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Introduction 

Chromatographic procedures were developed and 
successfully employed for the separation of a high number 
of organic and inorganic compounds present at trace level in 
complicated accompanying matrices. The capacity of 
chromatographic separation technologies can be increased 
by the modification of both the stationary and the mobile 
phase of the system. Because of their specific adsorption 
character cyclodextrins (CD) and cyclodextrin derivatives 
(CDs) have been frequently applied for the improvement of 
the separation parameters (mainly chiral separation 
capacity) of various chromatographic methods. The chiral 
separation capacity of cyclodextrins has been frequently 
exploited for the separation of enantiomers with markedly 
different biological activity employing CDs. CDs and CD 
derivatives can be equally used as additives of stationary 
phase or modifier of the mobile phase. The number of 
studies dealing with the application of CDs and CD 
derivatives for the increase of the separation capacity of 
chromatographic systems increased considerably. Because 
of their versatility CDs have found application in many 
special branch of chromatography such as liquid 
chromatography (LC), gas chromatography (GC), size 
exclusion chromatography (SEC), gel permeation 
chromatography (GPC), and electrically driven separation 
methods (CE, CZE), and ultra performance liquid 
chromatography (UPLC).  

Application of cyclodextrins in gas chromatogra-
phy/mass spectrometry 

The newest results in the application of chiral capillary 
gas chromatography (GC) have been recently reviewed, the 
various phase development methodologies were shortly 
discussed and the efficacy of chiral GC and chiral HPLC 
were compared. Samples for the application of chiral GC are 
provided1.  

A  rapid total analytical system (TAS) was developed for 
the detection of the autheticity of fruit-flavoured foods and 
beverages. The method combined headspace solid phase 

microextraction (HS-SPME) with enantioselective GC-MS 
(Es-GC-MS). The results were evaluated by multivariate 
mathemathical statistical methods such as principal 
component analysis (PCA) and hierarchical cluster analysis 
(HCA). Peach, coconut, apricot, raspberry, strawberry and 
melon were included in the experiments. Cyclodextrin 
derivatives served as chiral selectors, GC analyses were 
carried out on both normal and narrow bore columns. It was 
established that the analysis time of TAS method in 
markedly lower than that of the conventional analytical 
procedure.2 

The concentration and enantiomeric distribution of 
linalool (3,7-dimethyl-1,6-octadien-3-ol)  was determined in 
the raw and roasted cocoa beans (seeds of Theobroma 
cacao). Samples of cocoa beans, commercial products, 
cocoa powders and chocolates were included in the 
investigations. Enantioselective separations were achieved 
by using multidimensional gas chromatography, 
heptakis(2,3-di-O-methyl-6-O-tert-butyldimethylsilyl)--CD 
was the chiral stationary phase. Pre-concentration of the 
analyte was carried out by simultaneous steam distillation-
extraction at pH 7. 

The results indicated that the technological processes exert 
a negligible effect on the original enantiomeric distribution 
of linalool.3  

Various GC techniques were developed and applied for 
the enantiomeric separation of DDT (1,1,1-trichloro-2,2-
bis(p-chlorophenyl)ethane and its derivatives. The methods 
included heart-cut multidimensional GC (MDGC), and 
comprehensive two  dimensional gas chromatography (GC x 
GC). 

Chiral separations were carried out on a -CD-based 
column. The measurements indicated that both method can 
be successfully employed for the enantiomeric separation of 
DDT and metabolites.4 

HS-SPME followed with enantioselective GC/MS was 
applied for the analysis of enantiomeric and non-
enantiomeric distribution of monoterpenes in the headspace 
of Juniperus communis L. and Juniperus oxycedrus needles 
and berries. The measurements indicated that the results 
obtained with the traditional hydrodistillation and HS-SPME 
techniques are commensurable. It was established that the 
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concentration of the monoterpenes in needles and berries of 
J. Communis were sabinene (19–30 %), -pinene (12–
24 %), -myrcene (9–20 %). J. oxycedrus contained mainly 
-pinene (85–92 %). The investigations revealed that the 
distribution of monoterpenes depended consideraly on both 
the type of analyte (needles or berries) and on its origine.5 

In the last years a considerable number of studies were 
published dealing with the recent achievements in the 
synthesis of new mobile and stationary phases suitable for 
the enantiomeric separation of a wide variety of racemic 
compounds using electrophoretic techniques. An excellent 
review has been recently published enumerating and 
critically evaluating chiral selectors such as cyclic and linear 
oligo- and polysaccharides, branched polysaccharides, 
polymeric and monomeric surfactants, macrocyclic and 
other antibiotics, crown ethers etc. The advantages and 
disadvantages of the application of single chiral selector and 
dual-selector systems are also discussed in detail. The 
pharmaceutical and biomedical applications of the new 
methods have also been discussed in detail.6 

The separation of enantiomers of norephedrine (NEP) by 
CE has been investigated in detail. The enantiomer 
migration order (EMO) was determined in the presence of 
various CD derivatives such as α-, β-CD, heptakis(2,3-di-O-
acetyl-6-O-sulfo)-β-CD (HDAS-β-CD) and heptakis(2,3-di-
O-methyl-6-O-sulfo-β-CD (HDMS-β-CD). It was concluded 
from the results of CE and MNR measurements that the 
complex formation of NEP different with different CDs and 
CDs derivatives.7 

The extractability and possible toxicity of polycyclic 
aromatic hydrocarbons (PAHs) in river sediments was 
investigated in detail, the correlation between the 
extractabiliy of sediment contaminants, the chemodynamic 
properties of each extraction method and the resulting 
toxicity. Sediment samples were treated with various 
extraction procedures such as Soxhlet extraction with 
acetone (SOX), membrane dialysis extraction (MDE) with 
n-hexane. Ultrasonic extraction with acetone (USE), and 
extraction with (2-hydroxypropyl)--cyclodextrin, (HBCD). 
The PAH concentration of extract  was determined with gas-
chromatography/mass spectrometry. It was established that 
the extracting efficacy of SOX and MDE methods were 
comparable. HBCD technique extracted only 3.4 % of the 
total PAH content. It was further found that the efficacy of 
SOX and MDE were similar. USE showed activity between 
SOX and MDE. It was concluded from the results that these 
measurements may promote the better understanding of 
extraction procedures.8 

Nanogels were preparated from cyclodextrins (-CD) or 
hydroxypropyl--cyclodextrin) (HP--CD) at a constant 
ratio of 20 %, w/w and their capacity as nanogels for drug 
delivery was investigated. The measurements indicated that 
the addition of ethyleneglycol diglicydil ether (EDGE) was 
important for the formation of nanogel. Infrared analysis 
(IR), transmission electron microscopy (TEM), dynamic 
light scattering (DLS) may help the exact determination of 
the cross-linking degree, size and size distribution of 
nanogels. Addition of hydroxypropyl methylcellulose 
(HPMC) influenced also the formation of nanogels.9   

Heart-cut multidimensional GC (heart-cut MDGC) carried 
out on three capilllary columns based on -cyclodextrin 
were employed for the simultaneous enantiomeric 
separation of polychlorinated biphenyls (PCBs).and 
metylsulfonyl metabolites of PCBs (MeSO2-PCBs). The 
measurements established that the enantiomer separation 
capacity of columns shows considerable differences. The 
method has been successfully employed for the analysis of 
two fish oil and one cow liver samples.10 

A new -CD modified hyperbranched carbosilane GC 
stationary phase was developed by substituting the –OH 
group of -CD by hyperbranched carbosilane. The 
preliminary investigations indicated that the new stationary 
phase can be successfully applied for the separation 
benzenes, acrylates, ketones and alkylchlorides.11 

Mixed GC selectors were prepared by binding a single L-
valine diamide moiety to permethylated -CD. It was 
established that the enantiomer separation capacity of the 
new stationary phases is commensurable with those of 
commercial preparations. The enhanced enantioselectivity 
of the mixed electrodes was explained by the better chiral 
correspondance of the analytes.12 

Chiral gas chromatography and HPLC were employed for 
the study the distribution and organoleptic impact of ethyl 2-
hydroxy-4-methylpentanoate (ethyl DL-leucate) 
enantiomers in wine. GC measuremements were carried out 
using -CD in the stationary phase. It was established that 
white wines contained only the R form, whereas red wines 
contained both enantiomers. The ratio of R/S markedly 
depended on the aging. The R/S ratio was about 95:5, the 
average total concentration was 400 µg L-1. The olfactory 
treshold for R and S enantiomer was different.13 

New controlled release systems were developed for the 
delivery of essential oils. The interaction of CDs and -
cyclodextrin polymers with linalool and camphor in the 
essential oil of Lavandula angustifolia was investigated in 
detail. GC measurements were carried out by static 
headspace GC (SH-GC). Multiple headspace extraction 
method (MHE) was employed for the study of the 
application possibility of a new preparation controlled 
release system.14 

The role of CDs and CD derivatives in the resolution of 
chiral natural compounds was reviewed. Besides CDs other 
chiral selectors such as crown ether, macrocyclic antibiotics, 
cellulose, have found application in the enantiomeric 
separation of various bioactive compounds. Thus, the optical 
isomers of ephedrine show different amphetamine-like 
stimulus effects, while (S)(-ionone (woody-like taste) and 
(R)(-)--ionone (violet taste) show different olfactory 
characteristics. CDs and various CD derivatives have been 
successfully employed for the chiral separation of a 
considerable number of chiral natural compounds such as 
flavanones, alkaloids, lignans, coumarins, terpenoids, amino 
acids, peptides, etc. CDs have also been applied to enhance 
the separation efficacy of miscellaneous chromatographic 
technologies (GC, HPLC, CE, CZE).15 

Volatile organic compounds (VOCs) were investigated in 
air samples using cyclodextrin-silica hybrid solid phase. The 
new samplers have been successfully employed for the 
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determination of benzene, toluene, ethylbenzene, o-xylene, 
m-xylene, and p-xylene (BTEX) in air. The recoveries were 
89±4 %; 90±6 %; 91±2 %; 87.0±0.9 %; 88±4 %; and 
88±4 %, respectively. The investigations indicated that the 
results obtained with the new method comparable with those 
obtained by the reference method.16 

A new procedure was developed for the preconcentration 
and analysis of eight phenolic compounds in environmental 
water samples. SPE hyphenated with liquid-phase 
microextraction (LPME) based on solid organic drop 
combined with GC-MS was employed for the separation and 
quantitative determination of analytes. The purification of 
the samples was obtained by using a column containing 60 
mg of -CD-bonded silica particles as stationary phase. The 
optimal conditions of the procedure were: LOD = 0.002 – 
0.04 µg L-1 (S/N=3); LOQ = 0.007 – 0.15 µg L-1 (S/N = 10); 
RSD = ≤ 9.5 %. The recoveries were over 79 %.17 

Enantioselective GC-MS was employed for the 
investigation of volatiles and aroma-active compounds in 
honey bush (Cyclopia subternata). Samples were obtained 
by high-capacity headspace sample enrichment probe (SEP). 
GC-MS found total 183 compounds (103 terpenoids, 56 %). 
Samples were also analysed by gas chromatography 
olfactometry (GC-O). According to the GC-O assessors 
some compounds sowed typical honey bush like aroma: 
(6E,8Z)-megastigma-4,6,8-trien-3-one; 6E,8E-megastigma-
4,6,8-triene-3-one; 10-epi--eudesmol; epi--murolol; and 
epi--cadinol.18 

