Thermo gravimetric analysis. Thermo gravimetric

TG curves of the complexes and the ligand are compared

in Fig. 3 and the characteristic features of decomposition

of [Cu(C6H6N2O)2]Cl2 are tabulated in Table 3.

Thermo gravimetric analysis (TGA) reveals that niacina-

mide and its complexes are not accompanied by any

chemically bonded water or water of crystallization. The

pattern of the thermo grams also confirm the complexation

between metal and niacinamide.

Magnetic properties. Magnetic moments of all the

complexes were measured using a manual magnetic

susceptibility balance. The measured values agree with

the divalent oxidation state of the metals (Table 4).

Table 3. Weight loss at different stages of TG analysis of niacinamide and metal-niacinamide complexes

Compound Sample TG analysis Comments

weight Transition % Wt.

(mg) temp. (°C) loss

[Cu(C
6
H

6
N

2
O)

2
]Cl

2
10.373 32-60 6 The weight loss may be due to loss of adhere water

60-250 No loss No chemically bound water

250-350 57 The weight loss may be due to loss of CO
2
, HCl, NH

3
, H

2

350-580 5 It may be due to loss of CH
4

580-580 6   The rest of the organic part may be lost

(10 min.)

Residue = 26%

Table 4. Magnetic properties of the complexes of niacinamide

Compound c
A        meff 

 BM No. of Config. Inference

(cgs)       (at 300K) unpaired g.

x 10-3 Found Theo. electron

[Mn(C
6
H

6
N

2
O)

2
]Cl

2
10.63 5.50 5.7-6.0 5 d5 Paramagnetic

[Co(C
6
H

6
N

2
O)

2
]Cl

2
11.47 5.20 4.3-5.2 3 d7 Paramagnetic

[Ni(C
6
H

6
N

2
O)

2
]Cl

2
3.598 2.94 3.0-3.3 2 d8 Paramagnetic

[Cu(C
6
H

6
N

2
O)

2
]Cl

2
1.09 1.62 1.7-2.2 1 d9 Paramagnetic

[Zn(C
6
H

6
N

2
O)

2
]Cl

2
-ve 0* - 0 d10 Diamagnetic

* = The negative value of c
A indicates that the tube and sample have a net diamagnetism. In that case µeff can be considered

as zero.

a

b

c

d

e

120

100

80

60

40

20

0

%
 W

e
ig

h
t 

lo
s
s

Temperature (°C)

0 100 200 300 400 500 600 700

Fig. 3. TG curves of (a) [Mn(C6H6N2O)2]Cl2 (b)

[Co(C6H6N2O)2]Cl2 (c) [Ni (C6H6N2O)2]

Cl2 (d) [Cu(C6H6N2O)2]Cl2 (e) [Zn (C6 H6

N2O)2]Cl2 (1) Niacinamide (C6H6N2O).
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The µeff values of the complexes demonstrate that all the

complexes are sufficiently pure. The complexes of Mn(II),

Co(II), Ni(II) and Cu(II) are high spin paramagnetic as

suggested by their measured and standard magnetic moment

values (Mamun et al., 2011, Rahman et al 2011). The

[Zn(C6H6N2O)2]Cl2 complex is diamagnetic as the  complex

is d10 system. The deviation of magnetic moment value

of copper ion may be due to some experimental errors.

Cyclic voltammetric studies. The redox behaviour of

Mn(II), Cu(II) and Zn(II) in the coordinated and

uncoordinated states were examined using cyclic

voltammetric technique.  All the solutions in the present

study were prepared in freshly prepared KCl solution. The

surface of the working electrode was polished with

powdered alumina and rinsed thoroughly with deionised

water before doing the experiments. The solution system

was deoxygenated by purging with N2 gas and was

homogenised by stirring with a magnetic stirrer. The cyclic

voltammograms of the solution were recorded with respect

to saturated Ag/AgCl reference electrode.

CV studies of redox behaviour of Cu(II) in CuCl2 and

[Cu(C6H6N2O)2]C2. The redox behaviour of Cu(II) in

CuCl2 and [Cu(C6H6N2O)2]Cl2 were observed in 0.1M

KCl using cyclic voltammetric technique on glassy carbon

electrode within the potential window 1200-1300 mV at

room temperature. The voltammogram of the complex is

compared with that of the free metal and niacinamide in

Fig. 4.

The CV of Cu(II) in CuCl2 shows  two cathodic peaks

at potential 45.4 mV and -212.2 mV, and two anodic

peaks at potential 241.0 mV and 88.4 mV, respectively.

In the metal complex, there were two cathodic peaks

at potential 121.8 mV, and -188.4 mV, and two anodic

peaks at potentials 174.2 mV, and 55.0 mV, respectively.

The voltammograms indicate that there were two one-

electron transfer processes i.e.,

The peak positions deviated noticeably in the complex

system compared to that of free metal. However, the

peak currents for both the anodic and cathodic peaks

in the voltammogram of the complex are remarkably

lower than that of metal salt.

Scan rate variation. The cyclic voltammograms of 1 mM

[Cu(C6H6N2O)2]Cl2 at different scan rates are shown in

Fig. 5. The current potential data, peak potential separation

Potential (E/V vs Ag/AgCl)

-0.70.00.71.4 -1.4
-1.4

-0.2

0.0

0.2

C
u

rr
e

n
t 

(m
A

)

and peak current ratio of the voltammograms are recorded

in Table 5.

The voltammograms of the metal complex at different

scan rates expressed that with the increase of scan rate

the peak currents for both cathodic and anodic peaks

increases. Both the cathodic peaks shifted towards

negative while the anodic peaks shifted towards positive

direction with the increase of scan rate. The peak

separation for the first pair of cathodic and anodic peaks

increases with the increase of scan rate.

Randless-sevcick plot. A plot of peak current (first pair of

peak) vs SQRT of scan rate (Fig. 6) for the metal complex

showed that with the increase of scan rate peak, current

for both cathodic and anodic peaks increases.

Fig. 5. CVs of 1mM [Cu(C6H6N2O)2]Cl2 in 0.1M

KCl at 300, 200, 100 and 50 mV/s.

Potential (E/V vs Ag/AgCl)

-0.70.00.71.4 -1.4
-1.4

-0.2

0.0

0.2

C
u

rr
e

n
t 

(m
A

)

Fig. 4. CVs 1mM CuCl2,1mM [Cu (C6 H6 N2 O)2] Cl2
and 1mM niacinamide in 0.1M KCl at 100

mV/s.

Cathodic: Cu(II)             Cu(I)               Cu(0)

Anodic: Cu(0)            Cu(I)        Cu(II)

® ®

® ®

+ e- + e-

- e- - e-
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Table 5. Current- Potential data, peak potential separation, peak current ratio of the  voltammogram of 1 mM

[Cu(C6H6N2O)2]Cl2 in 0.1 M KCl at different scan rates

v v1/2 E
pc1

E
pc2

E
pa1

E
pa2

i
pc1

i
pc2

i
pa1

i
pa2

DEp i
pa1

/i
pc1

Vs-1 Vs-1 Volt Volt Volt Volt mA mA mA mA Volt

(+) (-) (+) (+) (+) (+) (-) (-)

0.05 0.2236 0.1218 0.1693 0.1742 0.0502 0.0187 0.0341 0.054 0.075 0.0475 2 .8877

0.10 0.3162 0.1218 0.1884 0.1742 0.0550 0.0251 0.0393 0.081 0.089 0.0666 3 .2271

0.20 0.4472 0.1074 0.2361 0.1742 0.0597 0.0363 0.0457 0.105 0.113 0.1287 2 .8926

0.30 0.5477 0.0979 0.2838 0.1742 0.0597 0.0441 0.0504 0.109 0.133 0.1859 2 .4716

v = scan rate; v1/2 = SQRT of scan rate; E
pc1

 = cathodic peak potential for 1st peak; E
pc2

 = cathodic peak potential for 2nd peak,

E
pa1

 = anodic peak potential for 1st peak; E
pa2

 = anodic peak potential for 2nd peak; i
pc1

 = cathodic peak current for 1st peak,

i
pc2

 = cathodic peak current for 2nd peak; i
pa1

 = anodic peak current for 1st peak; i
pa2

 = anodic peak current for 2nd peak, DE
p1

= peak potential separation for 1st pair of peak; i
pa1

/i
pc1 = peak current ratio for 1st  pair of peak

The shifting of the peaks in the complex compared to

that of free metal confirmed the complexation of Cu(II)

with niacinamide. The peak potential separation increases

with scan rate due to slow electron transfer kinetics or

ohmic potential (iR) drop. The linear increase of peak

current with SQRT of scan rate revealed that the electrode

process is diffusion controlled. The values of peak

current ratio indicate that the process is quasi reversible

(Akhtar et al., 2008; Shaikh et al., 2006; Wang 2006;

Bard and Faulkner 2001; Brett and Brett, 1993).

Redox behaviour of the complexes [Mn(C6H6N2O)2]

Cl2and [Zn(C6H6N2O)2]Cl2 were also studied. The

Mn-complex showed two pair of redox signals. The

probable electron transfer processes are:

The CV of [Zn(C6H6N2O)2]Cl2 showed one pair of

redox signals. The probable electron transfer processes

are:

The Mn and Zn complexes behaved almost similarly

to that of the Cu-complex. In both the cases the electron

transfer processes were diffusion controlled and quasi

reversible.

Conclusion

(i) Niacinamide forms coordination complexes with

Mn(II), Co(II), Ni(II), Cu(II) and Zn(II) in 2:1 ratio.

(ii) Weight losing pattern of all the complexes are

similar indicating similar structure of the complexes.

(iii) All except Zn(II) produces paramagnetic complexes

with the ligand.

(iv) The redox properties of the metal ions changes

appreciably on complexation with niacinamide

Acknowledgement

The authors would like to acknowledge the support

from Prof. Shinmyozu of the Laboratory of Organic

Structural Chemistry, Department of Molecular

Chemistry, Graduate School of Sciences & IMCE,

Kyushu University, Japan, for supplying the elemental

analysis data of the samples.

References

Akhtar, H.M.N., Shaikh, A.A., Ehsan, M.Q. 2008.

Cyclic voltammetric study of the redox behavior

of Fe(II)/Fe(III) systems forming during the

oxidation of Fe(II) complexes with saccharin and

1,10- phenanthroline. Russian Journal of Electro-

chemistry, 44: 1403-1408.

Fig. 6. Variation of peak current with SQRT of

scan rate.

®

®Cathodic:   Zn(II)      Zn(0)        

Anodic:   Zn(0)      Zn(II)

+ 2e-

- 2e-

SQRT of scan rate

-0.16

-0.08

0.00

0.08

0.0 0.2 0.4 0.6

P
e

a
k
 c

u
rr

e
n

t 
(m

A
)

ipc2

ipc1

ipc1

ipc2

Cathodic:   Mn(IV) Mn(III)         Mn(II)

Anodic:   Mn(II) Mn(III) Mn(IV)

®

®

®

®- e-
- e-

+ e- + e-

64 Md. Qamrul Ehsan et al.



Banwell, C.N., McCash, E.M. 1995. Fundamentals of

Molecular Spectroscopy, pp. 84-88, 189-192, 4th

edition, McGraw-Hill International Limited, UK.

Bard, A.J., Faulkner, L.R. 2001. Electrochemical Methods

Fundamentals and Applications, pp. 228-255, 2nd

edition, John Wiley & sons, Inc., New York, USA.

Bender, D.A. 2003. Nutritional Biochemistry of the

Vitamins, 512 pp., 2nd edition, Cambridge University

Press, UK.

Brett, C.M.A., Brett, A.M.O. 1993. Electrochemistry

Principles, Methods and Applications, pp. 174-

191, Oxford University Press, New York, USA.

Ehsan, M.Q., Begum, S.M., Islam, S.M.S. 2004. Preparation

and characterization of pyridoxine complexes of

Fe(III), Mo(VI), Cd(II), Hg(II) and U(VI). Journal

Saudi Chemical Society, 8: 251-256.

Ehsan, M.Q., Khatun, S., Quyser, M.A. 2001. Preparation

and characterisation of pyridoxine complexes of

Mn(II), Co(II), Ni(II), Cu(II) and Zn(II). Journal

Saudi Chemical Society, 5: 59-65.

Haider, S.Z., Malik, K.M.A., Khan, M.S., Bakshi, P.K.,

Bhuiyan, A.A., Hursthouse, M.B. 1988. Preparation,

characterization and properties of some metal-

thiamine compounds of general formula (C12 H17

N4OS)MCl3. 0.5 H2O [M = Co(II), Zn(II) and

Cd(II). Journal of Bangladesh Academy of Sciences,

12: 197-206.

Haider, S.Z., Malik, K.M.A., Bakshi, P.K., Bhuiyan, A.A.,

Khan, M.S., Hursthouse, M.B. 1987. Preparation,

characterization and properties of the metal-thiamine

compounds (C12H18N4OS)CuCl4 and (C12H18N4OS)

MCl4. H2O [M = Co(II), Zn(II), Cd(II) and Hg(II)].

Journal of Bangladesh Academy of Sciences, 11: 117-

127.

Mamun, M.A., Ahmed, O., Bakshi, P.K., Yamauchi, S.,

Ehsan, M.Q. 2011. Synthesis and characterization

of some metal complexes of cystine: [Mn(C6H10

N2O4S2)]; where M = Mn(II), Co(II), Ni(II), Cu(II),

Zn(II), Cd(II), Hg(II) and Pb(II). Russian Journal

of Inorganic Chemistry, 56: 1972-1980.

Pavia, D.L., Lampman, G.M., Kriz, G.S. 2001. Introduction

to Spectroscopy, pp. 26, 28, 357-386, 3rd edition,

Harcourt College Publisher, Fort Worth, New York,

USA.

Rahman, K.L., Mamun, M.A., Ehsan, M.Q. 2011. Prepara-

tion of metal Niacin complexes and characterization

using spectroscopic and electrochemical techniques.

Russian Journal of Inorganic Chemistry, 56: 1436-

1442.

Shaikh, A.,  Begum, M., Khan, A.H., Ehsan, M.Q. 2006.

Cyclic voltammetric studies of the redox behavior

of iron(III)-vitamin B6 complex at carbon paste

electrode. Russian Journal of Electrochemistry,

42:  620-625.

Silverstein, R.M., Webster, F.X., Kiemle, D.J. 2005.

Spectrometric Identification of Organic Compounds,

pp. 75-108, 7th edition, John Wiley & Sons, Inc.,

New York, USA.

Wang, J. 2006. Analytical Electrochemistry, pp. 29-40, 3rd

edition, John Wiley & Sons, Inc., New York, USA.

65Transition Metal Complexes of Niacinamide



Introduction

The electroless and electrodeposition of silver metal onto

copper substrate is an important industrial process that is

used primarily by the manufactures of printed circuit

boards to prevent degradation of exposed copper surfaces

(conduction tracks) during the time that elapses between

the manufacture of the circuit board and the assembly

procedure incorporating the board or component into a

finished device. Typically this can be up to several months.

This method of protection for copper surfaces is very

effective despite the fact that silver is thermodynamically

much more susceptible to aerobic oxidation. This is because

silver oxide and sulphide (formed as tarnish on silver

surfaces), as well as the underlying silver metal, are very

soluble in the tin- and tin/lead-based molten solder that

are used to bond the circuit components to the copper

tracks of the circuit board.

On the contrary, copper oxides are poorly soluble in the

molten solder such that, aerobic oxidation of the copper

surface prior to soldering inhibits interfacial wetting at  the

copper/solder interface and prevents bonding of the

component. In a practical device, this results in failure of

the joint either through poor conductivity or because of

low mechanical stress tolerance. Solder fluxes are often

used to mitigate this problem by preventing aerobic oxidation

of copper surfaces, but this approach is not always successful

or practical. Commercial electroless silver processes typically

use an aqueous AgNO3 solution in the presence of HNO3.

In addition to the social and environmental concerns that

surround the use of strong inorganic acids, here the use of

HNO3, whilst necessary to the process, has an additional

detrimental effect because there is competitive etching of

the copper tracks during silver plating. This can be a serious

problem for the electronics industry, particularly as integra-

tion densities continue to increase and consequently feature

sizes become smaller. Many component failures arise

because of copper etching (by the HNO3) before the surfaces

are silver plated. In addition, the aqueous process requires

the use of colloidal catalyst (usually palladium metal) to

sustain silver plating from beyond a few nanometers up to

1-5 mm in thickness (Djokic et al., 2002; Shipley, 1961).

Sun et al. (2003) and Endres (2002) reported that, recently

ionic liquids have received a great deal of attention in the

literature as alternative solvents and electrolytes for a

number of electrochemical processes. These processes

range in scope from fundamental academic investigations,

for example, into the structure of the solid/liquid interfaces

(Ohno, 2005), or into the mechanisms of ion diffusion, to

industrial processes where, the ionic liquid has the potential

to replace conventional noxious aqueous media (Abbott
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The electroless and electrodeposition of silver metal onto

copper substrate is an important industrial process that is

used primarily by the manufactures of printed circuit

boards to prevent degradation of exposed copper surfaces

(conduction tracks) during the time that elapses between

the manufacture of the circuit board and the assembly

procedure incorporating the board or component into a

finished device. Typically this can be up to several months.

This method of protection for copper surfaces is very

effective despite the fact that silver is thermodynamically

much more susceptible to aerobic oxidation. This is because

silver oxide and sulphide (formed as tarnish on silver

surfaces), as well as the underlying silver metal, are very

soluble in the tin- and tin/lead-based molten solder that

are used to bond the circuit components to the copper

tracks of the circuit board.

On the contrary, copper oxides are poorly soluble in the

molten solder such that, aerobic oxidation of the copper

surface prior to soldering inhibits interfacial wetting at  the

copper/solder interface and prevents bonding of the

component. In a practical device, this results in failure of

the joint either through poor conductivity or because of

used to mitigate this problem by preventing aerobic oxidation

of copper surfaces, but this approach is not always successful

or practical. Commercial electroless silver processes typically

use an aqueous AgNO3 solution in the presence of HNO3.