A new CE technique was developed for the analysis of 
pantoprazole enantiomers employing sulfobutyl--
cyclodextrin (SBA--CD) as chiral additive. The parameters 
of the method were optimized: the best separation was 
obtained by using a buffer of 50 mM borax – 150 mM 
phosphate, pH 6.5, 20 mg mL-1 SE--CD, and 10 kV voltage. 
The limit of detection (LOD) and limit of quantitation 
(LOQ) for R-(+)-pantoprazole were 0.9 and 2.5 µg mL-1, 
respectively. It was established that the method is suitable 
for the analysis of a minimum limit of 0.1 % (w/w) of R-
enantiomer in pantoprazole samples.19  

Chiral separation of cathinone derivatives was obtained by 
applying various CD derivatives as chiral additives. A new 
and easy to carry out capillary zone electrophoresis (CZE) 
method was developed for the enantioseparation of 19 
cathinone derivatives.CDs included in the investigations 
were: - and -cyclodextrin, carboxymethyl--CD, 2-
hydroxypropyl--CD, and sulfated--CD.  Background 
electrolyte (BGE ) using for the optimal separation of 
analytes consisted of 20 mg mL-1 sulfated--CD in 50 mM 
ammonium acetate buffer pH 4.5 containing 10 % v/v 
acetonitrile. Separations were carried out at 40 0C with a 
separation voltage of 20 kV.20 

A novel CZE technology was developed for the separation 
and quantitative determination of flavonoids in traditional 
Chinese medicines. The optimal condition were: background 
electrolyte of 20 mM borax (pH 7.5), 6 mM β-CD and 20 % 
(v/v) acetonitrile. Injection time was 65 s. Detection limits 
for five flavonoids were between 15 – 30 ng/mL. The 
method was successfully applied for the analysis of 
traditional Chinese medicine real samples21. 

It was found that neutral and acidic monosaccharide 
components in Ganoderma lucidum polysaccharide can be 
easily labeled with 2,3-naphtalenediamine and the 
saccharide-naphimidazole (NAIM) derivatives can be 
analysed by CE using borate buffer. Sulfated-α-CD can be 
used as chiral selector. The method was proposed for the 
analysis of natural carbohydrates by CE.22 

HPLC and electronic microscopy was employed for the 
study of the influence of HP--CD-PLGA nanoparticles on 
the bioavailability and the penetration of puerarin. The 
measurements indicated that the complex formation of 
puerarin with HP--CD-PLGA enhance the therapeutic 
effect on brain ischemia-reperfusion injury in rats. The drug 
release kinetics and nanoparticle degradation in phosphate 
buffered saline (PBS) was investigated in detail. It was 
concluded from the data that complex formation decreased 
the infraction volume, therefore, the complex formation is 
potentially applicable for the brain injura induced by 
ischemic-reperfusion.23  

Stir bar sorptive extraction (SBSE) followed by HPLC-
UV detection was used for the analysis of estrogens in pork 
and chicken samples. Poly(dimethylsiloxane)(PDMS)/-
cyclodextrin(-CD)/divinylbenzene-coated stir bar was 
prepared  by the sol gel technique and used for the SBSE 
followed with HPLC-UV. The enrichment factor was 19 – 
51-fold. The relative standard deviations ranged from 6.0 % 
to 9.7 %. It was stated that the method is simple, sensitive, 
and selective and can be successfully applied for the 
determination of estrogens in pork and chicken samples.24 

The interaction of the phosphatidyl ethanolamine (PE) of 
Heliobacter pilori with free cholesterol (FC), cholesterol 
ester (CE), 2,6-di-O-methyl--cyclodextrin (dM--CD) was 
established. GC/MS and LC/MS analyses established that 
the composition of PEs produced by Heliobacter pilori and 
Escherichia coli shows marked differences. It was 
concluded from the results that PE is a key kandidate of 
nonesterified steroid-binding lipids in H. pilori.25 

Methyl--cyclodextrin (MCD) was employed for the 
extraction and purification of prenylated proteins. It was 
established that MCD can be successfully employed as a 
selective for such exptraction procedures. The enzyme was 
further purified by one-step anion-exchange column 
chromatography and affinity column chromatography. The 
measurements suggested that MCD can be easily applied as 
a useful compound for selective extraction and purification 
of prenylated periferial membrane proteins from the 
cytoplasmic surface of biological membranes.26 

Supercritical fluid chromatography (SFC) has also found 
application in the chromatographic analysis of various 
organic and inorganic compounds. Cationic -cyclodextrin 
perphenylcarbamoylated derivatives were chemically 
bonded into vinylized silica. The product was applied as 
chiral stationary phase in SFC. The enantiomeric separation 
capacity of the new stationary phase was demonstrated on 
14 racemates including flavanones, thiazides, and amino 
acid derivatives. It was concluded from the data that 
aromatic cationic moiety on -CD enhanced the 
enantiomeric separation capacity compared with aliphatic 
cationic moiety. It was further established that the presence 
of acid additives results in lower retention time but can 
improve chiral resolution.27 



Cyclodextrins in chromatography               Section A-Review 

Eur. Chem. Bull., 2014, 3(1), 2-12    DOI: 10.17628/ECB.2014.3.2-12 5 

The application of SFC for the enantiomeric separation, 
for the simultaneous chiral and achiral separation, impurity 
control and direct scaling has been recently reviewed. The 
advantages of SFC technique (fast analysis speed, wide 
polarity compatibility, lower cost of the mobile phase and 
high column efficiency) make SFC a method of choice for 
the analysis of chiral and achiral analytes.28 

A sliding graft copolymer with grafted (polyethylene 
glycol) side chains by the „grafting onto” strategy was 
prepared. The end product contained PEG and CDs, and was 
characterized by 1H NMR, Fourier-transformed infrared and 
gel permeation chromatography.29 

High molecular weight polyrotaxanes (PRs) were 
prepared from poly(ethylene glycol) and -CD. The end 
product was investigated by 1H NMR spectroscopy, wide 
angle X-ray diffraction and gel-permeation 
chromatography.30 

Size-exclusion chromatography was employed for the 
study of the size stabilization of Au nanoparticles in the 
presence of salt and organic solvents. The results indicated 
that 3-amino-3-deoxy-(2S,3S)--cyclodextrin is a 
good stabilizer for the Au nanoparticles.31 

The antimicrobial effect of isothiocyanate (AIT) 
complexed with - and -cyclodextrins was investigated. 
Solid phase microextraction followed by gas 
chromatography was employed for the determination of the 
concentration of AIT in samples. The measurements 
indicated that the inclusion complexes showed more 
pronounced antimicrobial effect than the uncomplexed 
compounds. The method was proposed for the antimicrobial 
treatment of fresh-cut vegetable products.32 

The enantiomeric separation capacity of some -dextrin-
based chiral stationary phases was compared using 
structurally different analytes as model compounds 
(coumarins, dansyl amino acids and propionic acid 
derivatives). The separation capacity of -cyclodextrin, 
(R,S)-2-hydroxypropyl--cyclodextrin, and permethyl--
cyclodextrin-based CPs were compared. Measurements 
were carried out in reversed phase separation mode, the 
mobile phase consisted of 0.1 % triethylammonium 
phosphate (pH 3.5)/MeOH. It was found that the best 
enantiomeric separations can be achieved on permethyl--
cyclodextrin stationary phase.33 

The inclusion complexes of warfarin enantiomers with 
permethylated monoamino--cyclodextrin (PMMABCD) 
was investigated with CE and 1H NMR spectroscopy. It was 
established that the pH of the mobile phase exert a marked 
impact of the mobility of the complex34. 

The inclusion complex formation of isomeric 
monoterpenes, camphene and fenchene with -cyclodextrin 
was employed for facilitate their separation. It was 
established that the analytes can be easily separated using 
re-crystallization. The structure of the inclusion complexes 
was investigated by  1H NMR and X-ray diffraction.35 

The application of fully or partially sub-2 µm porous 
silica material as column packing has been recently 
discussed. Its application in liquid chromatography, ultra 

high speed chromatography and capillary 
electrochromatography (CEC) is discussed in detail.36 

CE and proton nuclear magnetic resonance spectroscopy 
(1H-NMR) were employed for the separation of the 
enantiomers of sibutramine applying cyclodextrin (CD) 
derivatives as chiral selectors. The method of separation 
included 50 mM of phosphate buffer of pH 3.0 with 10 mM 
of methyl--cyclodextrin (M--CD);0.05 % of LOD and 
0.2 % of LOQ. The method was validated and applied 
successfully for the separation of sibutramine enantiomers in 
commercial preparations.37  

Bodypy-F1-labeled glycophosphingolipids were separated 
using capillary elctrophoresis and laser- induced 
fluorescence detection. Analytes were prepared by acylation 
using the N-hydroxysuccinimide ester of Bodypy-F1. 
Micellar electrokinetik capillary chromatography was 
employed for the separation of analytes. The measurements 
indicated that the separation capacity of 
TRIS/CHES/SDS/-cyclodextrin buffer was better than that 
of the traditional borate/deoxycholate/methyl--cyclodextrin 
buffer. The theoretical plate number ranged from 640.000 to 
741.000. The LOD was approximately 3 pM, the analysis 
time was lower than 5 min.38  

A new validated capillary electrophoresis method was 
developed and successfully applied for the separation of 
dapoxetine enantiomers. Dapoxetine, a serotonin transporter 
inhibitor is employed for the treatment of premature 
ejaculation. CZE measurements were carried out in 
uncoated fused-silica capillary. Preliminary investigations 
indicated that randomly methylated -cyclodextrin was the 
best chiral selector. The optimal parameters of the 
enantioseparation were: 15 0C; +15 kV; 70 mM acetate; 20 
v/v MetOH; pH, 4.5; and 3 mM methylated -CD. The 
optimal resolution was 7.01.  

The validation parameters of the method such as 
repeatability, linearity range, LOD, LOQ, accuracy and 
robusness were also determined39. 

The enantiomeric impurities of armodafinil was 
investigated with a new CE method using sulfobutyl –ether-
-cyclodextrin as chiral selector. The best separation 3.3 
was obtained by employing 20 mM phoshate buffer (pH 7.5). 
The concentration of the chiral selector was 20 mM. The 
LOD and LOQ of (S)-modafinil were 1.25 µg mL-1 and 2.50 
µg mL-1, respectively. It was established that the method 
display good selectivity, repeatabiliy, linearity and accuracy, 
and can be applied for the investigation of the enantiomeric 
impurity of armodafinil in bulk samples40. 

A CE method was developed using electrokinetic injection 
to simplify the dissolution testing of amoxicillin capsules. 
The electroforetic parameters were: 2-[4-(2-
hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES) 
buffer (pH 7.1; 200 mM containing 30 % acetonitrile and 
10 % -CD. Samples were injected employing electrokinetic 
injection (5 kV, for 100,s). Separations were achieved at 
positive polarity mode of 25 kV at 30 0C. The validation 
parameters such as linearity, precision, accuracy, selectivity, 
and sensitivity of the method were also determined.41 
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CE was employed for the enantiomeric separation of five 
-antagonists using carboxymethyl--cyclodextrins as 
chiral-selector. The impact of various chromatographic 
parameters on the efficacy of the chiral separation was 
investigated in detail (the type and concentration of chiral 
selector, pH, composition of the background electrolyte, 
capillary temperature, applied voltage, and the length of 
capillary). The results indicated that the type and 
concentration of chiral selector as well as the pH exert the 
highest impact on the enantioselectivity. The optimal 
separation parameters were: 50 mM phosphoric acid 
containing 10 mM CM--CD at pH 3.5 in a capillary of 48.5 
cm x 75 pM (40 cm effective length). The temperature of 
the uncoated capillary was 15 0C, the applied voltage was 20 
kV.42   

Micellar electrokinetic chromatography was employed for 
the separation of the immunosupressive drug cyclosporin A 
(CyA) from its impurities (cyclosporin H) and 
isocyclosporin). The best separation was obtained by 50 mM 
sodium dodecyl sulfate (SDS) in 51 mM tetraborate buffer 
(pH 9.2) suplemented with 15 mM TM--cyclodextrin 
(heptakis(2,3,6-tri-O-methyl)--cyclodextrin TM--CD. The 
temperature of the capillary was 30 0C, the running voltage 
22 kV. Analyses were carried out in a fused silica capillary 
50 µm i.d. x 64.5 cm total length, 56 cm to the detector. The 
method was validated for linearity, sensitivity, accuracy and 
precision. It was stated that the method can be used for the 
analysis of commercial available pharmaceuticals (gelatin 
capsules).43 

New CD derivatives were synhesized and their 
enantiomeric separation capacity was assessed and 
compared. CD derivatives were prepared by anchoring 
various alkyl chain spaced imidazolium and ammonium 
sidearm onto the CD primary ring. The measurements 
indicated that these derivatives can be applied as selectors in 
the enantiomeric separation of amino acids and acidic 
racemated in aqueous capillary electrophoresis.44 

Enantioselective capillary electrophoresis-laser-induced 
fluorescence (CE-LIF) technology was developed and 
successfully applied for the determination of D-ser in 
cellulose matrices. The method included derivatization with 
FITC followed with CE-LIF. Separations were carried out in 
borate buffer (80 mM, pH 9.3). The enantioselectivity (D-
Serine, L-Serine) was 1.03, the resolution (R-s), 1.37. 
Linearity ranged from 0.025 to 100.00 mM. The method 
was employed for the separation of D-and L serine in 
various cell lines.45 

The charge state distribution  of  randomly sulfated 
cyclodextrins (CDs) and single isomer cyclodetrins was 
investigated employing hydrophilic intercation liquid 
chromatography (HILIC). Analyses were carried out on 
cross-linked diol phase and on unbonded silica stationary 
phase. Sulfated cyclodextrins with different charge states 
were separated from each other. Randomly sulfated CDs 
showed wide charge and regioisomer distribution while 
HILIC investigations indicated the  presence of a single 
species.46 

A field-amplified sample stacking (FASS) method 
combined with capillary zone electrophoresis (CZE) was 
employed for the separation and quantitative determination 

of ambroxol hydrochloride in human plasma. 
Preconcentration was carried out with liquid-liquid 
extraction. Analytes were separated in a fused-silica 
capillary (31.2 cm x 75 µm), applied voltage was 15 kV. 
BGE consisted of 6.25 mM borate – 25 mM phosphate (pH 
3.0) containing 1 mM -cyclodextrin. Analytes were 
detected at 210 nm. The following validation parameters of 
the method were determined: stability, specificity, linearity, 
lower limit of quantitation, accuracy, precision, extraction 
recovery, and robustness. The caibration was linear between 
2 – 500 ng mL-1. The intra- and interday precisions of the 
lower limit of quantitation (LLOQ) were 9.61 and 11.80 %, 
respectively. The technique was used for the 
pharmacological study of ambroxol hydrochloride tables in 
12 healthy volunteers.47 

A capillary zone electrophoresis method was developed 
for the analysis of lavonoids in traditional Chinese 
medicines. The separation capacity of the technique was 
markedly enhanced by adding -cyclodextrin to the 
background electrolyte. The optimal conditions for the 
separation were: 20 mM borax, (pH 7.5), 6 mM -
cyclodextrin and 20 % v/v acetonitrile, injection time 65 s. 
Detection limits for the analytes ranged 15-30 ng mL-1. It 
was established that the technique can be applied for the 
investigation of traditional Chinese medicin real samples.48 

It was found that the separation on microchip shod marked 
advantageous characters such as high efficacy, increased 
throughput, reduced quantitites of hazardous materials, cost 
saving, relatively easy instrumentation, improved portability, 
etc. Micellar electrokinetic chromatography (MEKC) 
carried out on polydimethylsiloxane microchip was 
employed for the separation and quantitative determination 
of three phenolic xenoestrogens such as octylphenol (OP), 
4-nonylphenol (4-NP), bisphenol A BPA). Xenoestrogens 
were detected with amperometric method and were baseline 
separated in 55 s. Borate running buffer (8.0) contained 
sodium dodecyl sulfate and -cyclodextrin. The linear range 
for OP, 4-NP, and BPA are 20-1.000, 15-1.000 and 20-1.000 
µg L-1. The detection limits were 5.0, 4.0, and 3.0 µg L-1, 
respectively. The recoveries were between 90.2 and 
109.4 %.49 

The capacity of three methods, affinity capillary 
electrophoresis mass spectrometry (ACE-MS), affinity 
capillary electrophoresis UV detection (ACE-UV) and direct 
infusion mass spectrometry (DIMS) were compared for the 
determination of the affinity of some bioactive compounds 
with -cyclodextrin. Compounds included in the 
investigations were: ibuprofen, s-flurbiprofen, diclofenac, 
phenylbutazone, naproxen, folic acid, resveratrol, and 4,4’-
propane-1,3-diyl)dibenzoic acid.  It was stated that the 
ACE-MS method is suitable to interact, separate, and 
rapidly scan for the simultaneous affinity of multiple 
interacting pairs.50 

A chiral capillary electrophoretic method was developed 
for the analysis of dl-penicillamine. The cost effective 
neutral -cyclodextrin was employed as chiral selector. The 
baseline separation of dl-penicillamine was achieved in the 
pH range of 2.0 – pH 10. The range or linear calibration 
curves were: 8.568.56 x 102 µg mL-1 (pH 4.5), and 8.561 x 
103 µg mL-1 (pH 4.5; pH 7.4 and pH 9.7). The correlation 
coefficients were in each case 0.999. The limit of detections 
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were 2.58 µg mL-1 in acidic and neutral conditions and 1.40  
µg mL-1 in alkaline conditions. Recoveries varied from 93.1 
to 105 %. 

It was suggested that the method can be employed for the 
investigation of other chiral amines or amino acids.51 

A new cationic cyclodextrin, mono-6(A)-(3-
methoxypropan-1-ammonium)-6(A)--cyclodextrin was 
synthesized and applied as chiral selector in CE. The new 
cyclodextrin derivative has three recognition sites such as -
CD, ammonium cation and methoxy group on the sidearm  
to contribute three corresponding driving forces (inclusion 
complexation, electrostatic interaction and hydrogen 
bonding). It was established that the new CD derivative 
shows excellent enantioseparation capacity for a wide range 
of acidic and ampholytic racemates. It was assumed that the 
method can be applied for the synthesis of new host-guest 
complexes for practical application.52 

A new method was developed to enhance the sensitivity of 
enantiomeric capillary electrophoresis. The method applied 
large-volume stacking with electroosmotic flow pump. It 
was established that the sensitivity of the method can be 
enhanced by adding cyclodextrin to the mobile phase. It was 
found that the addition of CD to the system increased 
considerably the enantiomeric separation capacity of the CE 
method employed. It was further found that the procedure 
can be used for the investigation of real samples containing 
a large amount of unnecessary background salt.53 

The application of 1-adamantanecarboxylate for the 
desorption of elutes retained on a CD bonded silica was 
investigated in detail. Solid phase extraction followed with 
micellar electrokinetic chromatography was employed for 
the analysis of 4-tert-butylphenol and 2,2-di(4-
hydroxyphenyl)propane. It was found that the desorption 
capacity of 1-adamantanecorboxylate was higher than that 
of traditional desorption agents.54 

A new positively charged monolithic stationary phase was 
developed and applied for the chiral separation of acidic 
compounds. The new monolithic stationary phase was 
prepared by incorporating vinylbenzyl trimethylammonium 
(VBTA)  as a positively charged achiral co-monomer to 
glycydyl methacrylate--cyclodextrin (GMA/-CD). The 
characteristics of the monomer were investigated by 
scanning electron microscopy, optical microscopy, pressure 
drop/flow-rate curves and nitrogen adsorption analysis. The 
system was optimized, and the separation of 41 pairs of 
structurally different anionic chiral analytes was obtained. It 
was established that the separation capacity of the new 
monolithic was superior to that of similar traditional 
monolithic stationary phases. It was further established that 
the combination of the new monolitic column with capillary 
electrochromatography-mass spectrometry enhanced 
considerably the enantiomeric separation efficacy of the 
system. It was further found that the application of triple 
quadrupole  MS system further increased the performance of 
the CEC-MS method.55 

Chemometric techniques were employed for the 
optimization of the efficacy of cyclodextrin-modified 
micellar electrokinetic chromatography using head column 
field amplified sample stacking for the analysis of the acid 

metabolites of the lipoxygenase pathways in human 
polymorphonuclear leukocytes. The following compounds 
were included in the investigation: leukotriene B-4, 6-trans-
12-epi-leukotriene B-4, 5(S)-hydroxy-6-trans-8,11,14-cis-
eicosatetraenoic acid, 12(S)-hydroxy-6-trans-8,11,14-cis-
eicosatetraenoic acid, and 15(S)-hydroxy-6-trans-8,11,14-
cis-eicosatetraenoic acid. The optimum MEC conditions 
were: 80 mM sodium borate buffer, pH 10.7, containing 
16.6 mM sodium dodecil sulfate and 15 mM -cyclodextrin. 
The separation voltage was 12.5 kV, the column 
temperature 230C. The limits of quantification ranged from 
30 to 50 ng mL-1, and the limits of detections were between 
10 and 17 ng mL-1. It was stated that the method is suitable 
for the determination of various arachidonic acid 
metabolites produced by cells and can be applied for the 
investigation of lipoxygenase inhibitors.56 

High performance capillary electrophoresis HPCE) was 
employed for the separation and quantitative determination 
of free amino acids during fermentation of Bacillus subtilis. 
Before measurements amino acidc were derivatized with 
phenylisothiocianate. The optimal analytical system 
consisted of 30 mM phosphate and 3 mM -cyclodextrin at 
pH 7.0. The separation voltage was 20 kV, the detection 
wavelength 254 nm. It was established that the separation 
capacity of the method was comensurable with those 
obtained with the traditional methods using ninhydrin.57 