In addition to the social and environmental concerns that

surround the use of strong inorganic acids, here the use of

HNO3, whilst necessary to the process, has an additional

detrimental effect because there is competitive etching of

the copper tracks during silver plating. This can be a serious

problem for the electronics industry, particularly as integra-

tion densities continue to increase and consequently feature

sizes become smaller. Many component failures arise

because of copper etching (by the HNO3) before the surfaces

are silver plated. In addition, the aqueous process requires

the use of colloidal catalyst (usually palladium metal) to

sustain silver plating from beyond a few nanometers up to

1-5 mm in thickness (Djokic et al., 2002; Shipley, 1961).

Sun et al. (2003) and Endres (2002) reported that, recently

ionic liquids have received a great deal of attention in the

literature as alternative solvents and electrolytes for a

number of electrochemical processes. These processes

range in scope from fundamental academic investigations,

for example, into the structure of the solid/liquid interfaces

(Ohno, 2005), or into the mechanisms of ion diffusion, to

industrial processes where, the ionic liquid has the potential

to replace conventional noxious aqueous media (Abbott



et al., 2004a). A relatively new class of ionic liquid based

on eutectic mixtures of choline chloride with a hydrogen

bond donor species has been reported by Abbott and

Mckenzie (2006) and Abbott et al. (2004b; 2003). Abbott

et al. (2006a; 2006b) also reported that, these liquids can

be used for deposition of a range of metal coatings including

Zn, Cr, Sn, Cu, and Ag at high current efficiency and also

for metal dissolution processes such as electropolishing.

In many cases, the use of ionic liquids as solvents overcomes

the need for strong inorganic acids (e.g., chromic acid,

HF, H3PO4, H2SO4) and highly toxic salts (e.g., cyanide).

The aim of the present work is to develop a coating of

silver on copper substrate by electroless and electrolytic

deposition methods from ionic liquids based on choline

chloride and hydrogen bond donors such as ethylene glycol

(EG) or urea.

Materials and Methods

Chemicals. Choline chloride [HOC2H4N(CH3)3Cl] (ChCl)

(Aldrich 99%) which was recrystallised from absolute

ethanol, filtered and dried under vacuum. Urea (Aldrich

>99%) was dried under vacuum prior to use. Ethylene

glycol (EG) (Aldrich >99%), silver nitrate (AgNO3) (Merck

99.8%), and all other chemicals were used as received.

Preparation of ionic liquid. The eutectic mixtures

were formed by stirring the two components together,

in the stated proportions, at 75 °C until a homogeneous,

colourless liquid formed. The molar ratio for the eutectic

compositions was found to be 1:2 for choline chloride

(ChCl) with ethylene glycol (EG) or urea. The ionic

liquids, once formulated, were kept in a thermostatic

oven at 30 °C prior to use.

Electrochemical and analytical study. Electrochemical

investigations including potential step chronoampero-

metry, chronopotentiometry and cyclic voltammetry were

carried out using a Hokudo Denko HAB151 Potentiostat/

Galvanostat, Tokyo, Japan, equipped with a potential

sweeper. Data were recorded in a computer through data

acquisition system (USA) using WinDaq software. A three-

electrode system consisting of a platinum (50´5´0.1 mm3)

working electrode, a silver (50´10´0.2 mm3) counter

electrode and a silver wire quasi-reference electrode were

used in all electro-chemical studies. The working electrode

was cleaned electrochemically in 1.5 mol/dm3 H2SO41.0

mol/dm3 H3PO4 mixtures then rinsed with deionised water,

and finally dried with acetone prior to use in all measure-

ments. All voltammograms were obtained at 30 °C with

various scan rates ranging from 5 to 100 mV/s. A silver

wire (immersed in ethaline/reline) quasi-reference electrode

was used in all electrochemical experiments which have

been shown to have stable reference potential in chloride

based eutectics. All potentials in this work are quoted

with respect to Ag/1:2 ChCl-EG/urea reference electrode

(which will be written as Ag/Ag(I) (note that the reference

potential will be changed slightly with melts of different

compositions).

Deposition of silver. The electroless plating of silver were

carried out in a glass beaker containing 15 cm3 ionic liquids

at room temperature (typically 25~30 °C) onto copper

(50 ´ 10 ´ 0.2 mm3) or mild steel (50 ´ 10 ´ 0.2 mm3)

substrates. Prior to deposition experiments, copper and

steel substrates were mechanically polished to mirror finish

by 600, 1000 and 2000 grit sandpaper. After polishing,

the specimens were ultrasonically cleaned in deionised

water, and finally dried with acetone. The substrates were

then immediately immersed in ChCl:2EG (ethaline) and

ChCl:2Urea (reline) ionic liquids containing AgNO3

(0.01~0.10 mol/dm3) at different time periods (1~5 min).

The electrolytic deposition of silver were carried out onto

copper and steel cathodes under constant current and

constant potential methods from ionic liquids (ethaline/

reline) containing AgNO3 at room temperature. Following

each deposition, the resulting deposit was soaked firstly

in ethanol, then in deionised water, and finally washed

with acetone to remove the residual ionic liquids. The

deposit was then dried with cold air.

Deposit characterisation. The surface morphologies

of the samples were then examined with scanning

electron microscope (XL 30 SEM, PHILIPS) and its

auxiliary X-ray energy dispersive spectroscope (EDX).

X-ray diffraction analysis was also performed with a

Philips PW 1716 diffractometer using CuKµ radiation

(40 kV, 25 mA) to explore the crystal structure of the

deposits.

Results and Discussion

Cyclic voltammetry of Ag(I) in ChCl:2EG (ethaline)

and ChCl:2urea (reline) ionic liquids. The cyclic

voltammograms recorded on a platinum electrode in

1:2:0.05 (mole ratio) ChCl:EG:AgNO3 (a) and Ch Cl:

urea:AgNO3 (b) ionic liquids at 30 °C with a scan rate

of 10 mV/s are shown in Fig. 1. The rest potentials are

+ 0.44 V in ethaline and +0.22 V in reline. The scan

towards negative direction consists of first reduction

waves C1 in Fig. 1a and C'1 in Fig.1 b with the currents

starting to increase at -0.03 V (C1) and + 0.013 V (C'1).

Additional reduction waves C2 in Fig. 1a and C'3 in

Fig. 1b are observed with the currents increase starting
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sweeper. Data were recorded in a computer through data

acquisition system (USA) using WinDaq software. A three-

electrode system consisting of a platinum (50´5´0.1 mm3)

working electrode, a silver (50´10´0.2 mm3) counter

electrode and a silver wire quasi-reference electrode were

used in all electro-chemical studies. The working electrode

was cleaned electrochemically in 1.5 mol/dm3 H2SO41.0

mol/dm3 H3PO4 mixtures then rinsed with deionised water,

and finally dried with acetone prior to use in all measure-

ments. All voltammograms were obtained at 30 °C with

various scan rates ranging from 5 to 100 mV/s. A silver

wire (immersed in ethaline/reline) quasi-reference electrode

was used in all electrochemical experiments which have

been shown to have stable reference potential in chloride

based eutectics. All potentials in this work are quoted

with respect to Ag/1:2 ChCl-EG/urea reference electrode

(which will be written as Ag/Ag(I) (note that the reference

potential will be changed slightly with melts of different

compositions).

Deposition of silver. The electroless plating of silver were

carried out in a glass beaker containing 15 cm3 ionic liquids

at room temperature (typically 25~30 °C) onto copper

(50 ´ 10 ´ 0.2 mm3) or mild steel (50 ´ 10 ´ 0.2 mm3)

substrates. Prior to deposition experiments, copper and

steel substrates were mechanically polished to mirror finish

by 600, 1000 and 2000 grit sandpaper. After polishing,

the specimens were ultrasonically cleaned in deionised

water, and finally dried with acetone. The substrates were

then immediately immersed in ChCl:2EG (ethaline) and

ChCl:2Urea (reline) ionic liquids containing AgNO3

(0.01~0.10 mol/dm3) at different time periods (1~5 min).

The electrolytic deposition of silver were carried out onto

copper and steel cathodes under constant current and

constant potential methods from ionic liquids (ethaline/

reline) containing AgNO3 at room temperature. Following

each deposition, the resulting deposit was soaked firstly

in ethanol, then in deionised water, and finally washed

with acetone to remove the residual ionic liquids. The

deposit was then dried with cold air.

Deposit characterisation. The surface morphologies

of the samples were then examined with scanning

electron microscope (XL 30 SEM, PHILIPS) and its

auxiliary X-ray energy dispersive spectroscope (EDX).

X-ray diffraction analysis was also performed with a

Philips PW 1716 diffractometer using CuKµ radiation

(40 kV, 25 mA) to explore the crystal structure of the

deposits.

Results and Discussion

Cyclic voltammetry of Ag(I) in ChCl:2EG (ethaline)

and ChCl:2urea (reline) ionic liquids. The cyclic

voltammograms recorded on a platinum electrode in

1:2:0.05 (mole ratio) ChCl:EG:AgNO3 (a) and Ch Cl:

urea:AgNO3 (b) ionic liquids at 30 °C with a scan rate

of 10 mV/s are shown in Fig. 1. The rest potentials are

+ 0.44 V in ethaline and +0.22 V in reline. The scan

towards negative direction consists of first reduction

waves C1 in Fig. 1a and C'1 in Fig.1 b with the currents

starting to increase at -0.03 V (C1) and + 0.013 V (C'1).

Additional reduction waves C2 in Fig. 1a and C'3 in

Fig. 1b are observed with the currents increase starting



again at -1.10 V and -1.00 V, respectively. The reverse

scan consists of first oxidation peaks Pa1 in Fig. 1a

(+ 0.11 V) and p'a1 in Fig. 1b (+ 0.146 V). Additional

oxidation waves are also observed with the currents

starting to increase at +1.02 V for ethaline and + 0.90

V for reline. From XRD and EDX analyses, pure silver

has been detected in the deposit obtained at a deposition

potential of -0.12 V (from the first reduction waves C1

and C'1) by constant potential method. Therefore, the

increases of the negative currents in the first reduction

waves C1 and C'1 are obviously associated with the

reductions of silver ions to metallic state according to

the following reaction.

Ag+
(ad)  +  e-® Ag            (1)

Compared with the voltammograms obtained in the

absence of AgNO3, dotted curves in Fig.1a and Fig.1b,

the reduction waves appeared at -0.72 V in ethaline and

-0.90 V in reline correspond to the reduction of cationic

species (Cat+) into these ionic liquids, while the oxidation

waves appeared at +1.2 V in ethaline and +1.0 V in

reline correspond to the oxidation of chloride ions

(anions) to molecular/gaseous chlorine according to

following reaction.

2Cl-(ad)® Cl2 

¯

 + 2e-                               (2)

Figure 2 shows the effect of sweeping potentials on the

cyclic voltammograms recorded on a platinum electrode

in 1:2:0.05 (mole ratio) ChCl:urea:AgNO3 ionic liquids

at 30 °C with a scan rate of 10 mV/s. It is readily seen

from the voltammograms that the first reduction wave

C'1 corresponds to the second oxidation peak P'a2 and

the second reduction wave C'2 corresponds to the first

oxidation peak P'a1. Pure silver has also been detected

in the deposit obtained at a deposition potential of -0.12

V and -0.22 V (from the first C'1 and second reduction

waves C'2) by constant potential method. Therefore,

the increases of the negative currents in the first and

second reduction waves (C'1 and C'2) are also associated

with the reductions of silver ions to metallic state.

It can be seen from the voltammograms that more cathodic

limits lead to increasing charge for more anodic dissolution

process. The two reduction waves and two oxidation peaks

could be due to the deposition of silver with different

Fig. 1. Cyclic voltammograms recorded on a

platinum electrode in ChCl:2EG (a) and

ChCl:2urea (b) ionic liquids containing

0.05 M AgNO3 at 30 °C with a scan rate

of 10 mV/s.

Fig. 2. Effect of sweeping potentials on the cyclic

voltammograms recorded on a platinum

electrode in ChCl:2urea ionic liquids

containing 0.05 M AgNO3 at 30 °C with

a scan rate of 10 mV/s.
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Compared with the voltammograms obtained in the

absence of AgNO3, dotted curves in Fig.1a and Fig.1b,

the reduction waves appeared at -0.72 V in ethaline and

-0.90 V in reline correspond to the reduction of cationic

species (Cat+) into these ionic liquids, while the oxidation

waves appeared at +1.2 V in ethaline and +1.0 V in

reline correspond to the oxidation of chloride ions

(anions) to molecular/gaseous chlorine according to

following reaction.

2Cl-(ad)® Cl2 

¯

 + 2e-                               (2)

Figure 2 shows the effect of sweeping potentials on the

cyclic voltammograms recorded on a platinum electrode

in 1:2:0.05 (mole ratio) ChCl:urea:AgNO3 ionic liquids

at 30 °C with a scan rate of 10 mV/s. It is readily seen

from the voltammograms that the first reduction wave

C'1 corresponds to the second oxidation peak P'a2 and

the second reduction wave C'2 corresponds to the first

oxidation peak P'a1. Pure silver has also been detected

in the deposit obtained at a deposition potential of -0.12

V and -0.22 V (from the first C'1 and second reduction

waves C'2) by constant potential method. Therefore,

the increases of the negative currents in the first and

second reduction waves (C'1 and C'2) are also associated

with the reductions of silver ions to metallic state.

It can be seen from the voltammograms that more cathodic

limits lead to increasing charge for more anodic dissolution

process. The two reduction waves and two oxidation peaks

could be due to the deposition of silver with different



morphologies (Fig. 2). The two different morphologies

must result from different growth mechanisms. One

possibility could be the initial growth of a large number

of nuclei on the surface where some of which stop growing

giving a material with a different morphology. Alternatively,

some aspect of the interfacial layer structure could neutralise

the surface energy of the growing particle. Similar

morphology had been reported by Abbott et al. (2010) for

the deposition of aluminium from chloroaluminate based

ionic liquids.

Figure 3 shows the effect of AgNO3 concentrations on

the cyclic voltammograms recorded on a platinum

electrode in ChCl:2EG (a) and ChCl:2urea (b) ionic

liquids at 30 °C with a scan rate of 10 mV/s. It is readily

seen from the voltammograms that, the magnitudes of

the current densities of first reduction waves C1 and C'1,

which are attributed to the reductions of silver ions to

metallic silver, increase with the increase of the AgNO3

concentration added into the ionic liquids. The same

phenomena are observed with the first oxidation peaks

P'a1 (Fig. 3a) and P'a1 (Fig. 3b), which also shows the

increase in current densities with the increase of AgNO3

concentrations. As the magnitudes of the reduction current

densities of silver (C1 and C'1) increase; the magnitudes

of the oxidation peak current densities (Pa1 and P'a1) also

increase, therefore, it is concluded that the first oxidation

peaks Pa1 and P'a1 are attributed to the dissolution of the

deposited silver into this ionic liquid.

The effect of scan rates on the cyclic voltammograms

recorded on a platinum electrode in ChCl: 2EG: 0.05 AgNO3

(a) and ChCl:2urea:0.05AgNO3 (b) ionic liquids at 30 °C

are presented in Fig. 4. For a reversible system, peak potential

Fig. 4. Effect of scan rates on the cyclic voltam-

mograms recorded on a platinum electrode

in ChCl:2EG (a) and ChCl:2urea (b) ionic

liquids containing 0.05 M AgNO3 at 30 °C.

Fig. 3. Effect of AgNO3 concentrations on the

cyclic voltammograms recorded on a

platinum electrode in ChCl:2EG (a) and

ChCl:2urea (b) ionic liquids at 30 °C with

a scan rate of 10 mV/s.
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morphologies (Fig. 2). The two different morphologies

must result from different growth mechanisms. One

possibility could be the initial growth of a large number

of nuclei on the surface where some of which stop growing

giving a material with a different morphology. Alternatively,

some aspect of the interfacial layer structure could neutralise

the surface energy of the growing particle. Similar

morphology had been reported by Abbott et al. (2010) for

the deposition of aluminium from chloroaluminate based

ionic liquids.

Figure 3 shows the effect of AgNO3 concentrations on

the cyclic voltammograms recorded on a platinum

electrode in ChCl:2EG (a) and ChCl:2urea (b) ionic

liquids at 30 °C with a scan rate of 10 mV/s. It is readily

seen from the voltammograms that, the magnitudes of

the current densities of first reduction waves C1 and C'1,

which are attributed to the reductions of silver ions to

metallic silver, increase with the increase of the AgNO3

concentration added into the ionic liquids. The same

phenomena are observed with the first oxidation peaks

P'a1 (Fig. 3a) and P'a1 (Fig. 3b), which also shows the

increase in current densities with the increase of AgNO3

concentrations. As the magnitudes of the reduction current

densities of silver (C1 and C'1) increase; the magnitudes

of the oxidation peak current densities (Pa1 and P'a1) also

increase, therefore, it is concluded that the first oxidation

peaks Pa1 and P'a1 are attributed to the dissolution of the

deposited silver into this ionic liquid.

The effect of scan rates on the cyclic voltammograms

recorded on a platinum electrode in ChCl: 2EG: 0.05 AgNO3

(a) and ChCl:2urea:0.05AgNO3 (b) ionic liquids at 30 °C

are presented in Fig. 4. For a reversible system, peak potential
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Ep is independent of the scan rate (n), and the peak current

density (ip) is proportional to the square root of scan rate

(n1/2). In the present study (Fig. 4a), the cathodic peak

potentials (Ep/c) are -0.135, -0.14, -0.141, -0.142 and -0.145

V for 5, 10, 20, 50 and 100 mV/s scan rates and the anodic

peak potentials (Ep/c) are 0.095, 0.098, 0.10, 0.105 and

0.115 V for 5, 10, 20, 50 and 100 mV/s scan rates,

respectively. In Fig. 4b, the cathodic peak potentials (Ep/c)

are -0.223, -0.224, -0.225, -0.23 and -0.24 V for 5, 10, 20,

50 and 100 mV/s scan rates and the anodic peak potentials

(Ep/a) are 0.13, 0.14, 0.15, 0.20 and 0.22 V for 5, 10, 20, 50

and 100 mV/s scan rates, respectively. It is evident from

these results that the peak potentials for the reduction and

oxidation waves of silver are almost independent of the

scan rates indicating the systems are reversible in nature.