The including complex formation between cyclodextrins 
and polyphenols was investigated by capillary electrokinetic 
chromatography. Polyphenols included in the experiments 
were trans-resveratrol, astilbin, taxifolin, ferulic acid and 
syringic acid. The binding constants were calculated based 
on the effective electrophoretic mobility of guest molecules. 
The results indicated that the complex formation depends 
considerably on the sterical correspondence between the 
host and guest molecules. It was further established that the 
complexation procedure is enthalpy-controlled and Van der 
Waals force and release of high-enthalpy water molecules 
play a marked role in the formation of inclusion 
complexes.58 

Chiral separation and determination of excitory amino 
acids was carried out using CE followed laser induced 
fluorescence detection. Analytes were derivatized with 4-
fluoro-7-nitro-2,1,3-benzoxadiazol and the enantiomers 
were separated by CE. The enantiomeric separation capacity 
was enhanced by adding two CD derivatives to the 
background electrolite. It was found that the system 
separated both Asp and glutamated enantiomers. The LOD 
was 17 and 9 nM, respectively, the LOQ was 50 nM for 
both analites. It was concluded from the data that the 
method is suitable for the analysis of excitatory amino acids 
in brain samples.59 

The analysis of antimalaries has also been reviewed. The 
review discuss the capillary electrophoresis methods with 
special emphasis on chiral separation methods. A 
considerable number of chiral selectors were employed for 
the enantiomeric separation of antimalarials such as 
oligosaccharides (cyclodextrins, oligomaltoclextrins), 
neutral (amylose, dextrin and dextran) and charged 
(chondroitin sulfate, heparin, dextransulfate), 
polysaccharides, and proteins. However, in some cases 
micellar electrokinetic capillary chromatography or non 
aqueous CE can be applied for the enantiomeric separation 
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of antimalarials without using chiral selector in the mobile 
phase. Moreover, the review discuss the quantitative 
application of CE in the analysis of antimalarias in 
biological and food matrices.60 

Cyclodextrin modified CE was employed for the 
separation and quantitative determination of hydroxy acids 
in cosmetics. The method was developed by chemometric 
techniques using phosphate concentration, surfactant 
concentration and methanol percentages as variables. The 
optimal analytical conditions were: running buffer of 150 
mM phosphate solution (pH 7) containing 0.5 mM CTAB, 3 
mM -CD, 25 % methanol, 20 s sample injection, and UV 
detection at 200 nm at 0.5 psi, separation voltage was -0.1V 
kV. The temperature was 250C. The LOD (S/N = 3) was 625 
nM both salicylic acid and mandelic acid. The correlation 
coefficient was over  0.998, the RSD and relative error were 
lower than 9.21 %. The method was successfully applied to 
several commercial cosmetic products.61 

Microwave-assisted extraction followed with capillary 
electrophoresis was employed for the determination of eight 
isoquinoline alkaloids in Chelidonium majus L. Both the 
parameters of MAE and CE were optimized: optimal MAE 
extraction was carried out at 600C, 5 min, extracting agent 
being methanol:water:HCL in ratios of 90:10:0.5 v/v/v. 
Optimal composition of BGE consisted of  500 mM Tris-
H3PO4 bufffer (pH 2.5) containing 50 % methanol and 2 
mM HP--cyclodextrin. It was stated that the solvent 
consumption and analysis time of the new method is 
superior comparing with the traditional methods.62 

Capillary electrophoresis was employed for the separation 
of repaglinide enantiomers in pharmaceutical formulations 
using 2,6-di-O-methyl--cyclodextrin (DM--CD) as chiral 
selector. The optimal conditions of the analysis were: UV 
detection at 243 nm, separation voltage 20 kV, BGE 1.25 % 
(w/v) in 20 mM sodium phosphate (pH 2.5). The linear 
caibration curve was 12.5 – 400 µg mL-1. LOD was 100 ng 
mL-1, the intra-day and inter-day precisions were 2.8 ad 
3.2 %, respectively. Recoveries ranged from 97.7 to 
100.9 %. It was established that the method is fast and 
convenient and can be used for the determination of 
repaglinide enantiomers in quality control of pharmaceutical 
product.63 

The enantioseparation of lipoic acid an antioxidant in 
dietary supplements was obtained by using CE and 
trimethyl--cyclodextrin as chiral selector. Analyses were 
carried out in sulfonated capillary with the effective voltage 
of +18 kV and at the detection wavelegth at 200 nm. The 
best separation was achieved with BGE 100 mM phosphate 
buffer (pH 7.0) containing 8 mM trimethyl--cyclodextrin. 
Analyses were carried out at 200C. It was established that 
the method is suitable for the determination of lipoic acid in 
dietary supplements.64 

A RP-HPLC procedure was developed for the separation 
and quantitative determination of resibufogenin and 
cinofufagin. The infuence of the nature of organic solvent 
and cyclodextrins, the concentration of -CD, the 
temperature of the separation on the separation efficacy of 
the system was investigated in detail. It was assumed that 
the influence of CD on the retention may be due to the 
formation of inclusion complexes between the analytes and 
the cyclodextrin. It was found that CD forms 1:1 inclusion 

complexes with the analytes resulting in modified retention 
behaviour. The investigations indicated that the complex 
formation is spontaneous, exotherm, and enthalpy driven. It 
was further found that the method can be applied for the 
analysis of resibufogenin and cinobufagin in different 
Chansu (Bufonis venenum) samples.65 

It was found that neutral and acidic monosaccharides are 
readiliy labeled with 2,3-naphtalenediamine and the 
resulting saccharide-naphthimidazole derivatives (NAIM) 
can be separated by CE in borate buffer. Enantiomeric 
separations  were obtained by using sulfated--cyclodextrin 
as chiral selector in phosphate buffer. The method allowed 
the simultaneous determination of absolut configuration and 
sugar composition in the mucilage polysaccharide of the 
medicinal herb Dendrobium huoshanense. It was also 
established that heparin disaccharides can be successfully 
derived with the method, however, heparin derivatives with 
the same degree of sulfation cannot be separated by CE.66 

A capillary electrophoretic techniqe was developed and 
applied for the separation of flavonoids by -cyclodextrin 
modified CE. The optimal separation conditions were: 
background electrolite 20 mM borax (pH 7.5) containing 6 
mM -cyclodextrin and 20 % acetonitrile. Injection time 
was 65 s. Detection limit for five flavonoids ranged 15-30 
ng mL-1. It was found that the procedure can be successfully 
employed for the determination of flavonoids in traditional 
Chinese medicine real samples.67 

The chiral selectors applied recently in HPLC and CE 
have been reiewed and the importance of chiral separations 
in human healthy care, biophysics, biochemistry and other 
up to date field of scientific research is emphasized. The 
review lists the most important chiral selectors and chiral 
stationary phases reported in the last years.68 

Rotational electromagnetic stirring, rotating evaporation, 
differential scanning calorimetry, fourier-transform infrared 
spectroscopy, X-ray powder diffractometry, scanning 
electron microscopy and HPLC methods were employed for 
the preparation and investigation of the 
quercetin/hydroxypropyl--cyclodextrin 1:1 inclusion 
complex. The objectives of the investigations were the 
increase of the water solubility of quercetin.  The 
investigations revealed that the complex formation 
improved six times the water solubility of quercetin.69 

A cyclodextrin-modified capillary electrophoretic method 
was developed for the enantiomeric separation of cathinone 
derivatives. The influence of various  components of the CE 
separation system was investigated in detail. Native--CD, 
carboxymethyl--CD, hydroxypropyl--CD, sulfated--CD 
were included in the investigation. The results indicated that 
the best enantioselectivity can be obtained by using 
negatively charged sulfated--CD as chiral selector. The 
optimal CE conditions were: 20 mg mL-1 sulfated--CD in 
50 mM ammonium acetate buffer (pH 4.5) containing  10 % 
ACN at a cassette temperature  of 40 0C, and at 20 kV. It 
was established that a set of 19 cathinone derivatives (except 
methedrone) were enantioseparated by the CE method.70 

Pantoprazole enantiomers were separated using CE and 
sulfobutylether--cyclodextrin (SBE--CD) chiral additive. 
The procedure was optimized and the best separation system 
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was applied for the analyses. BGE consisted of 50 mM 
borax-150 mM phosphate (pH 6.5), 20 mg mL-1 SBE--CD, 
and  10 kV applied voltage. The LOD and LOQ were for R-
(+)-pantoprazole 0.9 and 2.9 µg mL-1, respectively. It was 
stated that the method can be applied for the determination a 
minimum limit of 0.1 % (w/w) of R-enantiomer in-S-
pantoprazole bulk samples.71 

Countercurrent chromatography has been employed for 
the separation of the three main -acids present in the 
extract of commercially available hops (Humulus lupulus L.). 
The extract contain individual isomerized -acid (co-,  n-, 
and ad-) in addition to cis/trans diastereomers for each 
congener. The first step of separation was carried out using 
hexane and aqueous buffer. The second step was suitable for 
the separation of cis/trans diastereomers and applied 
quaternary solvent system. It was established that the 
presence of -cyclodextrin enhanced the separation capacity 
of the system. It was further established that the purity of the 
end products (individual -acids, iso -acids, individual 
tetrahydro isomerized -acids) was in each case over 95 %). 
It was found that the composition of the mobil phases, pH 
and buffer-to-sample ratio influence considerably the 
efficacy of the separation.72 

The influence of -, -, and -cyclodextrins on the CE 
migration time of 11 guanidine/imidazoline derivatives, and 
imidazoline receptor ligands was investigated in detail. The 
data were evaluated by  performed quantitative structure-
mobility relationship (QSMR) method. The calculations 
indicated that the QSMR calculation method can be 
successfully employed as an initial screening predictive tool 
for CE migration behaviour of other related 
guanidine/imidazoline derivatives in the presence of native 
cyclodextrins.73 

The recent developments in the synthesis and application 
of new cyclodextrin derivatives has also been reviewed, and 
their application in chromatographic separation processes 
has been discussed. The new results obtained in liquid 
chromatography (LC), capillary electrochromatography 
(CEC), gas chromatography and supercritical fluid 
chromatography (SFC). The use of open tubular CEC (OT-
CEC), paked bed-CEC (P-CEC), pseudostationary phase 
CEC (PSP-CEC) has been discussed in detail.74 

Electromembrane extraction followed by cyclodextrin-
modified capillary electrophoresis was employed for the 
preconcentration and quantitative analysis of trimipramine 
(TPM) enantiomers in biological matrices. TPM 
enantiomers migrated through a thin layer of 2-nitrophenyl 
octyl ether (NPOE). Response surface technology (RSM) 
was applied for the optimization of different variables. The 
optimal conditions were NPOE as supported liquid 
membrane, inter-electrode distance of 5  mm, stirring rate 
1000 rpm, 51 V, potential difference, 34 min extraction time, 
acceptor phase pH 1.0 and donor phase pH 4.5. BGE 
consisted of  100 mM phosphate buffer (pH 2.0) containing 
10 mM -CD as chiral selector. The applied voltage was 18 
kV, the temperature 20 0C. The range of quantitation was 20 
- 500 ng mL-1. The intra- and interday RSDs (n=6) were 
<6 % for both enantiomers. LOQ and LOD were 20 and 7 
ng mL-1, respectively. It was stated that the procedure can be 
applied for the determination of the concentration of TPM 
enantiomers in plasma and urine samples without any pre-
treatment.75 

Achiral ionic liquid, DM--CD and TM--CD were 
employed for the enantioseparation of three -blockers such 
as PIN, OX and PRO. Good separation was achieved by 
using dual CDs containing DM-b-CD and TM--CD. The 
investigations indicated that under optimal conditions the 
detection limit of the enantiomer pairs ranged from 0.10 to 
0.65 nM. It was further established that the procedure can be 
successfully applied for the determination of this class of -
blockers in spiked usine samples with acceptable 
recoveries.76 

A novel stacking method of repetitive large volume 
sample injection followed with sweeping micellar 
electrokinetic chromatography (MEKC) was employed for 
the determination of androgenic steroids in urine. 
Testosterone (T), epitestosterone (E), and epitestosterone 
glucuronide (EG) were included in the experiments. A 
phosphate buffer was filled into an uncoated fused silica 
capillary, the samples were injected into the capillary at 10 
psi for 20 s then stacked at  -10 kV for 1 min using 
phosphate buffer containing SDS. Injecting and stacking 
steps were repeated five times. Separation was carried out  
at -20 kV, the buffer contained methanol, SDS and (2-
hydroxypropyl)--cyclodextrin. Analytes were detected at 
254 nm. The linearity range was 5 – 200 ng mL-1 for T; 20 – 
200 ng mL-1 for E; 0.5 – 500 ng mL-1 for EG. LODs were 
1.0 ng mL-1 for T;  5.0 ng mL-1 for  E; and 200.0 pg mL-1 for 
EG. RSD values  in intra-day (n=3) and inter-day 
measurements (n=5) were below 10.0 %. It was stated that 
the method can be applied for monitoring of doping by 
sportsmen.77 

Cyclodextrin-modified micellar electrokinetic 
chromatography was employed for the chiral separation of 
the four stereoisomers of vinpocetine in separation time of 
9.5 min and resolution of 1.043.87, 2-hydroxy--
cyclodextrin was applied as chiral selector. Enantiomer 
separation was carried out in buffer of 40 mM HP--CD in 
50 mM phosphate buffer containing 40 mM SDS. The 
separation temperature was 25 0C, the separation voltage 25 
kV.78 

Fat soluble isoquinoline enantiomers were separated by 
employing -cyclodextrin-modified micellar capillary 
electrokinetic chromatography. The enantioselective 
separation of 1-phenyl-R,S-tetrahydroisoquinoline (ER,ES). 
Electrochemical detection (EC) was applied for the 
determination of analytes. An effectual micellar suspension 
of 35 ml L-1 phosphate buffer saline  (pH 7.85) containing 
30 mM sodium desoxycholate, 20 mM -CD and 20 % (v/v) 
acetonitrile formed the running buffer. Analytes were 
baseline separated  in 12 min, separation voltage was 20 kV. 
The RSD (=5) of migration time and peak areas are 2.3 % 
(ER), 2.7 % (ES), 2.0 %  (ER) %, 3.5 % (ES). LODs were 
0.5 µmol L-1 for ER and 0.2 µg L-1 for ES. The method has 
been successfully applied for the determination of ER from 
ES in synthetic drug intermediate.79 

A double junction interface was employed for the 
reservation of separation efficacy and for the alleviation of 
ion suppression from sulfated -cyclodextrin (S--CD) in 
electrokinetic chromatography-electrospray ionization-mass 
spectrometry. The good separation capacity of the novel 
system was verified in the analysis of 
dihydroxyphenylalanin and methyldihydroxyphenylalanine. 
Enantiomers were separated either (counter-migration mode; 
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0.1 % S--CD) or carrier mode (2 %  S--CD). It was found 
that no ion suppression was observed during the analysis, 
and the sensitivity of the method was improved 
considerably.80 

Chemically bonded cationic -cyclodextrin derivatives 
were employed as chiral stationary phase for the 
enantioseparation of aromatic compounds and 
pharmaceuticals. Vinylene-functionalyzed cationic -
cyclodextrins were co-polymerized with vinylzed silica in 
the presence of conjugated monomers. The chemically 
immobilized cationic -cyclodextrins were employed as 
chiral stationary phases in packed column supercritical fluid 
chromatography. The good separation characteristics of the 
new chiral stationary phases was verified.81 

Abbreviations 

ACE-MS = affinity capillary electrophoresis mass  

spectrometry 

ACN = acetonitrile 

AIT = isothiocyanate 

BGE = bacground electrolyte 

BPA = bisphenol A 

CD-CSPs = cyclodextrin chiral stationary phases 

CEC = capillary electrochromatography 

CE-LIF = capillary electrophoresis-laser induced 

fluorescence 

CZE = capillary zone electrophoresis 

DIMS = direct infusion mass spectrometry 

EDGE = ethylenegycol diglicidyl ether  

DLS = dynamic light scattering 

EKC = electrokinetic chromatography 

EMO = enantiomeric migration order 

E = epitestosterone 

EG = epitestosterone glucuronide 

Es-GC-MS = enantioselective GC-MS 

FASS = field-amplified sample stacking 

FC = free cholesterol  

GCxGC=comprehensive two dimensional gas  

chromatography 

GC/MS = gas chromatography/mass spectrometry 

GMA = glycidyl methacrylate  

HCA = hierarchical cluster analysis 

H-DAS--CD= heptakis(2,3-di-O-acetyl-6-O-sulfo)--CD 

H-DMS--CD = heptakis(2,3-di-O-methyl-6-sulfo)--CD 

HEPES=hydroxypropyl--2-[4-(2-hydroxyethyl)pipera-

zin-1-yl]ethanesulfonic acid  

HRE = heat reflux extraction 

HILIC = hydrophic interaction liquid chromatography 

HPCE = high performance capillary electrophoresis 

HPMC = hydroxypropyl methylcellulose 

 

HRE = heat reflux extraction 

HSA = human serum albumin 

HS-SPME = headspace solid phase microextraction 

LD = liquid desorption 

LLE = liquid-liquid extraction 

LOD = limit of detection 

LLOQ = lowest limit of quantitation 

LOQ = limit of quantitation 

LVSEP = large volume sample stacking 

MAE = microwave-assisted extraction 

MD = in vivo microdialysis sampling 

MDGC = heart-cut multidimensional gas cromatography 

MDE = membrane dialysis extraction 

MDMA = 3,4-methylenedioxymethamphetamine 

MHE = multiple headspace extraction 

MEKC = micellar electrokinetic chromatography 

MAE = microwave-assisted extraction 

NAIM = saccharide-naphthimidazole derivatives 

NEP = norephedrine 

4-NP = 4-nonylphenol 

NPOE = 2-nitrophenyl octyl ether 

OP = octylphenol 

OT-CEC = open tubular CEC 

PCA = principal component analysis 

p-CEC = packed-bed CEC 

PE = phosphatidylethanolamine 

PEG = polyethylene glycol 

PMMABCD = permethylated momoamino--cyclodextrin 

psp-CEC = pseudostationary CEC 

QSMR = quantitative structure-mobility relationship 

RSM = response surface methodology 

SBE--CD = sulfobutylether--cyclodextrin 

SBSE = stir bar sorptive  extraction  

SDS = sodium dodecyl sulfate 

SEP =  high capacity headspace sample enrichment probe 

SFC = supercritical fluid chromatography 

SOX = Soxhlet extraction with acetone 

SH-GC = static headspace gas chromatography 

SBE--CD = sulfobutylether--cyclodextrin 

TAS = total analysis system 

TEM = transmission electron microscopy 

T = testosterone 

TFC = turbulent-flow chromatography 

TPM = trimipramine 

U-PLS = unfolded-partial least squares regression  

USE = ultrasonic extraction 

VOCs = volatile organic compounds 

VBTA = vinylbenzyl trimethylammonium 
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TiCl4–DABCO-mediated reaction of 1-monoaroylated 2,7-dimethoxynaphthalene compound and aromatic amine afforded triaryl-

substituted imine compounds with/without cleavage of a methoxy group on the starting naphthalene compound.  Three aromatic rings of 

methyl ether-cleaved imine molecule in crystal are accumulated perpendicularly to each other in crystal. 
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Introduction 

Non-coplanarly organized aromatic-rings accumulating 
compounds, e.g., biphenyls and binaphthyls, have been 
demonstrated as unique building blocks in construction for 
many functional materials.1-8  Thus, organic reaction 
affording novel molecular motifs of non-coplanarly 
organized aromatic-rings accumulating compounds with 
minute spatial structural characterization have attracted 
attention of the chemists in the wide-range of organic 
molecular science and polymer materials fields.  Recently, 
the authors have reported specific and characteristic 
electrophilic aromatic aroylation of naphthalene derivatives.  
In this reaction, two aroyl groups are regioselectively and 
effectively introduced at the 1,8-positions of the naphthalene 
ring accompanying with acid-mediated retroaroylation.9 The 
1-monoaroylated naphthalenes, which correspond to the 
intermediates in the diaroylation, are also obtained by choice 
of acidic mediator.10  According to X-ray crystal structure 
analyses, the aroyl groups in these peri-aroylated 
naphthalene compounds are attached in a non-coplanar 
fashion to the naphthalene rings.11-15 In a natural 
consequence, the authors have planned introduction of 
additional aromatic ring planes to the core of the 
aroylnaphthalene molecules to realize more crowded inner 
spatial situation in aromatic-rings accumulating molecule.  
As one of the molecular transformation approaches to obtain 
such spatial organization, the authors designed conversion of 
ketonic carbonyl group in 1-monoaroylnaphthalene to imino 
moiety by the reaction with aromatic amines.  This attempt 
has led the authors to reveal novel reaction behaviour of 
peri-aroylated 2,7-dimethoxynaphthalene derivatives and the 
unique spatial organization of the resulting imine 
compounds in crystal.  Herein, the authors report imination 
reaction of 1-monoaroylnaphthalene with aromatic amine, 

i.e., introduction reaction of the third aromatic ring to a 
naphthalene molecule of non-coplanarly organized two-
aromatic-rings accumulating structure and discuss the 
reaction mechanism.  In addition, the authors introduce the 
spatial organization features of the resulting triarylimine 
molecule.   

Results and discussion 

Table 1 shows the results of reaction of 1-(4-
chlorobenzoyl)-2,7-dimethoxynaphthalene (1) with p-
anisidine (2).  When molecular sieves 4A14 was added, no 
reaction proceeded (entry 2) as well as the reaction without 
additive compounds (entry 1).  In p-toluenesulfonic acid 
(TsOH)-mediated reaction,15 imine 3 was slightly obtained 
with recovery of starting material 1 (entry 3).  TiCl4–1,4-
diazabicyclo[2.2.2]octane (DABCO)-mediated reaction16 
moderately afforded imine 3 (14 %) in a similar manner of 
TsOH-mediated one, whereas the reaction also gave the 
methyl–oxygen bond cleaved species, i.e., imine 4 (22 %) 
and 1-monoaroylnaphtahlene 5 (14 %) (entry 4).   