Variations in peak current densities of C1 and C'1 with the

square root of scan rate (ip vs. n1/2) are shown in Fig. 5. For

a reversible system, the relationship between the cathodic

peak current density ip and the square root of the scan rate

V1/2
 is given by Baird and Faulkner (1980):

          ip = (2.69´105) n3/2.A.DAg(I)
1/2.CAg(I)*.V

1/2       (3)

where:

CAg(I)* = the concentration of silver ions in the bulk

solution, D = the diffusion coefficient of silver ions,

A = the surface area of the electrode, n = the number

of electron transferred during reduction reaction and V

the scan rate. The linear increases in the peak current

densities of C1 and C'1 with the square root of scan rate,

as shown in Fig. 5, indicate that the reduction processes

of silver ions in both ChCl:2EG and ChCl:2urea based

ionic liquids are controlled by diffusion.

Electroless deposition of silver from ethaline and reline.

The camera images of electroless deposited silver layer

obtained from both ethaline and reline based ionic

liquids at different immersion time and different AgNO3

concentrations are shown in Fig. 6. The deposits are

smooth, shiny, and good adherence. The deposits are

not peeling off by hand scratching. The scanning electron

micrographs of silver electroless deposits obtained from

1:2:0.05 (mole ratio) ChCl:EG:AgNO3 and ChCl: urea:

AgNO3 at 30 °C are shown in Fig. 7. The SEM images

show that the surfaces are free from crack. Fig. 8a and

8b show the EDX profile for the SEM images of

Figs 7a and 7b, respectively. Pure silver has been

detected in the deposited layer by EDX analysis. There

is no spectrum for residual chloride ions in the EDX

profile indicate no incorporation of the ionic liquid in

the deposits. Therefore, it is concluded that eutectic

based ionic liquids of ChCl:2EG (ethaline) and

ChCl:2urea (reline) can be used for the electroless

deposition of bright metallic colour silver on a metallic

substrate.

Electrodeposition of silver from ethaline and reline.

Silver electrodeposition experiments have been carried

out on steel and copper cathodes under constant potential

and constant current methods from both EG and urea based

ionic liquids at room temperature. All of the electrodeposits

obtained on Pt and Cu substrates at the applied deposition

potentials ranging from -0.20 to -0.40 V and the applied

deposition current densities ranging from -1.0 to -5.0 A/m2

appear to be smooth and silver metallic colour. There is

no apparent rupture on the deposit surface and the deposits

do not peeling off by hand scratching. However, the

Fig. 6. Camera images of silver electroless deposits

on copper substrates obtained from ethaline

(a, b) and reline (c, d, e) containing 0.10 M

AgNO3 at 30 °C. Immersion time: a, b, c,

4 min; d, 2 min and e, 1 min.
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Fig. 5. Variations in cathodic peak current densities

with the square root of scan rate for the

reduction of silver ions in ethaline (a) and

reline (b) containing 0.05 M AgNO3.
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as shown in Fig. 5, indicate that the reduction processes

of silver ions in both ChCl:2EG and ChCl:2urea based

ionic liquids are controlled by diffusion.

Electroless deposition of silver from ethaline and reline.

The camera images of electroless deposited silver layer

obtained from both ethaline and reline based ionic

liquids at different immersion time and different AgNO3

concentrations are shown in Fig. 6. The deposits are

smooth, shiny, and good adherence. The deposits are

not peeling off by hand scratching. The scanning electron

micrographs of silver electroless deposits obtained from

1:2:0.05 (mole ratio) ChCl:EG:AgNO3 and ChCl: urea:

AgNO3 at 30 °C are shown in Fig. 7. The SEM images

show that the surfaces are free from crack. Fig. 8a and

8b show the EDX profile for the SEM images of

Figs 7a and 7b, respectively. Pure silver has been

detected in the deposited layer by EDX analysis. There

is no spectrum for residual chloride ions in the EDX

profile indicate no incorporation of the ionic liquid in

the deposits. Therefore, it is concluded that eutectic

based ionic liquids of ChCl:2EG (ethaline) and

ChCl:2urea (reline) can be used for the electroless

deposition of bright metallic colour silver on a metallic

substrate.

Electrodeposition of silver from ethaline and reline.

Silver electrodeposition experiments have been carried

out on steel and copper cathodes under constant potential

and constant current methods from both EG and urea based

ionic liquids at room temperature. All of the electrodeposits

obtained on Pt and Cu substrates at the applied deposition

potentials ranging from -0.20 to -0.40 V and the applied

deposition current densities ranging from -1.0 to -5.0 A/m2

appear to be smooth and silver metallic colour. There is

no apparent rupture on the deposit surface and the deposits

do not peeling off by hand scratching. However, the



deposits obtained at the applied deposition potential of

-0.60 V are not smooth due to high deposition over

potential. The SEM images of the electrodeposited silver

layer on copper cathodes under constant potential method

from both EG and urea based ionic liquids are shown in

Fig. 9. The electrodeposited crystals are angular and also

nodular in shape and in the order of 1~3 mm in size. From

SEM images it is clear that the crystal sizes in the

electrodeposited thin films are bigger than the electroless

deposited thin films. However, it is difficult to get thick

coating in electroless method. The thickness of the deposited

layers is approximately 4~6 mm, which has been controlled

by adjusting the total charge applied.

The acquired diffraction patterns for the deposits obtained

from mole ratios of 1:2:0.05 in ChCl:urea:AgNO3 ionic

liquids at applied deposition potential of -0.25 V is shown

in Fig. 10. The diffraction peaks at 2q = 38.1°, 44.3°,

64.4°, and 77.4° are for Ag (111), Ag (200), Ag (220) and

Ag (311), respectively. The diffraction peaks are very

sharp, indicating the deposit has the crystalline structure.

The current efficiency for the deposition of pure silver is

about 99%. However, additional diffraction peaks at 2q

= 43.3°, 50.45°, and 74.1° corresponding to copper

(substrate) are also observed in Fig. 10.

Conclusion

This work shows that the ionic liquids based on eutectic

mixtures of choline chloride and hydrogen bond donors

such as ethylene glycol or urea can be used as electro-

chemical solvents. Crack free smooth and bright metallic

coloured silver can be electroless and electrolytic deposited

onto steel and copper cathodes from ethaline and reline

Fig. 7. SEM images of silver electroless deposits

on Cu substrates obtained from mole ratios

of 1:2:0.05 in ChCl:EG:AgNO3 (a) and

ChCl:urea:AgNO3 (b) ionic liquids at

30 °C. Immersion time: (a) 3 min and (b)

5 min.
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7(a) and 7(b).
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The acquired diffraction patterns for the deposits obtained

from mole ratios of 1:2:0.05 in ChCl:urea:AgNO3 ionic

liquids at applied deposition potential of -0.25 V is shown

in Fig. 10. The diffraction peaks at 2q = 38.1°, 44.3°,

64.4°, and 77.4° are for Ag (111), Ag (200), Ag (220) and

Ag (311), respectively. The diffraction peaks are very

sharp, indicating the deposit has the crystalline structure.

The current efficiency for the deposition of pure silver is

about 99%. However, additional diffraction peaks at 2q

= 43.3°, 50.45°, and 74.1° corresponding to copper

(substrate) are also observed in Fig. 10.

Conclusion

This work shows that the ionic liquids based on eutectic

mixtures of choline chloride and hydrogen bond donors

such as ethylene glycol or urea can be used as electro-

chemical solvents. Crack free smooth and bright metallic

coloured silver can be electroless and electrolytic deposited

onto steel and copper cathodes from ethaline and reline



based ionic liquids containing AgNO3 at room temperature.

The silver electrodeposits obtained at the applied deposition

potentials up to -0.40 V and applied deposition current

densities up to -5.0 A/m2 are smooth and bright metallic

colour.
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based ionic liquids containing AgNO3 at room temperature.

The silver electrodeposits obtained at the applied deposition

potentials up to -0.40 V and applied deposition current

densities up to -5.0 A/m2 are smooth and bright metallic

colour.
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Introduction

Coal is black or dark black combustible rock that contains

carbon, hydrogen, oxygen and smaller amounts of sulphur,

nitrogen and other trace elements in chemical combination.

It is the single largest source of energy for the world

economy (Sanders et al., 2002). Coal not only plays an

important role in fulfilling the energy requirements of

the world, but is also traded in huge volumes for use as

a fuel in cement industry and many other industries like

fertilizer, glass and ceramic, sugar and brick firing etc.

It is also used as a source of domestic heating and as a

source of production of coke which is extensively utilised

as reducing agent in metallurgical processes (Nawaz

et al., 2009).

Chemical properties and heating value of coal have prime

importance in the end use of coal. High ash and sulphur

contents in coal create problems in terms of slagging and

fouling, clinker formation and corrosion of equipment due

to SO2 production during combustion of coal in boilers.

Presence of large amounts of ash in coal produce slag

along walls of furnace and around burner regions which

reduce the heat transfer to water wall and cause damage

to the burners (Hatt, 1990; Hatt and Rimmer, 1989). The

use of poor quality coal as an energy source also create

environmental problems due to emission of harmful gases

such as CO2 and SO2 which in turn, causes global warming

and health problems (Oteyaka et al., 2008).

Salt Range coal is characterised by large amount of mineral

matter especially pyrite, which restricts its use in power

generation and local industry. Most of the salt range coal

is consumed in brick making sector for the benefit of

construction industry. In order to use it in power generation,

cement industry and other manufacturing industries, there

is a need to clean it from impurities.

Washability analysis is generally required to assess the

liability of coal for cleaning and for the design and

optimisation of coal processing plants as well as for monito-

ring coal preparation plant performance (Callen et al.,

2008; 2002). Galvin (2006) reviewed various techniques

available for acquiring coal washability data, including

float-sink, water fluidisation, jigging, water pycnometry,

displacement pycnometry, and in-situ measurement of

partition curves. Image analysis and release analysis are

also gaining inspiration in determining washability

characteristics of fine coal (Adel and Wang, 2005).

Normally, sink-float tests are carried out in the laboratory

on the representative coal samples to generate useful

information relating to amenability of coal cleaning.

Washability curves are usually drawn to anticipate the

theoretical yield and ash contents of clean coal at different

specific gravities (Majumdar and Barnwal, 2004). The*Author for correspondence; E-mail: m.shahzad87@yahoo.com

Abstract. Representative coal samples from the eastern salt range (Modern Engineering and Kishor coal

mines, Pakistan) and the central salt range (Punjmin coal mine, Pakistan) were collected and examined

for their chemical composition. The chemical characteristics indicate that the salt range coal belongs to

sub-bituminous category. Washability analysis on selected coal samples (6.70 ´ 0.212 mm) using zinc

chloride solution with a specific gravity from 1.3 to 1.7 were executed. The results classify the central salt

range coal as easily washable while, the Eastern salt range coal as moderately difficult to wash. Jigging,

shaking table and spiral techniques were applied to check the cleaning amenability of the salt range coal

through these techniques. Among these techniques, shaking table revealed the most promising results for

all the three coals. Punjmin coal showed the maximum rejection of ash of 55% and that of total sulphur

of 74% with a recovery of 46%.
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basic coal washability technique, float-sink technique

involve the use of dense medium (organic liquid, salt

solution or suspension). Several issues need to be addressed

while selecting a dense medium including occupational

safety, health, recoverability, chemical interaction and

economy (Galvin, 2006). Salt solutions such as zinc

chloride offer noteworthy advantages in terms of toxicity,

safety, health and environmental standards.

Today various physical cleaning techniques like gravity

concentration, flotation, electric and magnetic separation

and oil agglomeration, are in use for the beneficiation of

coal (Chen, 1998). Among these, gravity concentration

processes enjoy the advantages of being cheaper, simple

in operation and convenient (Shahzad, 2012) and are used

extensively for coal cleaning (Wills and Napier-Munn,

2006). Gravity concentration entails a variety of techniques

such as water-only cyclone, dense medium separators,

jigs, shaking tables and spirals etc.

Jigs are primarily used for coarser size particles, in which

a bed of particles is pulsated with a current of water,

resulting in the assortment of particles on the basis of

different densities (Xie and Kawn, 2004). Peng et al.

(2002) have enlisted various modern jigging units. They

applied packed column jig for the cleaning of coal in the

size range from 1.18 mm to 150 µm which produced a

clean coal concentrate corresponded to 90-98 % ash

rejection with combustible material recovery of 75-85%.

Shaking tables operate within the size range of � 5 mm to

0.5 mm (Anastassakis, 2004) while spirals are normally

applicable for cleaning 1 ´ 0.15 mm fraction of coal feed

(Honaker et al., 2007). Cicek et al. (2008) found shaking

table efficient at 15% and higher ash ratios.

The aim of this study is to evaluate the cleaning amenability

of coal of selected areas of salt range through washability

analysis and gravity concentration techniques including

jigging, shaking table and spiral.

Materials and Methods

Coal samples. Representative coal samples, which

weighed above 50 kg each, were collected from three

Pakistan coal mines: (i) Modern Engineering, (ii) Kishor

and (iii) Punjmin. Modern Engineering and Kishor coal

mines are located in the eastern salt range in the areas

of Ara and Mahinwal-Basharat, respectively while

Punjmin coal mine is situated in the area of Badhrar in

the central salt range (Fig. 1). The head sample of each

coal mine was crushed to minus 18 mm using laboratory

scale Denver Jaw Crusher and mixed properly.

Equipment. Jigging tests were carried out by using

laboratory scale Denver coal Baum jig while the tabling

tests were performed on a Wilfley laboratory scale

shaking table. Spiral tests were conducted on Humphrey

coal spiral.

Results and Discussion

Proximate analysis. One coal fraction of each coal mine

was ground to - 0.150 mm using disc mill and proximate

analysis (ASTM D 3173, 3174, 3175) were carried out on

these powdered fractions. Total sulphur was determined

by using Eschka method (ASTM E 775-87). Calorific

values were determined by using Bomb calorimeter. The

results of proximate analysis are presented in Table 1.

These results categorize Modern Engineering and Punjmin

coal to sub-bituminous C class, while Kishor coal to sub-

Fig. 1. Location map of sample collection mine

sites: Modern Engineering coal mine (Ara),

Kishor coal mine (Basharat) and Punjmin

coal mine (Badhrar). (Source: Warwick,

2007).
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Table 1. Results of proximate analysis of Modern Engineers,

Kishor and Punjmin coal

Properties Modern Kishor Punjmin

Engineering coal coal

coal

Specific gravity 1.43 1.49 1.38

Moisture contents (%) 4.5 3.7 4.7

Volatile matter (%) 38.6 40.2 28.7

Ash contents (%) 25.0 25.5 26.0

Fixed carbon (%) 31.9 30.6 40.6

Sulphur contents (%) 4.139 5.071 9.336

Calorific value (Kcal/kg) 5266.00 5435.00 4753.00

Cleaning Amenability of Salt Range Coal



bituminous B class (ASTM D 388). The results also show

that all the three coals contain higher amounts of ash and

sulphur in them.

Sink-and-float tests. A representative sample from

each product with a particle size range from 0.670 to

0.212 mm was subjected to float-and-sink test. Zinc

chloride solution was prepared and used as heavy

medium with specific gravities of 1.4, 1.5, 1.6 and 1.7.

The results of washability analysis for Modern

Engineering, Kishor and Punjmin coals are presented

in Fig. 2-4, respectively. Three other related curves,

namely: clean coal curve for ash and sulphur and specific

gravity/yield curve are also drawn along with primary

washability curve for these three coals.

According to coal washability data established for Modern

Engineering coal, clean coal with 16 % ash, 2.65 % sulphur

and 70 % recovery can be obtained at a medium specific

gravity of 1.57. Similarly, for Kishor coal, 17 % ash and

3.30 % sulphur can be acquired with theoretical clean coal

recovery of 80 % at a specific gravity of 1.51. In case of

Punjmin coal, the values of ash, sulphur and weight

recovery of clean coal at a specific gravity of 1.54 were

found to be 8, 2.40 and 70 %, respectively.

Generally, the ease or difficulty of washing of coal is

judged by the shape of primary washability curve. The

more the shape approximates the letter L, the easier the

cleaning process will be (Lin et al., 1999). According

to washability curves drawn for salt range coal, Punjmin

coal is found to be easily washable while Modern

Engineering and Kishor coals can be classified as

moderately cleanable coals.

Moreover, it is also shown by the clean coal curves for

sulphur that most of the sulphur of Punjmin coal is

associated with mineral matter, probably in the form of

pyrite. In case of Modern Engineering and Kishor coals,

it appears that a certain portion of sulphur is attached with

Fig. 3. Washability curves for Kishor coal.

Fig. 4. Washability curves for Punjmin coal.
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Fig. 2. Washability curves for Modern Engineering

coal.
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the mineral matter while, relatively larger portion of it is

bound to organic material in the form of organic sulphur.

Gravity concentration tests. Gravity concentration

techniques including jigging, shaking table and spiral

were employed to check the cleaning susceptibility of

the salt range coal. The feed size was kept in the range

of -1.18 + 0.60 mm, - 0.833 + 0.295 mm and � 0.600 +

0.212 mm for jigging, shaking table and spiral,

respectively. The solid concentration for the jigging and

shaking table operation was kept at 35% while it was

maintained at 40% for the spiral concentrator. Water flow

rate for jig, shaking table and spiral was managed at 15,

8 and 20 gallon/min, respectively. The speed and stroke

length of the shaking table was maintained at 260

strokes/min and 20 mm. The slope (length) and tilt (cross)

of the shaking table were kept at 15 mm and 20 mm,

respectively. The average values of ash, sulphur and

weight recovery of the concentrate obtained from gravity

concentration tests are presented in Table 2.

In case of jigging tests, maximum rejection of ash of

49.23 % and that of sulphur 73.70 % was observed for

Punjmin coal but recovery was very low. Modern

Engineering and Kishor coal exhibit average weight

recovery of 31.89 and 64.03 % with ash rejection

of 29.20 and 12.55 % and elimination of sulphur of

32.82 % and 2.36 %, respectively.

The results of tabling tests revealed the elimination

of ash 32.80, 18.82 and 55.0 % and that of sulphur

36.67, 14.47 and 73.98 % with average weight recovery

of 45.43, 74.58 and 46.27 % for Modern Engineering,

Kishor and Punjmin coal, respectively.

The results of spiral tests indicate that the recoveries

for all the three coals remained very low. Punjmin coal

showed maximum rejection of ash (42.7%) and that of

sulphur (74.63%) while these values were less for

Modern Engineering and Kishor coal.

Conclusion

Following conclusions can be drawn from this study:

1. Salt range coal contains higher amounts of ash

and sulphur which make it unsuitable for use

in cement industry and power generation.

2. Washability analysis revealed that the Eastern

salt range coal (Modern Engineering and Kishor)

was found to be moderately difficult to wash

while the central salt range coal (Punjmin) was

classified as easily washable coal.

3. Shaking table was found the most promising one

among the three gravity concentration techniques

(jig, shaking table, spiral) for all three coals for

the rejection of ash.

4. Spiral was observed to be more efficient than

shaking table and jig for the removal of sulphur

for Kishor coal and Punjmin coal.

5. Punjmin coal can be used in local cement industry

after cleaning through gravity concentration

process. In order to use it for power generation,

further cleaning of sulphur is required. For this

purpose, a combination of shaking table and

spiral may prove fruitful.

6. Modern Engineering and Kishor coal need more

attention in terms of cleaning prior to their use

in local cement industry. Special considerations

with respect to their beneficiation are required

for their use in power generation.
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Abstract. Quantitative and qualitative composition of the foliar phenolic compounds were investigated

in 81 individual specimens of several white oak species (Quercus spp.). The trees were growing in twelve

locations in Durango, Mexico. The phenol profiles were determined by HPLC-DAD and a Folin-Ciocateu

procedure. The results revealed that: (i) the foliar phenol profiles of all species analysed were complex

and formed by 6 to 30 compounds, (ii) the flavonols mostly quercetin glycoside, isorhamnetin glycoside,

kaempferol glycoside and phenolic acids were the main identified compounds, (iii) there was a high intra

and inter-specific variability in the foliar phenol profiles both at the quantitative and qualitative levels,

and (iv) the foliar phenol profiles indicated a slight species-specific tendency for phenols to be accumulated,

although this was not clearly distinguished. Significant differences (P < 0.05) in the content and composition

of the foliar flavonoids between species were observed due to the large environmental and soil conditions

variability between localities.

Keywords: Quercus chihuahuensis, Quercus arizonica, Quercus grisea, Quercus undata, Quercus

convallata, foliar phenol profiles

Introduction

Quercus is the most important and largest genus of the

Fagaceae family (Rodríguez and Romero, 2007). Two

centres of diversity of Quercus are recognised i.e. around

125 species found in Southeast Asia and about 161

species in Mexico (Valencia, 2004). Quercus species

after Pinus, constitute the second most important timber

yielding group in Mexico. Approximately 86 of the

Mexico�s species are endemic (González-Rodríguez

et al., 2004), and distributed mainly in the temperate

mountainous regions (Rzedowski, 2006).

Phenolic compounds are ubiquitous secondary meta-

bolites in plants. They cover a large group of biologically

active ingredients (more than 8000 compounds) ranging

from simple phenol molecules to polymeric structures

with molecular mass of more than 3000 daltons

(Marinova et al., 2005). The foliar phenolic composition

of plants is important for several reasons, e.g., for

inhibiting phytophagous insects and for attracting

pollinators (Hadacek, 2002). The broad biological

activity of phenolic compounds, e.g., as antioxidants

(Falleh et al., 2011; Almaraz-Abarca et al., 2007; 2006)

and antibacterial compounds (Bangou et al., 2011), has

also led to studies of phenolic composition in many

species of plants. However, the phenolic composition

of a few Quercus species have been studied, mainly

with the aim of determining their biological activity

including Q. robur (Salminen et al., 2004), Q. alba

(Miller et al., 1992), Q. rubra (Warren et al., 2002),

Q. miyagii (Ishimaru et al., 1987), Q. dentata (Wang

et al., 2010), Q. cerris L. (Romussi et al., 1988),

Q. mongolica (Ishimaru et al., 1988), Q. suber and

Q. pubescens (Romussi et al., 1991), Q. incana (Iftikhar

et al., 2009), Q. ilex (Karioti et al., 2011), Q. acutissima

(Yeon et al., 2011), Q. infectoria (Gurpreet et al., 2008),

Q. petraea (Meyer et al., 2009), Q. salicina (Jung-Il

et al., 2008), Q. coccifera (Karageorgou and Manetas,

2006), Q. sideroxyla, Q. eduardii, and Q. resinosa*Author for correspondence; E-mail: jcorral@ujed.mx
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(Rivas-Arreola et al., 2010). These species represents

around 4% of the 531 species that are included in this

genus (Borazan and Babaç, 2003).

Flavonoids represent the most common and widely

distributed group of plant-food phenolics, and their

contents and compositions are associated with the

antioxidant properties of different fruits and vegetables

(Harborne and Williams, 2000). Flavonoid profiles

have been used as significant taxonomic markers for

establishing a system of classifying several plant species

(Almaraz-Abarca et al., 2006; Emerenciano et al., 2001;

Fiasson et al., 1997; Abdala and Seeligmann, 1995).

These chemical markers were found to be rather species-

specific (Almaraz-Abarca et al., 2006; Míka, 2005).

Changes in phenolic composition caused by environ-

mental factors influence directly the quality of the plant

material for potential uses (Santos et al., 2006).

The aim of the present study was to investigate the

variability in foliar phenolic composition of the following

eight Quercus species that are among the most abundant

species in the temperate forests of Durango, Mexico:

Q. arizonica s.l., Q. chihuahuensis, Q. grisea, Q. undata,

Q. convallata, Q. aff. convallata, Q. arizonica intro.

coccolobifolia, and Q. arizonica aff. transmontana.

Quantitatively and qualitatively intra- and inter-specific

variability in phenolic compounds were studied and

their taxonomical significance was verified.

Materials and Methods

Plant material. The foliar phenol composition of indi-

vidual specimens of Q. arizonica s.l., Q. chihuahuensis,

Q. grisea, Q. undata, Q. convallata, Q. aff. convallata,

Q. arizonica intro. coccolobifolia, and Q. arizonica aff.

transmontana was analysed. The phenol composition

was interpreted considering prior to morphological

identification of the samples. Ecogeographic and soil

information were also recorded when sampling (Table 1).

Foliar samples were collected from individuals growing

under variable ecological conditions. Leaves from 6 to

7 adult individuals of healthy appearance were collected

in all cases. A total of 81 specimens were sampled at

12 locations. Authentication of each specimen sampled

was done at the CIIDIR Herbarium in Durango City,

Mexico.

Phenol extraction. Each sample was analysed indivi-

dually and 2 g of dried and grounded leaves of each

sample were macerated with 40 mL 60% methanol (v/v)

in darkness and at room temperature for 24 h. The extracts

were centrifuged (8000 rpm) for 10 min at room tem-

perature. The supernatants were separated and pellets

re-extracted in 7 mL 60% methanol (v/v) in darkness

and at room temperature for 2 h. The extracts were

centrifuged under the same conditions. Similar super-

natants were combined to form the total extracts, and

these were concentrated to dryness by rotary evaporation

and then re-dissolved in 3 mL methanol. Aliquots were

removed for determination of the phenol content and

HPLC-DAD analysis.

Total phenol contents. The amount of total phenols in

the methanol foliar extracts of each sample of Quercus

was determined by the Folin-Ciocalteu method (Lozoya-

Saldaña et al., 2007). The following values were obtained

from the standard curve for gallic acid (32-260 µg/mL

vs. absorbance): A760 nm = -0.011 + 0.0004 (gallic acid)

and correlation coefficient, r = 0.9989. Absorbance values

were recorded at 760 nm after 120 min of incubation

at darkness. Total phenol contents were expressed as

mg of gallic acid equivalents GAE/g dry weight (Dw).

Analysis by HPLC/DAD. The individual HPLC-DAD

phenol profiles were obtained following the method

described by Campos and Markham (2007). Extracts

(20 µL) were analysed in a Perkin Elmer Series 200 HPLC

system, with a Perkin Elmer Brownlee analytical C18

column (4.6´250 mm, 5 µ) and a gradient of acidified

water and acetonitrile. The flow rate was 0.8 mL/min.

Standard chromatograms were plotted at 280 and

340 nm. Spectral data for all peaks were accumulated

in the range of 200-400 nm using a diode-array detector

(DAD) (Perkin Elmer Series 200). The structural infor-

mation on each resolved compound was obtained by

direct comparison of retention times (RT) and UV

spectra with those of standards (quercetin, quercitrin,

naringenin, hesperidin, epicatechin, phthalic acid, vanillic

acid, gallic acid and trans-cinnamic acid) and according

to the data compiled by Mabry et al. (1970) and Campos

and Markham (2007). Quantitative determination of the

major flavonoids was made from a stock solution of

quercetin, which was prepared (120, 250, and 500 µg/mL)
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for construction of the calibration curve (A280 nm =

413389 + 25881[quercetin], r = 0.9999) by plotting the

standard concentrations against the peak area in the

HPLC chromatograms. The concentration of each

individual compound was expressed in µg of quercetin

equivalents (EQ quercetin µg/g Dw) (here 395.9 µg/g

Dw).

Data analysis. The individual phenol profiles comprised

of all compounds detected in the respective HPLC-DAD

chromatograms. Each compound was treated as a single

chemical character and assessed in a binary matrix

coded by 1 (presence) or 0 (absence) in each population.

A dendrogram obtained from a cluster analysis (Ward´s

method) based on chemical marker data was calculated

Foliar Phenolic Composition of Quercus Species

Table 1. Collection sites for Quercus species and hybrids

Individuals Reference number: Species Eco-geographic information (location, 
latitude N, longitude W, altitude (masl),
average temperature (°C), annual 
precipitation (mm), soil type, date

1-6 36286: Q. chihuahuensis, 36319: Q .chihuahuensis ´ grisea, 36315: Site I: 35 Km Durango-Mazatlán
Q. chihuahuensis, 36316: Q. chihuahuensis, 36321: Q. chihuahuensis and Highway, 23°56�08.5�,
36327: Q. chihuahuensis 104°51�58.3�, 2270, 13, 733,

eutric regosol, May 2008

7-13 36387: Q. arizonica s.l., 36515: Q. arizonica intro. grisea, 36385: Q. arizonica Site II: 29 Km Durango-Mazatlán
intro. grisea, 36419: Q. grisea, 36426: Q. arizonica s.l., 36396: Q. arizonica s.l. Highway,  23°57�12.4�, 104°51�01.5�,
and 36466: Q. grisea s.l. 2207, 14, 711, 2207,  entisoil, May 2008

14-20 36410: Q. chihuahuensis, 36403: Q. undata, 36400: Q. chihuahuensis, Site III: 13 Km Durango-Mazatlán
36401: Q. chihuahuensis, 36404: Q. undata, 36402: Q. chihuahuensis and Highway, 23°59�11.4�, 104°44�53.7�,
36394: Q. undata 2082, 16, 644, leptosol, May 2008

21-27 36760: Q. arizonica s.l., 36739: Q. arizonica s.l., 36737: Q. arizonia s.l., Site IV: 187 Km Tepehuanes-Guanaceví
36736: Q. arizonica s.l., 36743: Q. arizonica s.l., 36725: Q. arizonica s.l. and Road, 25°28�25.4�, 105°47�51.5,
36726: Q. arizonica s.l 2167, 14, 632, eutric regosol, Jun 2008

28-33 36762: Q. grisea, 36730: Q. arizonica s.l., 36784: Q. aff.arizonica, Site V: 191 Km Tepehuanes-Guanaceví
36783: Q. aff. arizonica, 36741: Q. arizonica s.l. and 36742: Q. arizonica s.l. Road, 25°29�31.4�, 105°47�11.2�, 2079,

15, 606, eutric regosol, Jun 2008

34-40 36727: Q. arizonica s.l., 36728: Q. arizonica s.l., 36750: Q. arizonica s.l., Site VI: 193 Km Tepehuanes-Guanaceví
36780: Q. arizonica s.l., 36781: Q. arizonica s.l., 36761: Q. grisea and Road, 25°30�11.6�, 105°47�14.6�,
36782: Q. arizonica s.l. 2098, 15, 611, eutric regosol, Jun 2008

41-47 38820: Q. aff. convallata, 38821: Q. aff. convallata, 38822: Q. aff. convallata, Site VII: 6 Km El Tecuán-Regocijo
38823: Q. aff. convallata intro. arizonica, 38824: Q. aff. convallata, Road, 23°52�37.2�, 105°00�58.7�, 2168,
38825: Q. aff. convallata and 38826: Q. aff. convallata 13, 765, regosol, Jun 2008

48-54 38827: Q. aff. convallata, 38828: Q. aff. convallata, Site VIII: 8 Km El Tecuán-Regocijo
38829: Q. convallata introgresión arizonica, 38830: Q. convallata, Road, 23°51�41.9�, 105°00�12.9�, 2188,
38831: Q. convallata, 38832: Q. convallata and 38833: Q. convallata 13, 773, district regosol, Jun 2008

55-61 38834: Q. aff. convallata, 38835: Q. aff. convallata, Site IX: 10 Km El Tecuán-Regocijo
38836: Q. arizonica x convallata, 38837: Q. aff.convallata, 38838: Q. arizonica s.l, Road, 23°50�54.4�, 105°00�01.6�, 2172,
38839: Q. arizonica s.l.,and 38840: Q. aff. arizonica x convallata 13, 777, district regosol, Jun 2008

62-68 36734: Q. arizonica intro. coccolobifolia, 36733: Q. arizonica s.l. Site X: 39 Km Durango-Mezquital,
intro. coccolobifolia, 36825: Q. arizonica aff. transmontana, 23°46�35.6�, 104°25�23.7�,
36836: Q. arizonica aff. transmontana, 36837: Q. arizonica s.l., 2098, 16, 602, leptosol, Jun 2008
36834: Q. arizonica aff. Transmontana and 36838: Q. arizonica s.l.

69-75 36860: Q. arizonica s.l., 36845: Q. arizonica s.l., 36816: Q. arizonica Site XI: 41 Km Durango-Mezquital,
intro. coccolobifolia, 36788: Q. arizonica s.l., 36858: Q. arizonica aff. transmontana, 23°45�45.3�, 104°25�05.9�, 2043,
36859: Q. arizonica intro. coccolobifolia and 36843: Q. aff. arizonica x coccolobifolia 16, 588, leptosol, Jun 2008

76-81 36830: Q. arizonica aff. transmontana, 36835: Q. arizonica x coccolobifolia, Site XII: 36 Km Durango-Mezquital
36831: Q. arizonica intro. coccolobifolia, 36735: Q. arizonica intro. coccolobifolia, Highway, 23°47�01.4�, 104°25�33.2�,
36829: Q. arizonica intro. coccolobifolia and 36832: Q. arizonica intro. coccolobifolia 2061, 16, 593, calcium afisol, Jun 2008
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using PAST 1.43 (Hammer et al., 2001). Because phenolic

contents were not normally distributed, the non-para-

metric Kruskal-Wallis test was used to evaluate intra

and inter-specific variability of these compounds either

at the quantitative or the qualitative levels (Kruskal and

Wallis, 1952). The test was performed with the

NPAR1WAY procedure of SAS/ETS® (SAS Institute

Inc., 2004).

Results and Discussion

Quercus foliar phenolic compounds. A total of 73

compounds were determined by HPLC-DAD analysis

of the leaves of the species under study (Table 2). The

analysis revealed 20 phenolic acids and 53 flavonoids.

The flavonoids present in the foliar tissues included

34 flavonols, 5 flavones, 4 dihydroflavonoids and 10

un-identified flavonoids. The flavonols included seven

quercetin derivatives, four myricetin derivatives, seven

kaempferol derivatives and two isorhamnetin derivatives.

The flavones included two tricitin derivatives and one

luteolin derivative. Compounds f 13 (quercetin glycoside),

f 31 (isorhamnetin glycoside) and f 37 (kaempferol

glycoside) were the most abundant phenolic compounds.

The results of the present study are consistent with those

f21 Fl 74.43±0.25 254, 305 sh, 364
f22 Kg 74.76±0.13 260, 350
f23 U 74.82±0.16 267, 285sh, 360
f24 Qg 75.27±0.21 256, 300 sh, 357
f25 Mg 75.66±0.33 255, 297 sh, 352
f26 Fl 75.17±0.00 267, 360
f27 Tg 75.66±0.22 250, 262 sh, 353
f28 Fl 75.66±0.00 250, 360
f29 Qg 76.44±0.39 256, 266 sh, 292sh, 356
f30 U 76.43±0.18 270, 357
f31 Ig 76.56±0.36 255, 267 sh, 355
f32 Ig 77.18±0.00 255, 267sh, 355
f33 U 77.50±0.36 267, 285 sh, 356
f34 Df 77.74±0.09 281
f35 Fl 78.93±0.05 266, 296 sh, 351
f36 U 78.72±0.21 255, 269 sh, 355
f37 Kg 78.74±0.32 265, 350
f38 Fl 80.13±0.15 267, 350
f39 Kg 80.62±0.36 266, 351
f40 U 80.43±0.00 270, 287 sh, 361
f41 Kg 81.45±0.42 265, 295 sh, 349
f42 Df 81.02±0.00 278
f43 Mg 81.07±0.00 255, 267 sh, 297sh, 354
f44 Mg 82.06±0.03 256, 300 sh, 351
f45 Qg 82.48±0.37 256, 267 sh, 300 sh, 351
f46 Kg 82.15±0.25 265, 351
f47 Kg 83.89±0.04 266, 350
f48 Df 88.25±0.31 281
f49 Ca 89.50±0.00 287, 311
f50 F 89.47±0.00 266, 294sh, 314
f51 Pa 93.46±0.07 267, 316
f52 Pa 96.95±0.00 267, 311
f53 Fl 101.37±0.00 266, 364
f54 Fl 103.08±0.01 256,  370
f55 Kg 103.10±0.12 264, 364
f56 Pa 104.66±0.42 266, 314
f57 F 105.63±0.00 266, 297 sh, 313
f58 Pa 108.57±0.21 267, 314
f59 Pa 109.31±0.24 267, 312
f60 Pa 110.35±0.34 267, 311
f61 Pa 111.37±0.26 267, 312
f62 Pa 112.40±0.29 267, 314
f63 Pa 113.30±0.25 266, 311
f64 Pa 114.11±0.05 266, 311
f65 Pa 115.47±0.06 266, 311
f66 Pa 116.60±0.30 268, 311
f67 Pa 117.50±0.32 267, 312
f68 Pa 118.52±0.34 267, 312
f69 Pa 119.52±0.33 266, 313
f70 Pa 120.42±0.26 267, 315
f71 Pa 121.53±0.04 267, 313
f72 Pa 122.35±0.21 266, 314
f73 Pa 123.52±0.39 266, 311

*Retention times are mean values and standard deviations

for 1-81 independent samples; Ca = cinnamic acid; Df =

dihydraflavonoid; F = flavone; Fl = flavonel; Ig = isorhamnetin

glycoside; Kg = kaempferol glycoside; Lg = lutheolin

glycoside; Mg = myricetin glycoside; Pa = phenolic acid;

Qg = quercetin glycoside; Td = tricitin derivative; Tg = tricin

glycoside; U = unidentified.