 

Table 1. Imination of 1-(4-chlorobenzoyl)-2,7-dimethoxy-
naphthalenea (1) 

 

Entry Additive Product distribution (%)
b
 

1 3 4 5 

1 None 100 0 0 0 

2 MS4A
c
 100 0 0 0 

3 TsOH
d
 90 10(6) 0 0 

4 TiCl4,DABCO
e
 50(44) 14(10) 22(10) 14(8) 

aReaction conditions: 1-(4-chlorobenzoyl)naphthalene (1, 1.0 mmol), p-

anisidine (2, 1.1 mmol), chlorobenzene (5 mL).  bCalculated on the basis of 
1

H NMR spectra. Isolated yields are given in parentheses.  cMS4A (100 
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mg).  dTsOH (p-toluenesulfonic acid; 0.1 mmol). eTiCl4 (1.7 mmol), 1,4-

diazabicyclo[2.2.2]octane (DABCO; 3.3 mmol). 

There are two possible reaction routes for imine 4, i.e., 
methyl–oxygen bond cleavage reaction of imine 3 and 
imination of 2-hydroxy-7-methoxy-1-monoaroylnaphthalene 
5 (Scheme 1).  Imine 3 formed no ether-cleaved products by 
treatment with TiCl4–DABCO mixture (Scheme 2).   
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Scheme 3 

On the other hand, the methyl ether-cleaved 1-
monoaroylnaphthalene 5 was transformed into imine 4 in a 
high yield (79 %) when TiCl4, DABCO, and amine 2 were 
treated as entry 4 in Table 1 (Scheme 3).  These results 
strongly indicate that imine 4 was formed via the latter 
reaction route.  In other words, imination of 1-
monoaroylated 2-hydroxy-7-methoxynaphthalene 5 readily 
proceeds than that of the parent compound, 1-monoaroylated 
2,7-dimethoxynaphthalene 1.  1-Monoaroylnaphthalene 1 
was converted quantitatively to the methyl ether-cleaved 1-
monoaroylnaphthalene 5 by the aid of TiCl4–DABCO 
mixture in the absence of amines (Scheme 4).  On the 
contrary, no reaction occurred by the same treatment of 2,7-
dimethoxynaphthalene (Scheme 5).  Furthermore, reaction of 
1-monoaroylnaphthalene 1 in monochlorobenzene at 125°C 
for 1.5 h with TiCl4 yielded 1-monoaroylnaphthalene 5 (75 
%) and 2,7-dimethoxynaphthalene 6 (25 %), whereas that 
with DABCO formed no products (Scheme 6).   
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Scheme 6 

Based on these results, this methyl ether cleavage reaction is 
obviously promoted by TiCl4.  It is widely recognized that 
TiCl4 rarely catalyzes scission of aryl methyl bonds except 
for that some special assistance.  So, it’s strongly suggested 
that this TiCl4 promoted cleavage of aryl methyl ether 
should be assisted by neighboring group effect of the 
adjacent aroyl substituent, probably by coordination of the 
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heteroatoms of the substituents to titanium atom.17 

Scheme 7 

Scheme 7 well-explains the plausible reaction mechanism.  
The TiCl4–DABCO-mediated imination of 1-mono-
aroylnaphthalene 1 to imine 3 presumably proceeds via three 
steps: 1) the carbonyl oxygen coordinates to titanium atom 
of TiCl4, 2) nucleophilic attack of the nitrogen atom of 
aniline to TiCl4-activated ketonic carbonyl group of 1-
monoaroylnaphthalene 1 proceeds with simultaneous 
abstraction of proton from the adduct by DABCO, and 3) 
deprotonation from nitrogen atom of hemiaminal forms 
imino moiety.   

As the carbonyl carbon atom of 1-monoaroylnaphthalene 1 
is sterically hindered, the second step of nucleophilic attack 
of amine is considered essentially rate-determining step for 
total imination reaction.  So, the aroyl group-assisted methyl 
ether-cleavage reaction of 1-monoaroylnaphthalene 1 
presumably undergo with comparable susceptibility as well 
as the nucleophilic attack of the amine 2 to the ketonic 
carbonyl carbon.  As the attack of amine 2 to the carbonyl 
carbon of methyl ether-cleaved-1-monoaroylnaphthalene 5 
thus obtained should be less affected by steric hindrance 
than the parent compound 1, it smoothly affords imine 4.   

Figure 1 displays the crystal structure of analogous imine 
7, which has no methoxy group on the N-linked benzene.  In 
the crystal of analogous imine 7, two molecules of imine 7 
form a 2:1 set with a DABCO molecule.  Each of the 
aromatic rings is connected almost perpendicularly against 
two other aromatic rings.  The dihedral angles of the C-
linked 4-chlorophenyl ring and the N-linked phenyl ring with 
the naphthalene ring are 80.39(6)° and 82.35(6)°, 
respectively.  The dihedral angle between C- and N-linked 
benzene rings is 87.09(7)°.   

 
Figure 1. Molecular structure of analogous imine 7, with the atom-
labeling scheme and displacement ellipsoids drawn at the 50% 
probability level [Symmetry code (i)1-x, y, 3/2-z]. 

Conclusively, TiCl4–DABCO-mediated imination of 1-
monoaroylated 2,7-dimethoxynaphthalene successfully yield 

C,C,N-triaryl substituted imine compounds with/without 
cleavage of 2-positioned methoxy group.  In crystal of an 
imine compound, the three aromatic rings are situated 
perpendicularly to each other realizing stable spatial 
organization.  

Experimental 

All reagents were of commercial quality and were used as 
received. Solvents were dried and purified using standard 
techniques. 

Measurements  

1
H NMR spectra were recorded on a JEOL JNM-AL300 

spectrometer (300 MHz) and a JEOL ECX400 spectrometer 
(400 MHz).  Chemical shifts are expressed in ppm relative 
to internal standard of Me4Si ( 0.00). 13C NMR spectra 
were recorded on a JEOL JNM-AL300 spectrometer (75 
MHz).  Chemical shifts are expressed in ppm relative to 
internal standard of CDCl3 ( 77.0). IR spectra were 
recorded on a JASCO FT/IR-4100 spectrometer. Elemental 
analyses were performed on a Yanaco CHN CORDER MT-
5 analyzer. High-resolution FAB mass spectra were recorded 
on a JEOL MStation (MS700) ion trap mass spectrometer in 
positive ion mode. 

X-ray Crystallography 

For the crystal structure determination, the single-crystal 
of the compound C24H18ClNO2·0.5C6H12N2 was used for 
data collection on a four-circle Rigaku RAXIS RAPID 
diffractometer (equipped with a two-dimensional area IP 
detector).  The graphite-mono-chromated Cu Kradiation 
( = 1.54187 Å) was used for data collection. The lattice 
parameters were determined by the least-squares methods on 
the basis of all reflections with F2>2(F2).  The data 
collection and cell refinement were performed using 
PROCESS-AUTO software. The data reduction was 
performed using CrystalStructure. The structures were 
solved by direct methods using SIR2004 and refined by a 
full-matrix least-squares procedure using the program 
SHELXL97.  All H atoms were found in a difference map 
and were subsequently refined as riding atoms, with the 
aromatic C–H = 0.95 Å and methyl C–H = 0.98 Å, and with 
Uiso(H) = 1.2Ueq(C).   

Synthetic procedures of 1-(4-chlorobenzoyl)-2,7-dimethoxy-

naphthalene (1) 

To a solution of 2,7-dimethoxynaphthalene (6, 0.200 
mmol, 68.2 mg) and 4-chlorobenzoyl chloride (0.22 mmol, 
38.5 mg) in dichloromethane (0.5 mL), AlCl3 (0.22 mmol, 
29.3 mg) was added by portions at 0°C under nitrogen 
atmosphere.  After the reaction mixture was stirred at r.t. for 
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3 h, it was poured into iced water (20 mL) and the mixture 
was extracted with CHCl3 (15 mL×3).  The combined 
extracts were washed with 2 M aq. NaOH, saturated aq. 
NaCl and dried over anhydrous magnesium sulfate.  The 
solvent was removed under reduced pressure to give 
powdery product.  The crude product was purified by 
recrystallization (hexane, isolated yield 78 %). 

1-(4-Chlorobenzoyl)-2,7-dimethoxynaphthalene (1) 

Colourless needles (hexane), Mp 121.5–122 °C; IR (KBr): 
1667, 1628, 1586, 1512 cm

-1
; 1H NMR  (300 MHz, 

CDCl3): 7.87 (1H, d, J =9.0 Hz), 7.78 (2H, d, J = 8.4 Hz), 
7.72 (1H, d, J = 9.0 Hz), 7.39 (2H, d, J = 8.4 Hz), 7.16 (1H, 
d, J = 9.0 Hz), 7.02 (1H, dd, J = 2.4, 9.0 Hz), 6.78 (1H, d, J 
= 2.4 Hz), 3.79 (3H, s), 3.73 (3H, s) ppm; 13C NMR  (75 
MHz, CDCl3): 196.81, 158.96, 155.02, 139.71, 136.45, 
132.94, 131.28, 130.87, 129.72, 128.86, 124.34, 121.06, 
117.15, 110.05, 101.88, 56.239, 55.168 ppm; Calcd for 
C19H15O3Cl: C, 69.83%; H, 4.63%; Found: C, 69.61%; H, 
4.74%. 

Imination of 1-(4-chlorobenzoyl)-2,7-dimethoxynaphthalene (1) 

To a solution of 1-(4-chlorobenzoyl)-2,7-
dimethoxynaphthalene (1, 0.2 mmol, 65.4 mg) in 
monochlorobenzene (1 mL), mixtures of aniline (0.22 mmol, 
20.5 mg), TiCl4 (0.33 mmol, 62.4 mg), DABCO (1.32 
mmol, 148.0 mg) and monochlorobenzene (1 mL) were 
added by portions at 90°C under nitrogen atmosphere.  After 
the reaction mixture was stirred at 125 °C for 1.5 h, the 
resulting solution was filtrated to remove the precipitate.  
The solvent was removed under reduced pressure to give 
crude material.  The crude product was purified by silicagel 
column chromatography (chloroform; isolated yield: imine 
3, 10 %; imine 4, 10 %, 2-hydroxy compound 5, 8 %). 

Spectral data and elemental analyses 

Imine 3 

Colourless blocks (CHCl3/hexane) Mp. 174–175 °C, IR 
(KBr) 1625, 1502, 1238, 1029, 830 cm

-1
; 1H NMR  (300 

MHz, CDCl3): 7.72 (1H, d, J = 9.0 Hz), 7.66 (2H, d, J = 8.4 
Hz), 7.60 (1H, d, J = 9.0 Hz), 7.29 (2H, d, J = 8.4 Hz), 7.25 
(1H, d, J = 9.0 Hz), 7.02 (1H, d, J = 9.0 Hz), 6.92 (1H, dd, J 
= 9.0, 2.4 Hz), 6.74 (2H, d, J = 8.8 Hz), 6.68 (1H, d, J = 2.4 
Hz), 6.53 (2H, d, J = 8.8 Hz), 3.72 (3H, s), 3.70 (3H, s), 
3.60 (3H, s) ppm; 13C NMR  (75 MHz, CDCl3): 163.86, 
158.73, 156.27, 154.96, 144.33, 138.11, 136.46, 132.80, 
130.46, 129.80, 129.51, 128.64, 124.06, 121.15, 118.58, 
116.85, 113.40, 109.87, 102.72, 56.11, 55.32, 55.23 ppm; 
HRMS (FAB; m-nitrobenzyl alcohol [m-NBA]) m/z: 
[M+H]

+
; Calcd for C26H23O3NCl, 432.1371; Found 

432.1366; Anal. Calcd for C26H23O3NCl: C 72.15%, H 
5.11%. Found: C 72.30%, H 5.13%. 