Com- Identi- Retention lmax (nm)

pound fication time (min)*

Table 2. Retention time and lmax of the phenolic

compounds present in the foliar tissues of the analysed

Quercus species

Com- Identi- Retention lmax (nm)

pound fication time (min)*

f01 Fl 36.40±0.00 255, 360
f02 Fl 37.87±0.00 255, 360
f03 U 41.83±0.00 280, 360
f04 Qg 44.18±0.00 255, 299 sh, 350
f05 Fl 63.12±0.17 255, 370
f06 Fl 67.72±0.27 250, 301sh, 370
f07 Fl 68.50±0.31 255, 367
f08 Fl 68.46±0.22 265, 285sh, 355
f09 Fl 69.59±0.31 255, 360
f10 Qg 69.97±0.00 255, 294 sh, 355
f11 Lg 70.07±0.00 265, 295 sh, 360
f12 U 70.27±0.44 265, 290 sh, 355
f13 Qg 70.65±0.27 252, 290 sh, 350
f14 Mg 70.81±0.00 253, 265 sh, 299 sh, 353
f15 U 71.50±0.36 253, 270 sh, 360
f16 Qg 72.60±0.26 255, 300 sh, 360
f17 Df 72.56±0.30 280
f18 Td 72.91±0.01 266, 293 sh, 350
f19 U 72.97±0.00 265, 350
f20 U 73.43±0.26 266, 297 sh, 353

continued next column ®
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among groups of individuals belonging to the same

Quercus species and that were growing in different sites

showed that locality also affected phenol contents of

the (H = 62.69, P<0.0001), suggesting variation in

phenolic compounds within tree species and localised

environmental control of levels of these compounds. As

an example phenol contents of Q. arizonica s.l. which

was recorded in sites II, II, IV, V, VI, IX, X and XI

varied significantly in 6 of the 7 pair comparisons tested

using the individuals of site II as the reference group.

These results could be explained by the effect of site

variability in soil composition, temperature, and rain-

fall (Borges et al., 2013; Gobbo-Neto and Lopes,

2007; Monteiro et al., 2006). The lowest average level

(196.85 mg/g Dw) was estimated for individuals of

Q. convallata (site IX) and the highest average level

(399.61 mg/g Dw) for Q. arizonica s.l. (site IV).

Results of the non parametric Kruskal-Wallis test among

studied Quercus species are shown in Table 4. Significant

differences (P<0.05) between foliar phenol levels were

observed in 16 of 28 pair comparisons. The foliar phenol

contents were highest in Quercus arizonica s.l. and

Q. chihuahuensis and lowest in Q. arizonica aff.

transmontana, Q. convallata and Q. aff. convallata.

The foliar phenol contents estimated for the species of

Quercus analysed in the present study are similar to the

levels reported by Karageorgou and Mantas (2006),

who estimated levels ranging from 50 to 550 mg/g Dw

in the leaves of Q. coccifera L., and by Rivas-Arreola

et al. (2010), who estimated levels ranging from 227

to 537 mg/g Dw in the leaves of another species of

Quercus.

Individual phenolic concentration. The relative

concentrations of the individual phenolic compounds

detected in each sample are shown in Table 5. The

Kruskal-Wallis test revealed statistically significant

differences between the relative concentrations of

phenolic compounds in several samples (Table 6). The

maximum concentration observed was that of compound

f 08 (385.86 µg/g Dw) in Q. chihuahuensis (sample 1),

and the lowest concentration was that of compound

f 72 (37.21 µg/g Dw) in Q. arizonica intro. coccolobifolia

(sample 71).

As shown in Table 6, highly significant differences

were observed in the mean relative concentrations of

Table 3. Average total foliar phenolic contents (gallic

acid equivalents) of Quercus grisea, Q. arizonica s.l.,

Q. chihuahuensis, Q. undata, Q. arizonica intro.

coccolobifolia, Q. arizonica aff. transmontana, Q. aff.

convallata, and Q. convallata

Site Tree species No. of Average
indivi- total
duals concen-

tration

I Q. chihuahuensis 5 369.74

II Q. arizonica s.l. 3 340.00

II Q. grisea 1 367.50

III Q. chihuahuensis 4 280.30

III Q. undata 3 299.97

IV Q. arizonica s.l. 7 399.61

V Q. arizonica s.l. 3 313.73

V Q. grisea 1 311.20

VI Q. arizonica s.l. 6 295.62

VI Q. grisea 1 281.20

VII Q. aff. convallata 6 259.97

VIII Q. aff. convallata 2 198.75

VIII Q. convallata 4 198.73

IX Q. aff. convallata 3 208.73

IX Q. arizonica s.l. 2 196.85

X Q. arizonica aff. transmontana 3 239.97

X Q. arizonica intro coccolobifolia 1 255.00

X Q. arizonica s.l. 2 232.45

XI Q. arizonica aff. transmontana 1 213.70

XI Q. arizonica intro coccolobifolia 2 210.00

XI Q. arizonica s.l. 3 221.23

XII Q. arizonica aff. transmontana 1 247.50

XII Q. arizonica intro coccolobifolia 4 273.75

reported by Karioti et al. (2011) who also identified

kaempferol glycosides, isorhamnetin glycosides and

quercetin glycosides as the most abundant phenolic

compounds in extracts of Quercus ilex trichomes.

Rivas-Arreola et al. (2010) and Wang et al. (2010) also

identified kaempferol glycosides and quercetin

glycosides as the most abundant phenolic compounds

in other species of Quercus. The most complex foliar

phenol profile was that of Q. chihuahuensis, which

included 30 phenols. The least complex profile was that

of Q. arizonica intro. coccolobifolia, with 6 phenols.

Total phenolic contents. Table 3 shows the average total

foliar phenolic contents of the species of Quercus analysed.

According to the non-parametric Kruskal-Wallis test, the

total phenol contents varied significantly among Quercus

species (H = 28.48, P = 0.0002) (Table 4). A comparison
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phenols between the following pairs of Quercus species:

Q. aff. convallata and Q. arizonica s.l.; Q. aff. convallata

and Q. chihuahuensis; Q. arizonica intro. coccolobifolia

and Q. convallata; Q. chihuahuensis and Q. convallata.

The tree species Quercus grisea, Q. chihuahuensis,

Q. arizonica s.l. and Q. undata accumulated the highest

relative concentrations of phenols, whereas Q. aff.

convallata and Q. arizonica aff. transmontana accumu-

lated the lowest levels.

In summary, phenolic concentrations of studied white

oak tree species varied greatly among, species,

individuals, and sites. This is in agreement with previous

studies on phenolic contents. Significant variation in

phenolic concentrations has been reported among tissue

types in an individual, among sites, and between species

(Van Alstyne et al., 1999, Rivas-Arreola et al., 2010).

The results indicate that Quercus species contain larger

amounts of phenol compounds than most of the other

plants. Rivas-Arreola et al. (2010) reported phenolic

contents of 537 mg/g, 331 mg/g and 227 mg/g in dried

leaves of Quercus sideroxyla, Quercus eduardii and

Quercus resinosa, respectively. Amarowicz et al. (2004)

reported phenolic contents of 55.4, 58, and 67.6 mg/g

in dried seeds of red bean (Phaseolus vulgaris), red

lentil (Lens culinaris) and green lentil (Lens culinaris),

respectively. Marinova et al. (2005) reported total phenolic

contents of 3.03, 4.29, 3.55 and 6.70 mg/g in fruits of

plum (Prunus domestica), sour cherry (Prunus cerasus),

blackberry (Rubus coesins) and blueberry (Vaccinium

myrtilus), respectively.

Cluster analysis. The results of the cluster analysis of

the foliar phenol profiles of the individuals analysed

Table 4. Results of the Kruskal-Wallis test for paired comparisons of foliar phenol contents in the analysed

Quercus species

Pairs of species compared (mean score in brackets)  H Pr> H

Q. chihuahuensis (19.38) � Q. arizonica s.l. (17.51) 0.22 0.636

Q. chihuahuensis (6.61) � Q. grisea (6.16) 0.03 0.853

Q. chihuahuensis (6.88) � Q. undata (5.33) 0.42 0.516

Q. chihuahuensis (15.27) � Q. aff. convallata (6.59) 10.68 0.001**

Q. chihuahuensis (9.00) � Q. convallata (2.50) 7.73 0.005**

Q. chihuahuensis (11.16) � Q. arizonica intro. coccolobifolia (5.07) 6.46 0.011*

Q. chihuahuensis (10.0) � Q. arizonica aff. transmontana (3.0) 9.00 0.002**

Q. arizonica s.l. (14.94) � Q. grisea (15.50) 0.01 0.914

Q. arizonica s.l. (15.15) � Q. undata (13.66) 0.08 0.774

Q. arizonica s.l. (22.46) � Q. aff. convallata (10.81) 8.95 0.002**

Q. arizonica s.l. (17.26) � Q. convallata (4.00) 7.88 0.0050**

Q. arizonica s.l. (18.75) � Q. arizonica intro. coccolobifolia (10.50) 4.02 0.044*

Q. arizonica s.l. (17.46) � Q. arizonica aff. transmontana (8.40) 4.17 0.041*

Q. grisea (4.0) � Q. undata (3.0) 0.483 0.486

Q. grisea (12.83) � Q. aff. convallata (6.04) 6.21 0.012*

Q. grisea (6.00) � Q. convallata (2.50) 5.58 0.0323*

Q. grisea (8.33) � Q. arizonica intro. coccolobifolia (4.28) 3.75 0.0527

Q. grisea (7.0) � Q. arizonica aff. transmontana (3.0) 5.00 0.025*

Q. undata (12.50) � Q. aff. convallata (6.13) 5.47 0.0193*

Q. undata (6.00) � Q. convallata (2.50) 4.66 0.030*

Q. undata (8.33) � Q. arizonica intro. coccolobifolia (4.28) 3.77 0.052

Q. undata (7.0) � Q. arizonica aff. transmontana (3.0) 5.06 0.0245*

Q. aff. convallata (9.27) � Q. convallata (4.50) 3.34 0.067

Q. aff. convallata (8.45) � Q. arizonica intro. coccolobifolia (11.14) 1.08 0.297

Q. aff. convallata (8.31) � Q. arizonica aff. transmontana (8.90) 0.051 0.820

Q. convallata (3.25) � Q. arizonica intro. coccolobifolia (7.57) 4.34 0.037*

Q. convallata (3.00) � Q. arizonica aff. transmontana (6.60) 3.93 0.047*

Q. arizonica intro. coccolobifolia (7.35) � Q. arizonica aff. transmontana (5.30) 0.95 0.329

*significant differences; **highly significant differences.

84 José Javier Corral-Rivas et al.



are shown in Fig. 1. Two main groups can be distin-

guished: group I, formed by subgroups A and B, and

group II, by subgroups C, D, E, F. Clade I excluded

samples from sites 2, 4, 5, 6, and 12, which mainly

included specimens of Quercus arizonica s.l. and

Q. arizonica intro. coccolobifolia. Clade II excluded

samples from site 9, which comprised samples of

Q. aff. convallata and Q. arizonica s. l. All subgroups

were heterogeneous, except subgroup C, which included

three samples of the same taxa, Q. arizonica intro.

coccolobifolia from site 12. A third of the samples of

Q. chihuahuensis were grouped in subgroup A, from

Table 5. Relative concentrations of the individual phenolic compounds identified in the leaves of the Quercus

species under study (quercetin equivalents)

Com- Relative concentration (mg/g Dw)

pound Q. grisea Q. arizonica s.l. Q. chihuahuensis Q. undata Q. arizonica intro. Q. arizonica aff. Q. aff. convallata Q. convallata

coccolobifolia transmontana

f05 71.2 76 - - - - - 69.6

f06 323.84 302.12 285 306.42 98.18 96.59 - 80.76

f07 - - - - 152.55 - - -

f08 300.88 - 385.86 - 212.20 - 203.49 -

f09 - 344.43 - - 167.86 - - 69.28

f12 362.64 336.15 - - 66.51 - -

f13 - 214.73 330.37 - - - 66.51 67.30

f15 - 289.64 145.29 - 120.35 120.35 - -

f17 227.24 306.95 - - 216.16 - - -

f20 - - - - 100.29 - - -

f21 - 309.59 - 318.30 184.09 193.72 184.09 179.73

f22 - 160.73 146.22 142.52 - - - -

f23 - 193.19 - - - 187.65 180.13 -

f24 - - - 102.14 - 100.55 71.26 60.96

f25 - - - - - - 146.74 -

f27 - 145.69 - - - - 95.80 62.55

f29 213.78 239.91 - - 148.85 - - -

f31 - 306.95 174.98 - - - 128.46 58.59

f34 - 313.02 - - - - - -

f36 - 139.35 124.31 - - 63.34 - -

f37 - 153.41 146.87 - 72.84 101.54 55.42 -

f39 - 64.13 - - 59.38 58.59 46.71 -

f45 - - - - - - 43.81 -

f46 - - - 70.47 - 63.34 58.85 50.41

f55 - 67.46 - - - - - -

f58 - 69.10 66.51 - - - - -

f59 71.26 84.72 99.76 - - - - -

f60 - 67.3 72.05 - - - - -

f61 57.8 61.36 82.34 - - - - -

f62 - - 59.38 - - 52.25 45.92 -

f63 - 62.81 - - 46.71 - - -

f65 - 62.29 - - - 53.05 - -

f66 62.55 84.19 - 67.30 - 55.42 49.48 -

f67 57 - 67.30 - - - - -

f68 - 62.55 - 49.09 - - - -

f69 - 58.59 - - 44.73 - - -

f70 - 57.14 - - - - - 42.75

f72 - 45.76 - - 37.21 - - -

f73 - 43.15 - - - - - -
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Table 6. Results of the Kruskal-Wallis test for paired comparisons of samples to assess differences in the relative

concentrations of phenolic compound in the leaves of the Quercus species under study

Pairs of species compared H Pr > H

Q. aff.convallata (33.07) �Q. arizonica intro. coccolobifolia (41.87) 3.02 0.0821

Q. aff. convallata (59.51) �Q. arizonica s.l. (80.84) 7.65 0.0057**

Q. aff. convallata (30.25) �Q. arizonica aff. transmontana (34.55) 0.72 0.3936

Q. aff. convallata (32.61) �Q. chihuahuensis (48.41) 9.32 0.0023**

Q. aff. convallata (31.54) �Q. convallata (27.62) 0.59 0.4418

Q. aff. convallata (25.32) �Q. grisea (38.68) 6.11 0.0134*

Q. aff. convallata (26.62) �Q. undata (33.50) 1.62 0.2029

Q. arizonica intro. coccolobifolia (65.89) �Q. arizonica s.l. (66.66) 0.00 0.9246

Q. arizonica intro. coccolobifolia (25.12) �Q. arizonica aff. transmontana (20.97) 1.04 0.3057

Q. arizonica intro. coccolobifolia (29.37) �Q. chihuahuensis (33.25) 0.70 0.3999

Q. arizonica intro. coccolobifolia (26.48) �Q. convallata (15.53) 7.4 0.0065**

Q. arizonica intro. coccolobifolia (18.71) �Q. grisea (23.27) 1.26 0.2611

Q. arizonica intro. coccolobifolia (20.35) �Q. undata (19.09) 0.09 0.7549

Q. arizonica s.l. (62.66) �Q. arizonica aff. transmontana (54.75) 0.76 0.3803

Q. arizonica s.l. (66.19) �Q. chihuahuensis (79.61) 2.89 0.0891

Q. arizonica s.l. (63.65) �Q. convallata (39.96) 6.43 0.0112*

Q. arizonica s.l. (57.14) �Q. grisea (66.09) 0.71 0.3973

Q. arizonica s.l. (57.75) �Q. undata (60.36) 0.06 0.8047

Q. arizonica aff. transmontana (20.36) �Q. chihuahuensis (29.75) 4.51 0.0335*

Q. arizonica aff. transmontana (20.36) �Q. convallata (29.75) 4.57 0.0324*

Q. arizonica aff. transmontana (13.27) �Q. grisea (17.81) 1.94 0.1634

Q. arizonica aff. transmontana (14.55) �Q. undata (15.72) 0.12 0.7191

Q. chihuahuensis (30.57) �Q. convallata (14.71) 12.87 0.0003**

Q. chihuahuensis (23.26) �Q. grisea (22.18) 0.05 0.8121

Q. chihuahuensis (24.45) �Q. undata (18.50) 1.71 0.1910

Q. convallata (10.87) �Q. grisea (18.54) 6.09 0.0136*

Q. convallata (11.40) �Q. undata (17.77) 4.20 0.0404*

Q. grisea (12.22) �Q. undata (10.77) 0.27 0.5988

*significant difference; **highly significant difference.

sites 1 and 3. Subgroup B mainly comprised samples

of Q. aff. convalata from sites 7, 8 and 9, and

Q. arizonica s.l. from sites 9 and 10. Subgroup D

comprised samples of Q. arizonica s.l. from sites 2, 4,

5 and 6. Subgroup E included the samples of Q. arizonica

intro. coccolobifolia from sites 10 and 11, and subgroup

F included two samples of the same taxa Q. arizonica

intro. grisea from site 2 and Q. arizonica s.l. from site 4.

Despite the species-specific tendency reported for

phenol profiles (Almaraz-Abarca et al., 2006; Veit

et al., 1995), the species of Quercus analysed in the

present study were not clearly distinguished by their

phenol profiles.

Conclusion

The phenols synthesised by foliar tissues of the species

of Quercus analysed here are diverse and some of the

profiles are complex (e.g., that of Q. chihuahuensis).