Imine 4 

Colourless blocks (CHCl3/hexane), Mp. 184–185 °C; IR 
(KBr) 3407, 1626, 1502, 1225, 1207, 826 cm

-1
; 1H NMR  

(300 MHz, CDCl3): 7.71 (d, J = 8.8 Hz, 1H), 7.69 (d, J = 
8.8 Hz, 2H), 7.64 (d, J = 8.8 Hz, 1H), 7.62 (d, J = 9.2 Hz, 
1H), 7.53 (d, J = 9.2 Hz, 1H), 7.31 (d, J = 8.8 Hz, 2H), 7.27 
(d, J = 8.8 Hz, 2H), 7.09 (d, J = 8.4 Hz, 2H), 7.03 (d, J = 8.8 
Hz, 1H), 6.94 (dd, J = 2.4, 9.2 Hz, 1H), 6.87 (d, J = 7.6 Hz, 
1H), 6.84 (d, J = 10.0 Hz, 2H), 6.77 (dd, J = 2.4, 8.6 Hz, 
1H), 6.72 (m, 4H), 6.66 (d, J = 2.4 Hz, 1H), 6.57 (d, J = 9.2 
Hz, 2H), 6.21 (d, J = 2.4 Hz, 1H), 3.76 (s, 3H), 3.69 (s, 3H), 
3.64 (s, 3H), 3.20 (s, 3H) ppm;

 1H NMR  (300 MHz, 
DMSO-d6): 10.01 (s, 1H), 7.67–7.56 (m, 5H), 7.41 (d, J = 
8.4 Hz, 2H), 6.97 (d, J = 8.7 Hz, 1H), 6.84–6.75 (m, 3H), 
6.57 (d, J = 8.7 Hz, 2H), 6.46 (d, J = 2.1 Hz, 1H), 3.59 (s, 
3H), 3.52 (s, 3H) ppm;

 13C NMR  (75 MHz, CDCl3): 
169.19, 166.95, 162.91, 158.94, 157.82, 157.11, 157.01, 
150.87, 143.50, 137.98, 137.64, 137.03, 135.45, 135.35, 
135.20, 134.36, 133.38, 131.05, 130.68, 130.33, 129.88, 
129.69, 129.24, 128.85, 124.55, 124.14, 123.72, 121.73, 
118.59, 116.33, 116.15, 114.96, 114.52, 114.14, 113.84, 
111.37, 106.53, 103.58, 55.45, 55.26, 55.24, 54.44 ppm; 
HRMS (FAB; m-NBA) m/z: [M+H]

+
; Calcd for 

C25H21O3NCl, 418.1162; Found 418.2110; Anal. Calcd for 
C26H23O3NCl: C 71.97 %, H 4.87 %. Found: C 71.85 %, H 
4.82 % 

1-(4-Chlorobenzoyl)-2-hydroxy-7-methoxynaphthalene (5) 

Yellow platelets (hexane), Mp. 118–118.5 °C; IR (KBr): 
3434, 1623, 1583, 1513, 1214, 843 cm

-1
; 1H NMR  (300 

MHz, CDCl3): 11.35 (s, 1H), 7.85 (d, 1H, J = 9.0 Hz), 7.63 
(d, 1H, J = 9.0 Hz), 7.58 (d, 2H, J = 8.7 Hz), 7.40 (d, 2H, J 
= 8.7 Hz), 7.07 (d, 1H, J = 9.0 Hz), 6.91 (dd, 1H, J = 2.4, 
9.0 Hz), 6.58 (d, 1H, J = 2.4 Hz), 3.37 (s, 3H) ppm; 13C 
NMR  (75 MHz, CDCl3): 199.1, 162.6, 158.2, 138.8, 
138.7, 136.5, 133.8, 130.7, 130.2, 128.9, 123.7, 116.4, 
115.8, 113.4, 106.5, 54.5 ppm; Anal. Calcd for 
C18H13ClO3: C 69.13, H 4.19. Found: C 69.11, H 4.09. 

Imine 7 

Colourless blocks (CHCl3/hexane), Mp. 172–173 °C; IR 
(KBr): 3407, 2937, 2592, 1625, 1585, 1509, 1227 cm

-1
; 1H 

NMR  (300 MHz, DMSO-d6): 10.13, (s, 1H), 7.66–7.60 
(m, 4H), 7.44 (d, 2H), 7.00 (t, 2H), 6.95 (d, H), 6.86–6.76 
(m, 4H), 6.52 (d, 1H), 3.64 (s, 3H), 3.29 (s, 6H) ppm; 13C 
NMR  (75 MHz, DMSO-d6): 164.4, 158.2, 153.7, 151.0, 
137.6, 135.7, 132.2, 130.3, 130.0, 129.7, 128.7, 128.2, 
123.8, 122.9, 119.2, 115.1, 115.0, 114.9, 102.6, 55.1, 47.3 
ppm; HRMS (FAB; m-NBA) m/z: [M+H]

+
; Calcd for 

C24H19ClNO2, 388.1110; Found, 388.1104. 
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PYRIDAZINE AND ITS RELATED COMPOUNDS. 25
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Acetylacetone was coupled with diazotized aryl amines to give arylazoacetylacetones; these when refluxed with 5-amino-3,4-

diphenylthieno[2,3-c]pyridazine-6-carbohydrazide in glacial acetic acid yielded the corresponding 5-amino-6-[[4-arylazo-3,5-

dimethylpyrazol-1-yl]-carbonyl]-3,4-diphenylthieno[2,3-c]pyridazine dyes. The dyes were applied to polyester fabric, and their spectral and 

fastness properties measured. 
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INTRODUCTION 

Interest in the design of azo dyes containing heterocyclic 
moieties stems from their high degree of brightness 
compared to azo dyes derived from anilines.2

 
The thiophene 

derivatives based azo dyes are known as disperse dyes with 
excellent brightness of shade. This class of dyes was 
established as an alternative to more expensive 
anthraquinone dyes.3 The heterocyclic nature of the 
thiophene ring has also allowed for excellent sublimation 
fastness on the dyed fibers.4 Additionally, the sulfur atom 
plays a decisive role by acting as an efficient electron sink 
as explained by valence bond theory.5 On the other hand 
heterocyclic annulated pyridazines continue to attract 
considerable attention which mainly arises from the large 
variety of interesting pharmacological activities observed 
with pyridazine derivatives.6 Recently,  our researches have 
been devoted to the synthesis of condensed tricyclic systems 
of potential biological activity with a thiophene ring as the 
central nucleus.7-9 As a continuation of these studies we 
report here the synthesis of some 6-[[4-(arylazo)-3,5-
dimethylpyrazol-1-yl]carbonyl]thieno[2,3-c]pyridazine dyes 
from 5-amino-3,4-diphenyl-6-ethoxycarbonylthieno[2,3-c]-
pyridazine and an evolution of their properties on polyester 
fibers. 

Our synthesis began with the preparation of ethyl 5-
amino-3,4-diphenylthieno[2,3-c]pyridazine-6-carboxylate 3, 
which was obtained from the reaction of 3-chloro-4-
cyanopyridazine 1 or 4-cyanopyridazine-3-thione 2 with 
ethyl mercaptoacetate or ethyl chloro(bromo)acetate, 
respectively.10 Compound 3 reacted with 85% excess of 
hydrazine hydrate in refluxing ethanol to give 5-amino-3,4-
diphenylthieno[2,3-c]pyridazine-6-carbohydrazide 4, (Sche-
me 1).9   

 

 

 

 

 

 

 

Scheme 1. 

Arylamine derivatives 5 were diazotized using sodium 
nitrite in hydroch-loric acid; the temperature was maintained 
below 5 °C in an ice bath. The diazotized products 6 were 
then coupled with active methylene compounds such as 
acetylacetone in sodium acetate buffered solution to give the 
azobenzeneacetylacetone derivatives 7 in good yields, 
respectively (Scheme 2). Spectral data11,12 for such 
compounds indicate them to have a hydrazone 
configuration , characterization data for compounds 7a-l 
were described in the previous part.13  
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Scheme 3. Compounds 7 and 8: a (Ar=Ph); b (Ar=2-MeC6H4); c (Ar=3-MeC6H4); d (Ar=4-MeC6H4); e (Ar=2-MeOC6H4); f (Ar=4-
MeOC6H4); g (Ar=2-ClC6H4); h (Ar=3-ClC6H4); i (Ar=3-NO2C6H4); j (Ar=4-NO2C6H4); k (Ar=2-naphthyl); l (Ar=3-pyridyl)

Compound 4, when reacted with the 
azobenzeneacetylacetone derivatives 7a-l in glacial acetic 
acid at refluxing temperature yielded the 5-amino-6-[[4-
arylazo-3,5-dimethylpyrazol-1-yl]carbonyl]-3,4-diphenylthi-
eno[2,3-c]pyridazine 8a-l (Scheme 3). The reaction 
proceeds in two stages, viz., the initially formed 
hydroxypyrazoline subsequently loses water by an acid-
catalysed reaction.14,15 

Dyeing of polyester fabrics and dyeing properties 

Color measurement 

The effect of the nature of different substituents on dyeing 
behavior, color hue, and depth was investigated. This 
investigation depends on some spectral data of the dyed 
materials. The most commonly used function f(R) is that 
developed theoretically by Kubelka and Munk. In their 
theory, the optical properties of a sample are described by 
two values: K is the measure of the light absorption, and S is 
a measure of the light scattering. On textiles, K is 
determined primarily by the dyestuffs and S only by the 
substrate. From the wavelength, Kubelka and Munk 
calculate Eq. (1) for the reflectance R of thick, opaque 
samples with the constants of K and S: 

 

 

 

In this equation R is used as a ratio, e.g., 32 % reflectance 
as 0.32. The K/S value at ë max was taken as a measure of 
color depth. 

On the other hand, the psychometric coordinates (L*, a*, 
b*) for each dyed sample were obtained to illustrate the 
color hues, where L*

*
 is the lightness, ranging from 0 to 100 

( 0 for black and 100 for white ); a* is the red-green axis, 
(+) for red, zero for grey, and (-) for green; and b*

*
 is the 

yellow-blue axis, (+) for yellow, zero for gray, and (-) for 
blue. 

The parent dyestuff in each group is taken as the standard 
in color difference calculation (L*, C*, H* and E*). 
The results are measured using CIE-LAB techniques and 
given in Table 1, Where L* is the lightness difference, 
C*

 
the chroma difference, H*

 
 the hue difference and 

E*
*

the total color difference. A negative sign of L* 
indicates that the dyed fiber becomes darker than the 
standard , but a positive sign indicates that the dyed fiber 

becomes lighter than the standard. A negative sign of C* 
indicates that the dyed fiber becomes duller than the 
standard, but a positive sign indicates that the dyed fiber 
becomes brighter than the standard. A negative sign of H* 
indicates that the color directed to red color, while a positive 
sign indicates that the color directed to yellowish. 