The compounds are produced in different ways and can

reach very high concentrations. The variability in the

phenol composition and the amounts of those compounds

in the leaves hampered identification of some trends in

the patterns of accumulation. This is the first report on

the quantitative and qualitative composition of foliar

phenolic compounds in selected Quercus tree species

of Mexico. Further chemo-taxonomic studies including

the analysis of terpenoid profiles in other types of tissues

may yield more conclusive results.
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Abstract. Delineation of the watershed and drainage is among the prior requirement of any organised

hydrological study. Delineating watershed is important for elucidating the geo-hydrological conditions of

any geographical space. This study aims to explore the vitality of Digital Elevation Model (DEM) data

in calculating the flow accumulation, flow length, drainage pattern and watershed basin delineation of

Punjab as well as elevational profiling district wise and delineating  the catchment density. The potential

hydrological system developed is based on 1 arc second Aster GDEM data. Depression less DEM is deve-

loped by filling process. Furthermore flow accumulation, drainage pattern and watershed is demarcated

on the basis of derived stream channels. This study presents the effectiveness of DEM data for hydrological

studies and introduces a better method of water management in Punjab province of Pakistan.

Keywords: DEM, watershed, flow accumulation, drainage pattern

Introduction

The advent of satellite technology and access to a variety

of remote sensing and GIS data types increases the

prospects of understanding the terrain of geographical

space with remarkable accuracy. GIS and remote sensing

offers the combination of apparatus to speed up the

decision and helps in enumerating more precise results.
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Hydrological risks and jeopardies can easily be cut and

dried and tactics formulated to alleviate the loss and

increases the decision making abilities. Geographic

Infor-mation System (GIS) and Remote Sensing (RS)

is an authoritative combination of technology, which

is helpful in hydrological modeling, monitoring and

mitigation. By using the Digital Elevation Model (DEM)

automated and accurate watershed delineation and

development of drainage network is possible, which is

comparatively less time consuming, more accurate and

provide easily calculable measurements than traditional

manual techniques. GIS and RS have the aptitude to

perform watershed management and help in developing

high accuracy oriented hydrological mapping which

promotes the Spatial Decision Support System (SDSS).

Materials and Methods

Study area. Various techniques are used for getting the

desired objectives; methodological framework is

classified into six stages (Fig. 2).

Data acquisition. The major data was obtained on

request, from the United States Geological Survey

(USGS). Most of the files were downloaded from there

by assigning the Keyhole Markup Language (KML),

file for the study area and by uploading it. Digital

Elevation Model (DEM) raster scenes of the study area

were selected and downloaded.

DEM reconditioning. DEM data obtained is not perfect

for using until it is reconditioned. Sinks and Peaks

(Fig. 3) are among the common resolution errors, therefore

it is required to fill the sinks for proper delineation of

watershed and streams. Filling of DEM helps in avoiding

discontinuity of the derived drainage network. The fill

function in ArcGIS recapitulates until Z limits are filled

(Tarboton et al., 1991).

Calculating flow direction. Flow direction is calculated

by directing steepest lineage obtained from each cell

value (Fig. 4). The calculation is made as Change in

z-value/distance* 100. All distances calculated are

focusing cell centres. In case of cell extent is 1 then the

distance between two orthogonal cells is 1, while if two

cells flow towards each other are considered as sinks

and have ill-defined flow direction (Jenson and Domingue,

1988).

Calculating flow accumulation. Flow accumulation

is calculated by using flow accumulation tool in which

cell values are designated as weightage flowing into

each downslope cell in the output (Fig. 5). Cells of high

Watershed

DEM

FILL/SINK

Flow Direction

Flow
Accumulation

Stream Link

Flow Length

Snap Pour Point

Stream to Feature

Stream Order

Re- Cond- DEM

Fig. 2. Methodological framework (steps for

delineating watershed).

Filled Sinks

Removed Peaks

Fig. 3. Profile view of fill.

32 64 128
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8 4 2

1

Fig. 4. Flow direction.
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algebra to the flow accumulation raster a stream network

is outlined.

Delineating watershed. The final objective of this

study is delineating watershed. Watershed is the upslope

area which is playing its role in providing flow to given

location, this type of zone is also referred as the catch-

ment. For this to achieve flow direction raster is used

in ArcGIS watershed function to determine the contri-

buting areas (Fig. 6). In this study, flow accumulation

threshold with specific pour point is used to delineate

the watershed.

Results and Discussion

Advancement in Geographical Information System

(GIS) and Remote Sensing (RS) in terms of availability

of data and the advent of new tools increases the

efficiency typically in hydrological studies which lead

towards minimizing the expenses of acquisition of data

as well as reduces the time and effort in performing the

task with accuracy. Combo aid of GIS and RS helps in

addressing the water resource issues and helps in

investigating and modeling the solution of the issues.

From the last two decades information acquisition

paradigm rapidly shifted towards digital representations

of topography (Martz and Garbrecht, 1992; Moore

et al., 1991; Jenson and Domingue, 1988; Mark, 1984).

The automated method was applied to the district of

Punjab, Pakistan in order to demarcate the watershed,

drainage pattern and flow accumulation (Fig. 7). In

addition, elevation based characteristics are also extracted

district wise (Table 1). By using 1 arc-second Aster

GDEM Digital Elevation Model data statistical

variational maps are developed representing the different

district wise elevation characteristics (Fig. 8). This will

be helpful in modeling the different hydrological studies.

Furthermore, extracted elevation data is used in order

to get the flow direction share district wise (Table 2)

which helps in developing the flow accumulation

probability plot district wise categorizes the Punjab in

low, moderate and high accumulation probability zone

(Fig. 9). Muzafargarh, Rajanpur are at high probability

of accumulation, and Jhang, Multan, Rahimyarkhan

and Bhawalpur are in the moderate accumulation

category, while the remaining districts are in the low

accumulation zone. Furthermore, the catchment area is

delineated (Fig. 10) which is overlaid on the district

boundaries of Punjab so that the catchment density

district wise is calculated using polygon in polygon

analysis (Fig. 11). It represents the east and the

flow accumulation identifying areas of concentrated

flow, cells with 0 accumulation values identified as

ridges. Extracted flow accumulation used to create a

stream network which requires to assign threshold,

setnull (flowacc < 100, 1) (Tarboton et al., 1991).

Identifying stream network. The output obtained from

flow accumulation was further used for the identification

of stream network, by applying the threshold using map

Fig. 6. Watershed.
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Fig. 7. Delineated results (steps from reconditioning to watershed delineation).
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Fig. 8. Statistical variational map of Punjab district.
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westernmost districts of Punjab Bhawalpur and Dera

Ghazi Khan is having a high catchment density encircling

the 15 and 10 catchment polygon count respectively,

(Table 3). While the Chakwal, Layyah, Kushab,

Sargodha, Jhang, Bhakkar, Faisalabad districts are in

moderate category and the remaining districts like

Khanewal, Lodhran, Vehari, Pakpatan, Sahiwal, Okara,

Toba tek Singh, Kasur, Nankana sahib, Hfizabad,

Fig. 9. Flow accumulation - district.
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Table 3. Catchment Density and Counts

Id Name Province Cat_Dis_Ar Cat_Dis_Co

1 Mainwali Punjab 4778780687 3

2 Attock Punjab 3901439487 2

3 Rawalpindi Punjab 2089692611 4

4 Narowal Punjab 0 0

5 Sialkot Punjab 1589225322 2

6 Lahore Punjab 823028890 2

7 Sheikupura Punjab 2603449112 4

8 Gujranwala Punjab 3305395712 6

9 Gujrat Punjab 3006925737 4

10 Chakwal Punjab 6547563755 6

11 Hafizabad Punjab 2362742972 6

12 Kasur Punjab 2717603804 3

13 Jhelum Punjab 3270190343 3

14 Mandi Bahauddin Punjab 2687784067 6

15 Okara Punjab 4070488303 5

16 Khushab Punjab 6557651414 9

17 Sargodha Punjab 5865371647 8

18 Bhakkar Punjab 6797850003 8

19 Faisalabad Punjab 5858808069 6

20 Rahim Yar Khan Punjab 9913077272 10

21 Bahawalnagar Punjab 7829835559 4

22 Jhang Punjab 6119635818 14

23 Pakpattan Punjab 2721978337 4

24 Toba Tek Singh Punjab 3270587698 6

25 Sahiwal Punjab 3205987304 7

26 Layyah Punjab 6129910485 8

27 Bahawalpur Punjab 22758088164 15

28 Rajanpur Punjab 7239180864 10

29 Dera Ghazi Khan Punjab 15165159536 10

30 Vehari Punjab 4382527642 7

31 Multan Punjab 3671622565 8

32 Lodhran Punjab 2915417722 6

33 Khanewal Punjab 4295591785 8

34 Muzaffargarh Punjab 8266040301 15

35 Nankana Sahib Punjab 2767148666 3

36 Chiniot Punjab 2703181366 5

Chiniot, Gujranwala, Mandi bhauddin, Jehlum districts

etc are in the low catchment density zone.

Conclusion

It is concluded that, GIS and Remote Sensing play a

vital function in calculating and delineating the

watershed, calculation of flow statistics, flow paths,

stream network, drainage dynamics etc. It holds enough

potential to address different hydrological associated

issues. Development of watershed model using DEM

and Hydrological tools provided in ArcGIS leading

towards the accurate hydrological modeling as compared

to the manual techniques or it is obvious that digital

methods overcome the flaws of manual representation

therefore, globally catchment geometric properties are

preferably extracted by digital means. It is mandatory

for the developing countries especially agro-based

economic countries, like Pakistan to adopt such

technological advancement for the better management

of water and other resources. This study helps in under-

standing the usefulness of DEM data for hydrological

studies and leads to derive a better technique of water

management in Punjab province of Pakistan. Further

calibration, adjustment and validation would give more

precise results and enhance the possibilities for watershed

and drainage pattern assessment. In the time to come,

it will be indispensable to carry on this subject area to

receive the optimal solutions for watershed management

in the field region.
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Abstract. In this paper, the kinetics of curing of unsaturated polyester resin initiated with benzoyl peroxide

was studied. In case of unsaturated polyester (UP) resin, isothermal test alone could not predict correctly

the curing time of UP resin. Therefore, isothermal kinetic analysis through isoconventional adjustment

was used to correctly predict the curing time and temperature of UP resin. Isothermal kinetic analysis

through isoconversional adjustment indicated that 97% of UP resin cures in 33 min at 120 °C. Curing of

UP resin through microwaves was also studied and found that 67% of UP resin cures in 1 min at 120 °C.

The crosslinking reaction of UP resin is so fast at 120 °C that it becomes impossible to predict correctly

the curing time of UP resin using isothermal test and the burial of C=C bonds in microgels makes it

impossible to be fully cured by microwaves at 120 °C. The rheological behaviour of unsaturated polyester

resin was also studied to observe the change in viscosity with respect to time and temperature.

Keywords: isothermal kinetic, unsaturated polyester resin, microwave curing, rheology

Introduction

The unsaturated polyester (UP) resin is the thermosetting

material used for composite applications such as the

preparation of structural parts of automobiles, building

materials, coating materials, electrical parts, etc. The

thermosetting resins generally contain reactant groups.

The composition of these reactant groups influences not

only the curing rate but also the final mechanical properties

of the material. Therefore, their processing requires an

understanding of the reaction kinetics of polymerisation

during cure. The curing is a highly exothermal reaction

and can be monitored by thermal analysis as the differential

scanning calorimetry (DSC). Such kinetic studies allow

us to determine how much, how fast and at which

temperature range heat is released. Furthermore, it gives

fundamental data on reaction rate and degree on conversion

of reactants which is required to fully cure resin in composite

moulding techniques (Bu et al., 2014; Vargas et al., 2012;

Wuzella et al.,2011; Jankoviæ, 2010).

In DSC, it is common to assume that the evolution of

exchanged heat is strictly proportional to the rate of the

global chemical reaction (Martine et al., 1997), at any

instant, as follows:

dH/dt = DHR [da/dt] ...........................................     (1)

Where:

dH/dt = the heat generated by time unit or heat flow,

da/dt = the rate of reaction, and

DHr = the heat of reaction obtained as the area of the

DSC thermogram.

Therefore, it is possible to evaluate the reaction rate dá/dt

at time t, and degree of conversion a reached at time t,

by mean of the following expression:

da/dt = 1/DH
R
 [dH/dt], a = DH

t
/DH

R 
.................  (2)

Where:

DH
t
 = the heat released up to the time t, and it can be

obtained by integration of calorimetric signal dH/dt up

to time t.

The unsaturated polyester resin is generally a co-polymer

of anhydride with diols. The double bond of unsaturated

polyesters reacts with a  monomer, usually, resulting in a

3-D cross-linked structure (Fink, 2013). The exothermic

heat generated during the curing of resin is proportional to

the number of double bonds that have reacted with styrene

in the system. The maximum conversion is reached when

all the double bonds of polyester that can react have reacted

with the styrene. Since, the reaction rate is directly propor-

tional to rate of heat generation dH/dt, the reaction rate and

degree of conversion can be evaluated by expression (2).
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The purpose of this study was to stimulate the process

of curing of UP resin by means of DSC calorimetry.

Non-isothermal experiments were made at different heating

rates; the experimental curves were fitted using an empirical

kinetic model. This model gave good theoretical predictions

with experimental results. These predictions were then

correlated with actual microwave curing of UP resin.

In general kinetic model relates the rate of reaction da/dt

to some function of a and T. It is commonly accepted in

the kinetic analysis of chemical reactions by thermal

analysis that any chemical process of reaction will obey

of rate law of the form (Martin et al., 1997; Salla and

Ramix, 1994):

da/dt = k(T) �(a)  .....................................   (3)

Where:

the functional dependence upon a is separated from the

dependence upon T. Here, k(T) = the rate constant

which is given by an Arrhenius type equation depends

on temperature

k = k0 exp [�E/RT] ..........................................   (4)

Where:

A = the Arrhenius frequency factor, E = the activation

energy, R = the universal gas constant and T is the

curing temperature.

Thus for one reaction, using a multiple linear regression,

it is possible to determine the kinetic parameters for DSC

exothermic peak obtained from either isothermal or non-

isothermal measurements. When the process is isothermal

the temperature constant, but in non-isothermal process

temperature usually increases according to a constant

heating b = dT/dt (T = T0 + bt). The isothermal rate

expression obtained in isothermal measurements is

theoretically more precise than non-isothermal rate

expression. However, non-isothermal DSC measurement

is in general less time consuming than isothermal DSC

measurement and thus more attractive than isothermal

measurement.

In isothermal DSC measurement, it is not necessary to

know the equation for � (a), which may vary during the

curing process. Applying the iso-conversional adjustment

(Martin et al., 1997; Salla and Ramix, 1995;1994), given

by the expression ln t = A + E/RT, (a = ct) at a series of

temperatures, it is possible to determine the activation

energy at different degree of conversion from the slope of

this linear relationship and thus to see how the reaction

process evolves. Using this method activation energy is

obtained which depends upon the degree of conversion.

On the other hand when non-isothermal experiments are

performed, the function �(a) has to be specified. With

regard to �(a), auto-catalysed mechanism of reaction is

used to characterise the curing of thermosetting resin. The

auto-catalysed function of �(a) is given by the expression:

�(a)m (1-a)n  ..................................................... (5)

Where:

m and n are the orders of reaction; therefore the experimental

data will be fitting according the next expression:

da/dt Ae[�E/RT]am (1- a)n  ........................... (6)

The constants A, E, m and n are the kinetic parameters

that must be determined. This expression can be written

in logarithmic form:

ln (da/dt) = lnA � E/RT + mln + nln (1-a) .............. (7)

Materials and Methods

Materials and colorimetric instrumentation. Norpol

420-100 resin system used in this study was supplied by

Rachold Chemicals. This resin system contains 75%

polyester resin and 25% styrene with no added accelerator.

Benzoyl peroxide was used as 1% by the weight of resin

as an initiator.

Calorimetric measurements. The calorimetric

measurements were carried out using TA Instruments

Thermal Analyst DSC Standard Cell.

All DSC measurements were performed in a hermetic

aluminium pans. A standard sample was prepared by

mixing 10 g of UP resin with a fixed portion of initiator

(100: 1). The required amount of sample 20 mg was

weighted into a sample pan which was then sealed and

placed in the DSC for each measurement. After each

run, weight of the sample was determined to check any

weight loss due to evaporation of styrene monomer. No

considerable weight loss was observed.

Results and Discussion

The dynamic scan was performed from-50 °C to 300 °C

using nitrogen atmosphere at 50 mL/min and a heating

rate of 10 °C/ min. Figure 1 shows the typical dynamic

thermogram for curing polyester resin in temperature range

-50 °C to 300 °C. Several UP resin samples were tested

at heating rate 10 °C/min and the peak temperature position

observed was in the range 113 °C-117 °C. The heat of

reaction estimated from area under the curve was 230 J/g.
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Figure 1 also shows two peaks for trace; the first is greater

in area than the second peak. First peak is about 80 % of

the total area; which starts at lower temperature as the free

radicals are produced to initiate the polymerisation reaction.

The second peak appears at high temperature when the

DSC trace suggests that curing of PU resin is completed.

Avella et al., (1985) suggested that the first peak indicates

the copoly-merisation of styrene with polyester unsaturation,

while the second peak indicates the homo-polymerisation

of styrene. This is arguable since in the absence of initiator

UP resin polymerises in the temperature range of 180 °C-

210 °C. Furthermore, pure polystyrene polymerises in the

temperature range of 140 °C-310 °C (Severini and Gallo,

1985; Horic et al., 1969, Lewis  et al., 1948).  Due to the

complexity of the reaction; only the first peak is used to

determine the heat of reaction, peak temperature and later

degree of cure.

Figure 2 shows the isothermal thermogram of UP resin

cured in DSC at a temperature 120 °C in nitrogen

atmosphere (50 mL/min). The curing time given was

60 min. The reaction enthalpy measured was 23.4 J/g

and the resin sample was fully cured in 15 min. Re-test

(Fig. 3) confirms that the UP resin is fully cured considering

the first peak. 188.9 °C is the peak temperature of second

peak which shows that sum of residual heat and iso-thermal

heat (23.4 J/g) is much lower than the dynamic heat (230

J/g). This indicates that either the isothermal heat or the

residual heat is not correct, since their sum should be equal

to dynamic heat. Several authors attributed that part of heat

that cannot be registered isothermally by the calorimeter

is that which is lost during the stabilisation of calorimeter.

Cure kinetics were therefore, determined by mean of an

empirical (autocatalytic) model.

The isothermal cure in DSC was performed at temperatures

range 90 °C�120 °C as shown in Fig. 4. The required

properties i.e. the degree of conversion  and the reaction

rate da/dt as time or temperature functions were evaluated

Fig. 2. Isothermal thermogram of unsaturated

polyester resin at 120 °C for 60 min.
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Fig. 1. Typical dynamic thermogram for curing of

unsaturated polyester resin in temperature

range �50 to 300 °C.

Fig. 3. Re-ramp of isothermal unsaturated polyester

resin at temperature range �50 to 300 °C.
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for 90, 93, 95 and 97 °C as shown in Fig. 5 by using

equation 2.

Salla and Ramix (1995) established that the isothermal

kinetic analysis through isoconventional adjustment is

the best method that offers the most accurate results for

unsaturated polyester resin cure kinetics. Derivation of

isoconventional adjustment lnt = A + E/RT as established

by Salla and Ramix (1994) is substituting the Arrhenius

equation 3 into the rate equation 4 recording and

integrating between curing time t = 0 where a = 0 and

time t with degree of conversion, and taking logarithms,

the degree of conversion is ln t = A + E/RT, where A

takes the following value:

A = ln [�da/ �(a)] � ln k0 ............................... (8)

According to equation 8 the linear relationship ln t

against T at different temperatures is shown in Fig. 6.

The activation energy E and constant A can be

determined from the slope and intercept line least square

fitted to data. Curing times at 120 °C was determined

by extra plotting the straight line shown in Fig. 6. At

120 °C (1/T = 8.3 according to ln t = A + E/RT) series

of points along ln t at different degrees of conversions

were noted, by taking anti-log of ln t, time was also

determined at different degrees of conversion which is

plotted against the degree of conversion in Fig. 7.

According to this prediction 95 % of UP resin must

take 33 min to fully cure, while according to isothermal

DSC run UP resin will take 60 min at 120 °C to be fully

cured (see Fig. 2).

Degree of cure. 1 mL of UP resin samples were cured for

different intervals of time with microwave radiation using

a solid state amplifier having frequency range 2.3-2.7 GHz

and maximum power 30W. The network analyzer was

used as microwave signal source. Figure 8 shows the
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systematic diagram of microwave processing. Figure 9

shows the DSC thermograms of microwaved samples

cured for temperature range of -50 °C to 300 °C at a

heating rate of 20 °C/min. The degree of conversion at

each temperature was determined by using the following

expression

a = 1 � (DHt / DHdyn)  .......................................    (9)

Where:

DHt = the heat released during the time t and DHdyn = total

heat released i.e. the heat of reaction for uncured resin at

the same rate of heating. Figure 10 shows the degree of

conversion against time for microwave cured UP resin

and it indicates that 67% resin is cured in 1 min. In

microwave heating polymer molecules are heated directly

due to the relaxation of the polarisation of dipoles along

the electric field. The carboxylic (HO2C-) segments of

fumaric residues are the most dielectrically active polar

groups. The induced polymer polarisation in the network

structure will increase the molecular mobility which resulted

in the acceleration of the curing reaction during early

stages of the process. After 15 min the conversion occurred

slowly because it might be possible that the remaining

C=C bonds are buried in the microgel structure. Thus

the full conversion may not be achieved even at high

temperature (Hanemann et al., 2010; Huang and Chen,

1993; 1992; Jacobs and Jones, 1992; Yang and Lee, 1988;

Tinga and Nelson, 1973).

Rheological characterisation of UP resin. It is funda-

mental to determine the viscosity-temperature relationship

of resins used for Resin Transfer Moulding processing.

The rate of advance of flow front is coupled inversely to

the resin viscosity. The parameter of interest is the time

in which the viscosity of resin rises to a value where further

impregnation and wetting of fibre reinforcement is

impractical. Rheometers determine the change in viscosity

by determining the torsional resistance of the resin at pre-

set shearing rate. Test is terminated once the torque achieves

a certain threshold in order to avoid damage. The

Rheological characterization of UP resin was carried out

with parallel plate rheometer; Rheometric Scientific RMS

800, using 50 mm parallel plates and the gap between

plates was set 0.5 mm. The test was undertaken with a set

frequency of 1Hz and shear strain of 2.5%.

Figure 11 indicates the rheological changes for a mixture

of UP resin and 1% Benzyl peroxide catalyst. But it does

not show any changes in G', G'' and viscosity after 200

sec because the reaction at 120 ºC was so fast that the resin

Fig. 9.  DSC thermograms of UP resin cured at

different time intervals in microwave at

120 °C.
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Fig. 11. Changes in steady viscosity (i), dynamic

modulus G' and loss modulus G'' with
time at temperature 120 °C.
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cured during the stabilisation of instrument. However, the

maximum value of G'' corresponding to the time can be

seen, after which G' remains constant. Gelation is defined

as the point at which the curing system transforms suddenly

from viscous liquid to an elastic gel (Yang and Lee, 1988).

Tung and Dynes, suggested that, the time at which the

crossover of G' and G'' occurs during isothermal curing

can be taken as gel point (Tung and Dynes, 1982). Winter

and Chambon also took this as gelation time, though

indicating that for many systems the gel point may not be

equal to the one calculated at G' = G'' (Whiter and Chambon,

1987). A well-accepted indicator for occurrence of gelation

is a rapid increase in viscosity. An accepted method to

define gel point is when viscosity reaches a value of either

104 or 103 Pa.s. In this study, the gel point appears to be

somewhat earlier than those determined from 104 or 10³

Pa.s. In case of UP resin, these major changes in rheological

properties occur at the beginning of the curing reaction

i.e. for conversions lower than 5% in different manner to

epoxy resin. The change in viscosity with time is shown

in Fig. 12, which was recorded by raising the temperature

Fig. 12. Change in viscosity with time at 120 °C.
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of hot plates from 90 °C to 120 °C. It can be seen that in

case of unsaturated polyester resin the gel point reached

before 104 Pa.s and crosslinking took place in approximately

100 sec.

Conclusion

The curing process of unsaturated polyester resin initiated

with benzoyl peroxide was studied by differential

scanning calorimetry (DSC). The kinetic analysis was

performed by mean of an empirical model. The

isothermal and non-isothermal DSC runs were performed

to determine the time and temperature required to cure

the UP resin. The isothermal test predicted that UP resin

cured at temperature range of 90 °C-120 °C. However,

the time predicted by non-isothermal test seemed to be

incorrect since the sum of residual heat and isothermal

heat was not equal to the dynamic heat which indicated

that the heat was lost during the stabilisation of

calorimeter. The time require to cure the UP resin was

then predicted using the isothermal kinetic analysis

through isoconversional adjustment which indicated

that 95% of UP resin will cure in 33 min at 120 °C.

The curing of UP resin using microwaves at different

interval of time however, indicated that 67% of UP

resin cures in 1 min. The crosslinking reaction of UP

resin at 120 °C using microwaves was so fast that it

was impossible to fully cure the resin due to burial of

C=C bonds in the microgel structure. In rheological

study of UP resin; curing also took place during the

stabilisation of equipment at 120 °C which further

confirmed that UP resin crosslink in 100 sec at 120 °C.
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Abstract. The objective of the present study was to investigate the adsorption of benzoic acid (BA), valeric

acid (VA), propionic acid (PA) and butyric acid (BUA) from aqueous solutions at different dosing rate on

the surface of activated carbon. Different trials were taken in order to determine the interaction between

the carbon surface and adsorbent species. The residual concentration of acids was calculated by the

titrimetric method. Maximum adsorption capacity was found to be 93.37% at dosing rate of 8.75 g for

BUA and minimum adsorption capacity was measured as 41.47% at dosing rate of 0.69 g for VA. Keeping

the same contact time and mass of activated carbon (2.8 g), the adsorption capacity increases with increasing

dosing rate.

Keywords: activated carbon, benzoic acid, titrimetric method, adsorption capacity, dose rate

Introduction

Carboxylic acids are used in various industries for the

production of polymers, pharmaceuticals, solvents, and

food additives. Propionic acid is an important member

of carboxylic acid family: used as intermediate for the

production of other chemicals, a preservative for both

animal feed and food for human consumption, especially

polymers and artificial flavourings (Bertleff et al., 2005).

Butyric acid is widely used as an animal feed supplement

due to its ability to reduce pathogenic bacterial colo-

nisation. Butyric acid has a powerful odour. It has also

been used as a fishing bait additive. Valeric acid has been

widely used in perfumes and cosmetics industries due

to its pleasant odour.

Benzoic acid (BA) is one of the most important additives

in the food industry. Many countries such as China, Japan,

and the European Union have banned the usage of BA

as a food additive due to its toxic nature. BA is also

used in the formation of many compounds and produced

exclusively by the liquid phase oxidation of toluene. It

can be detected in industrial sewage, which could affect

the human health (Xin et al., 2011). Therefore, the removal

of carboxylic acid in water brings much public attention

(Dong et al., 2006). Adsorption behaviour of acidic

compounds with different adsorbents like activated

carbons, montmorillonites, mesoporous silicas, soils

and bentonites has been investigated by many earlier

researchers (Yan et al., 2007; Ayranci and Duman, 2006).

Activated carbon is one of the oldest and the most

widely used adsorbents for the adsorption of organic

compounds. It has been utilised in powder or granular

form. These forms have been the primary adsorbent

materials for many adsorption studies on organic

compounds (Ania et al., 2002; Abe et al., 2000). Many

studies have reported the adsorption of acid on surface

of activated carbon (Dina et al., 2012). The adsorption

behaviour of activated carbon from adsorbate solutions

is affected by both the surface and the solution properties

(Haghseresht et al., 2002). Presence of surface functional

groups such as carboxyl, lactone, phenol, carbonyl, ether,

pyrone and chromene gives activated carbon an acid-

base character (Rodriguez-Reinoso and Molina-Sabio,

1998). Surface charge density is also an important factor

in determining the adsorption characteristics of activated

carbon.

Various surface structures and chemistry are expected

to play a role during the adsorption process. Carboxylic

acids are used in various industries for the production

of various types of compounds; hence, these are present

in wastewater generated in these industries. Thus, it is

important to remove these compounds by a suitable and

economic process before discharge of these wastewaters.

The objective of the present study was to investigate

the adsorption behaviours by use of activated carbon

(AC) for the removal of benzoic acid (BA), valeric acid

(VA), butyric acid (BUA) and propionic acid (PA) from

aqueous solutions by changing their initial concentration.*Author for correspondence; E-mail: naeemchemist@gmail.com
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The performance of activated carbon is evaluated by

using different dosing rate of carboxylic acids.

Materials and Methods

Benzoic acid, valeric acid, butyric acid and propionic acid

were obtained from Merck, whereas phenolphthalein

and sodium hydroxide were reagent grade. Activated

carbon was applied in powdered form in batch experi-

ment which had been purchased from BDH chemicals.

The characteristic of activated carbon before experiment

was summarized in Table 1.

solution was filtered off over a measuring cylinder.

After discarding the first 5 mL of the filtrate, 25 mL

was taken in Erlenmeyer flask for titration. Phenolphthalein

(4 drops) was added and titrated with standard sodium

hydroxide solution.

The adsorbed quantities of acid, X, were obtained by

subtracting the residual concentration at equilibrium

ae, from the initial concentration, ao Thus,

X = ao - ae        (1)

and Qe the quantity of carboxylic acid adsorbed

(adsorption capacity) per gram of adsorbent of mass m,

V is volume. It can be expressed as:

          ao - ae
Qe = _______ V        (2)

ao

Results and Discussion

Adsorption of benzoic acid (BA). Results reveal that

by increasing dosing rate, the adsorption of acid on

activated carbon also increases. The concentration of

acids provides necessary driving force to overcome the

resistance to the mass transfer of adsorbate between

aqueous and the solid phases. Moreover, the increase

of concentration enhances the interaction between

adsorbate and the adsorbent. Table 2 shows that keeping

constant mass of carbon as 2.8 g and increasing dosing

rate of benzoic acid from 0.09 g to 2.60 g, adsorption

capacity of carbon increases from 2.22% to 91.30%.

From Fig. 1 it is clear that the adsorption capacity was

increased gradually up to dosing rate of 1.83 g then

increased sharply at dosing rate of 2.6 g and became

linear after it. The value of X/m and Ceq also increased

gradually by increasing concentration of BA.

Table 1. Characteristics of activated carbon

Parameters Results

pH 6.8 ± 0.05

Moisture content (%) 11 ± 0.10

Bulk density (g/cm3) 0.317 ± 0.02

Tap density (g/cm3) 0.672 ± 0.04

Surface area (BET) (m2/g) 980 ± 1.45

Pore volume (g/cm3) 1.43 ± 0.05

Porosity (%) 75.74 ± 1.05

Particle size (mm) 3.7 ± 0.02

Batch equilibrium experiments. All experiments were

carried out in a reagent bottle with same amount of carbon

(2.8 g) added in it. The carboxylic acids used were

propionic, butyric, valeric and benzoic acids. The stock

solution of each acid was prepared (i.e., 4, 16, 24, 40,

50, 70, 80 and 100%) by keeping its volume 50 mL

with double distilled water. For adsorption of acids on

activated carbon, same amount of carbon was (2.8 g)

added in each bottle and placed for 30-45 min at 30 °C

in a shake machine to reach 95% equilibrium. Then the
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Table 2. Adsorption of benzoic acid on activated carbon

S. m Dilution ao NaOH Ce ae X=ao-ae X/m Ceq Qe

no. (g) (%) (g) (mL) (mole/L) (g) (g) (g) (g) mg/g

1. 2.8 4 0.09 0.06 0.003 0.002 0.088 0.032 0.0094 2.22

2. 2.8 16 0.42 1.19 0.010 0.038 0.383 0.136 0.0735 9.00

3. 2.8 24 0.71 2.45 0.015 0.089 0.621 0.222 0.0675 12.35

4. 2.8 40 0.93 6.43 0.032 0.173 0.757 0.270 0.1185 18.60

5. 2.8 50 1.41 8.15 0.046 0.222 1.188 0.424 0.1084 26.66

6. 2.8 70 1.62 9.52 0.081 0.400 1.221 0.436 0.1857 24.62

7. 2.8 80 1.83 10.62 0.112 0.570 1.260 0.450 0.2488 31.14

8. 2.8 100 2.60 11.94 0.241 1.91 0.69 0.226 1.0663 91.30

m = weight of activated carbon (g); ao = amount of carboxylic acid added to the bottle (g); Ce = concentration of carboxylic

acid left in solution at equilibrium (mole/L); ae = amount of carboxylic acid left in solution at equilibrium in the bottle (g);

X = amount of carboxylic acid adsorbed (g); Qe = adsorption capacity of acids (mg/g).



Adsorption of propionic acid (PA). Adsorption of

propionic acid from the aqueous solution on the surface

of activated carbon was increased by increasing dosing

rate as shown in Fig. 2. The adsorption capacity was

increased from 1.69% up to 65.28% by increasing dosing

rate of propanoic acid from 0.059 g up to 1.472 g. The

value of X/m ranging from 0.021 to 0.148 and Ceq values

from 0.018 to 1.411 are presented in Table 3.

Adsorption of valeric (VA) and butyric acid (BUA).

The adsorption of valeric acid molecule with linear

structure has more surface area as compared to its branched

structure. More fatty acid get adsorbed with chain parallel

to surface due to high affinity (Kipling, 1965).

The adsorption capacity of valeric acid increased sharply

up to dosing rate of 0.692 g from 0.082 g as shown in

Fig. 3. The value of X/m ranges from 0.029 to 0.446 and

Ceq values from 0.007 to 0.313. Adsorption capacity

was decreased at 0.820 g and then increased gradually
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Table 3. Adsorption of propionic acid on activated carbon

S. m Dilution ao NaOH Ce ae X=ao-ae X/m Ceq Qe

no. (g) (%) (g) (mL) (mole/L) (g) (g) (g) (g) mg/g

1. 2.8 4 0.059 0.10 0.0003 0.0015 0.058 0.021 0.018 1.69

2. 2.8 16 0.236 2.40 0.0095 0.035 0.201 0.068 0.140 14.83

3. 2.8 24 0.354 6.40 0.094 0.094 0.260 0.099 0.256 26.55

4. 2.8 40 0.589 15.70 0.230 0.230 0.339 0.129 0.482 42.95

5. 2.8 50 0.736 24.0 0.352 0.352 0.334 0.145 0.652 47.82

6. 2.8 70 1.031 39.0 0.572 0.572 0.459 0.172 0.900 54.51

7. 2.8 80 1.178 45.0 0.660 0.660 0.518 0.173 1.031 56.02

8. 2.8 100 1.472 65.5 0.961 0.961 0.511 0.184 1.411 65.28

m = weight of activated carbon (g); ao = amount of carboxylic acid added to the bottle (g); Ce = concentration of carboxylic

acid left in solution at equilibrium (mole/L); ae = amount of carboxylic acid left in solution at equilibrium in the bottle (g);

X = amount of carboxylic acid adsorbed (g); Qe = adsorption capacity of acids (mg/g).

up to 2.05 g as shown in Table 4. With butyric acid,

adsorption capacity was sharply increased up to 93.37%

with dosing rate of 8.75 g then became linear after it
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Conclusion

Percent removal of BA, PA, VA and BUA increases

with the increase in adsorbent dose. All acids used in

experiments showed better result at acidic pH. Optimum

adsorption capacities were found to 91.30%, 65.28%,

41.47% and 93.37% at dosing rate of 2.60 g, 1.47 g,

0.69 g and 8.75 g for BA, PA, VA, BUA, respectively.

At different dose rates with same contact time the

adsorption capacity increases with an increase of

concentration. However, amount adsorbed per amount

of adsorbent increases with an increase of dosing rate

of each acid.
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Table 5. Adsorption of butyric acid on activated carbon
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acid left in solution at equilibrium (mole/L); ae = amount of carboxylic acid left in solution at equilibrium in the bottle (g);

X = amount of carboxylic acid adsorbed (g); Qe = adsorption capacity of acids (mg/g).

Table 4. Adsorption of valeric acid on activated carbon

S. m Dilution ao NaOH Ce ae X=ao-ae X/m Ceq Qe

no. (g) (%) (g) (mL) (mole/L) (g) (g) (g) (g) mg/g
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as shown in Fig. 4. The value of X/m ranges from 0.024

to 0.311 and Ceq values from 0.008 to 0.64 as shown in

Table 5.

Fig. 4. Effect of dose rate on adsorption capacity

of butyric acid.
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Introduction

In Pakistan, in the month of July 2010, water rose up of

the level after the heavy monsoon rain fall and came out

of brim from the rivers in the form of flood. This flood hit

different areas of Pakistan, severely affecting the Khyber

Pakhtunkhwa, Sindh, lower  Punjab as well as some parts

of Baluchistan. About one fifth of Pakistan's total land

area was underwater due to the flooding. More than that

two thousand people lost their lives and about a million

homes perished. As per reports of the United Nations, over

20 million people were suffering and homeless with over

160,000 square kilometers area affected as a result of the

floods, exceeding the combined total of the affecters of

2004, due to Indian Ocean Tsunami, the 2005 Kashmir

earthquake and the 2010 Haiti earthquake. However, the

death toll in each of those three disasters was much higher

than the number of people killed so far in these floods

(Abid et al., 2010).

Among the provinces of the country, Khyber Pakhtunkhwa

was badly damaged, affected primarily the basic necessities

of life such as food, shelter and clothing. Unhygienic and

contaminated drinking water with pathogenic microor-

ganisms and chemicals like pesticides and herbicides was

the most alarming after effects of the flood. The surface

water drained the pesticides and herbicides used in

agricultural activities into the drinking water resources,

making it highly contaminated and harmful for the human

consumption.

Use of pesticides to control the insectivorous and herbaceous

pests in order to produce good quality and quantity of crops

is a fundamental contribution to the Green Revolution. On

the other hand  some have threatened the long-term survival

of major ecosystems by disruption of predator-prey

relationships and loss of biodiversity. Pesticides can have

significant human health consequences (Hernández et al.,

2013; Hayat et al., 2010; Moon et al., 2009) like neurotoxicity

(Androutsopoulos et al., 2013; Zaganas et al., 2013;

Kanavouras et al., 2011; Bassil et al., 2007; Karalliedde

and Senanayake, 1999; Brown et al., 1989) and can produce

gastrointestinal, cardiological, dermatological, respiratory,

genitor-urinary and musculoskeletal problems (Kesava-

chandran et al., 2009; Soomro et al., 2008; Palis et al., 2006;

Salameh et al., 2006; Vial et al., 1996; Hueser, 1992). Studies

have shown that these chemicals are injurious to immune

and endocrine systems (Abhilash and Singh, 2009; Soomro

et al., 2008; Luster and Rosenthal, 1993; Chambers, 1992;

Arlien-Soberg, 1992).

Contamination of drinking water after flood is a serious

environmental issue and a health threat. Flood water can*Author for correspondence; E-mail: mnasimuq@yahoo.com

Abstract. Flood in 2010 severely effected different areas of Khyber Pakhtunkhwa, Sindh, lower Punjab

as well as some parts of Balochistan, Pakistan. After the flood, samples of drinking water were collected

from the affected areas i.e. Akora Khattak and Buner, Khyber Pakhtunkhwa and pesticides residues were

determined quantitatively in these samples employing GC-MS technique. Among the samples collected

from Akora Khattak, chlorpyrifos was found in high amounts i.e. 0.040 ppm, in sample no. 6 while

methamidophos and methiocarb were found in appreciable quantities i.e. 0.026 ppm and 0.038 ppm,

respectively, in sample no. 4. Methamidophos and methiocarb were found in appreciable amounts i.e.

0.039 ppm and 0.034 ppm, respectively, in sample no. 17 among the samples obtained from Buner.

Concentrations were found at the level below 0.01 ppm in most of the pesticides under study. From the

results it appears that drinking water sources in the area under study have been contaminated with pesticides

which is a health hazard and may be a source of various diseases in these areas.

Keywords. flood hit area, drinking water, pesticides, GC-MS technique
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be contaminated with a variety of substances including

pathogenic microorganisms, automotive fluids, animal

wastes, fertilisers, chemicals like pesticides etc. Surface

water is drained into the ground water carrying these

contaminants. Contamination of drinking water with

pesticides cause a number of health problems. Therefore,

determination of pesticide residues in drinking water

sources is important in order to take appropriate measures

for the provision of safe drinking water to public and

protection of public health.

Liquid-liquid extraction, which is the most common

technique of extracting organic compounds from

aqueous phase, is carried out by mixing the aqueous

phase with other immiscible organic solvents like

ethyl acetate, dichloromethane and hexane. A variety

of analytical techniques are used for the analysis of

pesticides including chromatographic techniques like

GC and HPLC coupled to various detection systems.

GC-MS is the method of choice which is a robust and

routinely employed for pesticides analyses. This paper

presents the results of pesticides residues determination

in drinking water samples from different affected areas

of Khyber Pakhtunkhwa.

Materials and Methods

Chemicals and reagents. Ethyl acetate (GC grade) and

dichloromethane (GC grade) were purchased from

Fischer Scientific (Leicestershire, UK). Sodium sulphate

anhydrous (analytical grade), potassium dihydrogen

phosphate, HCl and sodium chloride (analytical grade)

were obtained from Merck (Darmstadt, Germany). GC

grade pesticide standards acetamiprid, acetochlor, atrazine,

cypermethrin, dichlorvos, difenoconazole, and pyridaben

were purchased from AccuStandard New Haven, CT,

USA. Aldicarb (99.9%), alpha endosulfan (99.6%), beta-

endosulfan (99.9%), chlorpyrifos (99.2%), cyhalothrin

(99.7%), fenvalerate (99.8%), methamido-phos (98.4%)

and popachlor (99.5%) were procured from Sigma-Aldrich

GmbH, Seelze, Germany. Carbofuran (98.5%), dieldrin

(98.3%), methiocarb (98.5%), o, p'-DDD (99.6%), o,p'-

DDT (99.5%) and p,p'-DDE (98.5%) were obtained from

Dr. Ehrenstorfer GmbH Ausburg, Germany. Helium gas

(99.9999%) was procured from Pak Gas (United Arab

Emirates). Double distilled water was used through out

the experimental work.

Preparation of pesticide standard mixture. Stock

solutions of the individual pesticides under study were

prepared in methanol. From each solution appropriate

volume was mixed together in a vial. 2 mL of the standard

mixture was injected into the GC column using auto

injection system of GC-MS.

Samples collection. Total of 25 samples from drinking

water sources (well water) were collected on random

basis from Akora Khattak and Buner district in clean

and sterilised bottles and numbers were alloted to these

samples. Among these: 8 samples were collected from

Akora Khattak and 17 samples from Buner. Samples

were properly preserved until their use for experimental

work. The pesticides selected for the study were those

which are most commonly sprayed in these areas as

insecticides and herbicides, and are easily available in

the form of standards. The data of the most commonly

used pesticides in the area has been taken from the

Department of Agriculture Training Institute Peshawar,

Khyber Pakhtunkhwa. For this study, total of 23

pesticides were selected as shown in Table 1.

Extraction of pesticides and preparation of samples.

The procedure adopted was according to the official

methods of analysis of AOAC International with some

modifications (AOAC, 2002). Water sample (1 L) was

adjusted to pH by adding phosphate buffer (pH 7). NaCl

(100 g) was dissolved in this solution followed by the

addition of 300 mL of ethyl acetate. The mixture was

Table 1. GC-MS data of pesticides standard mixture

Sample Pesticides name R. Time Conc. Quantifying ion

no. (min) (ppm) (base peak)

(m/z value)

1 Aldicarb 3.86 38.591 68

2 Methamidophos 4.35 16.657 98

3 Dichlorvos 6.43 18.582 109

4 Carbofuran 7.27 12.680 164

5 Methiocarb 10.02 22.092 168

6 Propachlor 10.69 19.734 120

7 Cyhalothrin 11.76 8.282 198

8 Atrazine 12.24 17.538 200

9 Acetochlor 13.57 17.217 59

10 Chlorpyrifos 14.54 17.066 97

11 a-Endosulfan 16.17 14.907 241

12 p, p'-DDE 16.55 25.480 246

13 Dieldrin 16.69 23.834 79

14 b-Endosulfan 17.30 15.254 195

15 o, p'-DDD 17.36 44.900 235

16 o, p'-DDT 18.06 3.041 235

17 Acetamiprid 18.82 24.242 56

18 Pyridaben 20.92 17.945 147

19 Cypermethrin-1 21.74 46.252 181

20 Fenvalerate-1 22.60 11.544 125

21 Fenvalerate-2 22.85 10.172 125

22 Difenoconazole-1 23.19 10.856 265

23 Difenoconazole-2 23.27 10.622 265
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shaken for 1 h at 200 rpm through shaker, then  the

mixture was poured into separating funnel and the layers

were let to separate. The upper organic layer was

collected in a round bottom flask, and lower aqueous

layer was again treated with 60 mL of ethyl acetate.

The mixture was shaken for 15 min. Then the organic

layer was separated and mixed with the previously

collected layer. Organic layer was dried with sodium

sulphate anhydrous. The solution was filtered and

evaporated to dry residue through rotary evaporator.

The dried residue was reconstituted in 2 mL of

dichloromethane. The solution was filtered through

0.45 mmL membrane filter and injected 2 mL into the

GC column using auto injection system.

Chromatographic separation of pesticides. A gas

chromatograph from Shimadzu hyphenated to a mass

spectrometer QP 2010 plus (Tokyo, Japan) equipped with

an auto-sampler (AOC-20S) and auto-injector (AOC-20i)

was used. Ultra high pure helium was used as carrier gas.

All chromatographic separations were performed on a

capillary column (DB-5ms; Agilent Technologies, USA)

having specifications: length; 30 m, i.d.; 0.25 mm, thickness;

0.250 mm. Other GC-MS conditions were: ion source

temperature (EI); 280 °C, interface temperature; 280 °C,

solvent cut time; 2 min. 2 µL of samples and standard

were injected into the GC column. Injector was operated

in a splitless mode. Injection temperature was 250 °C. The

column temperature program started at 50 °C for 1 min

and ramped to 125 °C at the rate of 25 °C/min. The

temperature was further increased to 220 °C at the rate

of 10 °C/min and hold for 15 min. Total elution time was

37.5 min. MS was operated in single ion monitoring

(SIM) mode. GC-MS solutions software provided by the

supplier was used to control the system and to acquire

the data. Identification and quantification of the

compounds was carried out by comparing the mass

spectra obtained with those of external pesticide mixed

standard solution. Qualification of the peaks was further

authenticated through standard mass spectra from the

NIST library (NIST 05).

Results and Discussion

Optimisation of the GC-MS conditions. Multi residues

method is essential in the case where nothing is known

about the possible contamination. Ideally such method

should provide less time consuming, with appropriate base

line separation giving quantification of as many pesticides

as possible in a single run. The pesticides selected were

belonging to different classes of pesticides having different

polarity and different thermal properties. For obtaining

base line chromatographic separation for such mixture,

gradient elution is necessary to obtain precise and accurate

quantification at residual level. After optimising the GC

conditions using different temperature gradient system,

resolution of analytes at the base line was achieved. Column

selected was DB-5ms which is mostly used for such

analyses. Figure 1 shows the GC chromatogram obtained

after analysing the 23 pesticides standards mixture. Detail

of the retention times, concentrations and quantifying ion

(m/z value) of each pesticide is tabulated in Table 1.

Pesticide residues in drinking water samples. Standard

maximum permissible values for pesticide residues in

drinking water have been shown in Table 2. Table 3 shows

the concentration of pesticides at the level of parts per million

(ppm) in the samples collected from Akora Khattak. Aldicarb

was detected only in sample AK 1 while in rest it was not

detected. Chlorpyrifos was found only in sample no.6 (AK6)

while b-endosulfan was detected only in sample no. 3

(AK3). Residues of carbofuran, cyhalothrin, atrazine,

acetochlor, a- endosulfan and dieldrin were not detected in

Table 2. Standard maximum permissible values for pesticide

residues in drinking water

Sample Pesticide name Max. Reference

no. permissible

limits

(ppm)

1 Aldicarb 0.01 (Hamilton et al., 2003;

Jenkins, 1999)

2 Methamidophos - (Hamilton et al., 2003)

3 Dichlorvos 0.012 (Moermond et al., 2008)

4 Carbofuran 0.007 (Hamilton et al., 2003)

5 Methiocarb 0.035 (Jenkins, 1999)

6 Propachlor 0.09 (Jenkins, 1999)

7 Cyhalothrin - -

8 Atrazine 0.002 (Hamilton et al., 2003)

9 Acetochlor 0.14 ((Jenkins, 1999)

10 Chlorpyrifos - -

11 a- Endosulfan 0.042 (Jenkins, 1999)

12 p, p'-DDE 0.002 (Hamilton et al., 2003)

13 Dieldrin 0.0002 (Hamilton et al., 2003)

14 b-Endosulfan 0.042 (Jenkins, 1999)

15 o, p'-DDD 0.002 (Hamilton et al., 2003)

16 o, p'-DDT 0.002 (Hamilton et al., 2003)

17 Acetamiprid - -

18 Pyridaben 0.0001 (Moermond et al., 2008)

19 Cypermethrin-1 - -

20 Fenvalerate-1 - -

21 Fenvalerate-2 - -

22 Difenoconazole-1- -

23 Difenoconazole-2- -
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Table 3. Quantity (ppm) of pesticides in drinking water samples collected from Akora Khattak (AK) district

Nowshera

Sample Pesticide name AK1 AK2 AK3 AK4 AK5 AK6 AK7 AK8

no.

1 Aldicarb 0.002 ND ND ND ND ND ND ND

2 Methamidophos 0.003 0.006 0.007 0.026 0.010 0.001 ND 0.007

3 Dichlorvos 0.001 0.001 0.003 ND 0.002 ND 0.001 ND

4 Methiocarb 0.011 ND 0.029 0.038 0.012 0.011 ND 0.003

5 Propachlor ND <0.001 <0.001 ND 0.001 <0.001 0.001 0.002

6 Chlorpyrifos ND ND ND ND ND 0.040 ND ND

7 p, p'-DDE <0.001 ND <0.001 ND <0.001 ND 0.001 0.005

8 b-Endosulfan ND ND 0.001 ND ND ND ND ND

9 o, p'-DDD <0.001 <0.001 0.001 <0.001 <0.001 <0.001 0.001 0.003

10 o, p'-DDT ND 0.001 ND 0.002 0.001 0.001 ND 0.001

11 Acetamiprid <0.001 ND 0.010 ND 0.002 ND ND ND

12 Pyridaben <0.001 ND ND <0.001 <0.001 ND ND ND

13 Cypermethrin-1 ND ND <0.001 0.001 0.001 ND ND ND

14 Fenvalerate-1 ND ND <0.001 ND <0.001 ND <0.001 0.004

15 Fenvalerate-2 ND <0.001 0.002 <0.001 0.001 ND ND ND

16 Difenoconazole-1 ND ND <0.001 <0.001 <0.001 <0.001 <0.001 ND

17 Difenoconazole-2 ND <0.001 <0.001 ND ND ND ND ND

Table 4a. Quantity (ppm) of pesticides in drinking water samples collected from district Buner (B)

Sample Pesticide name B1 B2 B3 B4 B5 B6 B7 B8 B9 B10

no.

2 Methamidophos 0.018 0.011 0.008 0.002 0.001 <0.001 0.002 0.002 0.014 0.001

3 Dichlorvos ND <0.001 ND 0.001 ND ND <0.001 ND ND ND

6 Methiocarb ND ND ND ND 0.006 ND ND ND ND 0.004

7 Propachlor 0.001 0.001 <0.001 <0.001 ND <0.001 <0.001 <0.001 <0.001 ND

11 Chlorpyrifos ND ND ND ND ND ND ND ND ND ND

13 p, p'-DDE <0.001 0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 ND

16 o, p'-DDD <0.001 0.001 0.001 0.001 <0.001 0.001 0.001 <0.001 ND <0.001

17 o, p'-DDT ND ND ND ND ND ND 0.001 ND ND ND

18 Acetamiprid 0.001 0.001 <0.001 <0.001 ND ND ND ND ND ND

19 Pyridaben ND <0.001 <0.001 <0.001 <0.001 ND <0.001 ND ND ND

ND = not detected.

Fig. 1. GC-MS chromatogram of 23 pesticides standard mixture.
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any of the water samples collected from Akora Khattak.

Chlorpyrifos was found in high amounts i.e. 0.040 ppm, in

AK6 while methamidophos and methiocarb were found in

appreciable quantities i.e. 0.026 ppm and 0.038 ppm,

respectively, in sample no. 4 (AK4). Concentrations of most

of the pesticides under study were found at the level below

0.001 ppm. Methiocarb concentration (0.038 ppm) was

found beyond the permissible limit (0.035 ppm) in AK4.

Amounts of the residues of p, p'-DDE obtained in sample

no. 8 (AK8) (0.005 ppm) and of o, p'-DDD in AK8 (0.003)

were above the allowed limit (0.002 ppm). Quantified

amount o, p'-DDT in AK4 found at the permissible limit

(0.002 ppm). Concentrations of rest of the pesticides residues

detected were within the range.

Results obtained from the GC-MS analyses of samples

collected from Buner are shown in Table 4a and 4b. Aldicarb,

carbofuran, cyhalothrin, atrazine, acetochlor,  a-endosulfan,

dieldrin, b-endosulfan, cypermethrin-1, fenvalerate and

difenoconazole were not detected in the water samples

collected from Buner. Chlorpyrifos was detected only in

sample no. 11 (B11) (0.002 ppm). Methamidophos and

methiocarb were found in appreciable amounts i.e. 0.039

ppm and 0.034 ppm, respectively, in sample no. 17 (B17).

Rest of the pesticides detected and quantified were below

0.010 ppm. Concentration of methiocarb found (0.034 ppm)

is about to the maximum limit (0.035 ppm) while that of p,

p'-DDE is at the maximum allowed limit (0.002 ppm) in

sample B17 and amount of o, p'-DDD (0.004 ppm) quantified

in B17 is beyond the limit (0.002 ppm). Concentrations of

rest of the pesticides residues detected in water samples

from Buner were within the permissible limits. From the

results it appears that drinking waters sources in the area

under study have been contaminated with pesticides which

is a health hazard and may be a source of various diseases

in these areas.

Conclusion

From the data collected in this study, it is evident that

the flood water has contaminated the drinking water

sources especially in the flood hit areas like Akora

Khattak. Therefore, proper measures should be taken

to clean the drinking water from such contaminants. It

is further suggested that preventive actions should be

taken to avoid such occurrence in future leading to

health problems.
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