The values of K/S of 8a-l vary from 3.0 to 13.7. The 
introduction of different groups in dyes 8a-l increases the 
strength of K/S values and deepens the color compared with 
the parent dye 8a (Table 1). 

The replacement of the phenyl by tolyl, anisyl, 
chlorophenyl, nitrophenyl, naphthyl and pyridyl groups in 
the pyrazolazo moiety decreases the value of K/S. indicating 
that the dye 8k show higher affinity towards dyeing of 
polyester fabrics than the other dyes. Dyes 8b-f and 8h-l 
with positive C

*
 values are brighter than the parent dye 8a 

while the other dyes are duller than the parent dye. Dyes 8b-
l with negative L

*
 values are darker than the parent dye  8a. 

The positive value of a* and b* indicates that all groups 
shift the color hues of the dye to reddish direction on the 
red-green axis and to the yellowish direction in the yellow-
blue axis, respectively. 

Assessment of color fastness 

Most influences that can affect fastness are light, washing, 
heat, perspiration, and atmospheric pollution. Conditions of 
such tests are chosen to correspond closely to treatments 
employed in manufacture and ordinary use conditions.16 
Results are given after usual matching of tested samples 
against standard reference (the grey scale).16 The results 
revealed that these dyes have good fastness properties 
(Table 2). 

Experimental   

All melting points were determined on a Gallenkamp 
electric melting point apparatus. Thin-layer chromatography 
(TLC)  analysis was carried out on silica gel 60 F254 
precoated aluminum sheets. Infrared spectra were recorded 
on FTIR 5300 Spectrometer and Perking Elmer Spectrum 
RXIFT-IR System, using the potassium bromide wafer 
technique. 

1
H-NMR spectra were recorded  on  Varian  

Gemini  200  MHz  spectrometer using the indicated 
solvents and tetramethylsilane (TMS) as an internal 
reference.  Electron  impact  mass  spectra  were  obtained  
at  70  eV  using  a  GCMS–qp1000  EX   Shimadzo  
spectrometer. Elemental analysis (C,H,N) were carried out 
at the micro-analytical Center of Cairo University, Giza, 
Egypt.  
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Table 1   Optical measurements of compounds 8a-l 

Dye R, % a* b* L* C* H* L
*
 C

*
 H

*
 E

*
 K/S 

8a 5.63 6.35 28.3 53.73 28.84 1.25 - - - - 10.5 

8b 7.33 5.17 22.17 49.52 22.76 1.12 -8.22 7.64 -1.5 11.32 8.5 

8c 8.00 4.08 27.98 51.47 28.28 1.22 -4.45 6.92 0.13 8.23 3.0 

8d 5.28 4.68 27.04 50.37 27.44 1.19 -7.45 11.86 -0.85 14.04 11.8 

8e 2.85 5.12 32.68 53.92 33.09 1.43 -4.26 24.32 -0.26 24.70 12.0 

8f 3.88 2.14 33.75 54.40 33.82 0.88 -11.3 17.82 -1.90 21.18 7.20 

8g 5.30 7.76 25.34 44.53 26.48 1.14 -14.0 -0.59 -2.78 14.29 13.7 

8h 6.10 6.38 21.10 40.81 22.04 .095 -10.2 3.18 -2.83 11.06 6.2 

8i 2.60 7.10 20.19 42.90 25.22 1.09 -12.9 3.58 -5.98 8.06 13.5 

8j 4.77 8.42 33.46 45.98 34.50 1.49 -18.7 9.66 -6.98 22.17 13.2 

8k 2.08 1.36 37.67 60.54 37.70 1.63 -10.7 19.34 -2.84 22.31 8.5 

8l 2.95 7.01 31.00 51.01 29.81 1.29 -12.1 12.44 -3.8 10.91 12.5 

 

Table 2. Fastness properties of compounds 8a-l 

Dye Washing,75 °C  Rubbing Sublimation Acid perspiration Light, 40 h 

  
Dry Wet 180 °C 210°C  

  

8a 4 3-4 3 3-4 3 4 4 

8b 4 4 4 3-4 3 4 5 

8c 4 4 4 4 3-4 4 4 

8d 4 3 3 3-4 3 4 4-5 

8e 4 3-4 3-4 4 3-4 4 5 

8f 3-4 3 4 4 3-4 4 5 

8g 4 4 3-4 3-4 3 3-4 4 

8h 4 3-4 3 3-4 3 4 4 

8i 4 4 3-4 4 3-4 4 4-5 

8j 4 4 4 3-4 3 4 6-7 

8k 4-5 4 4 3-4 3-4 4 6 

8l 4 4 3 4 3 4 5 

 

The elemental analyses were found to agree favorably 
with the calculated values. The dyeing assessment fastness 
tests, and color measurements were carried out at Misr 
Company for Spinning and Weaving, El-Mahala El-Kobra, 
Egypt. The syntheses of carbohydrazide 4,9 and 
arylazoacetylacetone 712 were conduted according to known 
procedures. 

Synthesis of 5-amino-6-[[4-arylazo-3,5-dimethylpyrazol-1-yl]-

carbonyl]-3,4-diphenylthieno[2,3-c]pyridazine, 8a-l:  General 

procedure   

A mixture of 5-amino-3,4-diphenylthieno[2,3-
c]pyridazine-6-carbohydrazide 4 (1.1 g, 3 mmoles) and the 
arylazoacetylacetone derivatives 7a-l (3 mmoles) was 
refluxed in glacial acetic acid (25 cm

3
) with stirring for 10 h. 

The reaction mixture was cooled to room temperature and 
poured into water (100 cm

3
). The separated solid was 

filtered off, washed with water, dried and recrystallized 
from dimethylformamide. 

5-Amino-6-[[4-phenylazo-3,5-dimethylpyrazol-1-yl]carbonyl]-

3,4-diphenylthieno[2,3-c]pyridazine  (8a, C30H23N7OS) 

Yellow crystals in 69.4% yield. M.p.: 140-142 °C; IR: ý = 
3,400, 3,316 (NH2), 3,060 (CHarom), 2,925 CHaliph), 1,676 
(CO), 1,512 (N=N) cm

-1
; MS: m/z = 529 [M

+
, 5.35%], 424 

[M - Ph-N=N, 5.3%], [M - substituted pyrazole, 50%]. 

5-Amino-6-[[4-(2-methylphenylazo)-3,5-dimethylpyrazol-1-

yl]carbonyl]-3,4-diphenylthieno[2,3-c]pyridazine (8b, 

C31H25N7OS) 

Deep yellow crystals in 88.2% yield. M.p. 131-133 °C; 
IR: ý = 3,450, 3,370(NH2), 3,056 (CHarom), 2,924 CHaliph), 
1,678 (CO), 1,623 (C=N) 1,502 (N=N) cm

-1
. MS: m/z = 544 

[M
+

 +1, 12.8%], 424 [M – N=NC6H5Me, 9.2%], 330 [M – 
substituted pyrazole, 5.7%]. 
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5-Amino-6-[[4-(3-methylphenylazo)-3,5-dimethylpyrazol-1-

yl]carbonyl]-3,4-diphenylthieno[2,3-c]pyridazine (8c, 

C31H25N7OS) 

Yellow crystals in 59.6% yield. M.p.: 132-134 °C; IR: ý = 
3,360(NH2), 3,059 (CHarom), 2,924 CHaliph), 1,678 (CO), 
1,620 (C=N), 1,590 (C=C), 1,502 (N=N), cm

-
. 

5-Amino-6-[[4-(4-methylphenylazo)-3,5-dimethylpyrazol-1-

yl]carbonyl]-3,4-diphenylthieno[2,3-c]pyridazine (8d, 

C31H25N7OS) 

Yellow crystals in 66.2% yield. M.p.: 150-152 °C; IR: ν = 
3,400, 3,320(NH2), 3,060 (CHarom), 2,925 CHaliph), 1,671 
(CO), 1,623 (C=N), 1,590 (C=C), 1,502 (N=N), cm-1; 1H 
NMR (200 MHz, DMSO-d6): δ = 2.33 (s, 3H, p-CH3), 2.36 
(s, 3H, 3-CH3), 2.77 (s, 3H, 7-CH3), 6.28 (s, 2H, NH2), 6.89-
7.25 (m, 4H, Phenylazo), 7.46-7.78 (m, 10H, 2Ph).   

5-Amino-6-[[4-(2-methoxyphenylazo)-3,5-dimethylpyrazol-1-

yl]carbonyl]-3,4-diphenylthieno[2,3-c]pyridazine (8e, 

C31H25N7O2S) 

Yellow crystals in 71% yield. M.p.: 165-167 °C; IR: ν = 
3,450, 3,400(NH2), 3,057 (CHarom), 2,923 CHaliph), 2,852 
(OCH3), 1,668 (CO), 1,628 (C=N), 1,598 (C=C), 1,500 
(N=N), cm-1; 1H NMR (200 MHz, DMSO-d6): δ = 2.23 (s, 
3H, 3-CH3), 2.33 (s, 3H, p-CH3), 2.77 (s, 3H, 7-CH3), 3.83 
(s, 3H, o-OCH3), 6.27(s, 2H, NH2), 6.88-7.24 (m, 4H, 
Phenylazo), 7.45-7.79 (m, 10H, 2Ph).   

5-Amino-6-[[4-(4-methoxyphenylazo)-3,5-dimethylpyrazol-1-

yl]carbonyl]-3,4-diphenylthieno[2,3-c]pyridazine (8f, 

C31H25N7O2S) 

Yellow crystals in 71.5% yield. M.p.: 150-152 °C; IR: ν = 
3,372, 3,337(NH2), 3,060 (CHarom), 2,924CHaliph), 2,854 
(OCH3), 1,670 (CO), 1,630 (C=N), 1,597 (C=C), 1,505 
(N=N) cm-1; 1H NMR (200 MHz, DMSO-d6): δ = 2.22 (s, 
3H, 3-CH3), 2.32 (s, 3H, p-CH3), 2.78 (s, 3H, 7-CH3), 3.84 
(s, 3H, p-OCH3), 6.26(s, 2H, NH2), 6.89-7.23 (m, 4H, 
Phenylazo), 7.44-7.78 (m, 10H, 2Ph).   

5-Amino-6-[[4-(2-chlorophenylazo)-3,5-dimethylpyrazol-1-

yl]carbonyl]-3,4-diphenylthieno[2,3-c]pyridazine (8g, 

C30H22ClN7OS) 

Red crystals in 89.7% yield. M.p.: 130-132 °C; IR: ν = 
3,420, 3,350 (NH2), 3,090 (CHarom), 2,925CHaliph), 1,685 
(CO), 1,637 (C=N), 1,600 (C=C), 1,506 (N=N) cm-1; 1H 
NMR (200 MHz, DMSO-d6): δ = 2.34 (s, 3H, 3-CH3), 2.77 
(s, 3H, 7-CH3), 6.27(s, 2H, NH2), 7.27-7.49 (m, 4H, 
Phenylazo), 7.41-7.79 (m, 10H, 2Ph).    

5-Amino-6-[[4-(3-chlorophenylazo)-3,5-dimethylpyrazol-1-

yl]carbonyl]-3,4-diphenylthieno[2,3-c]pyridazine (8h, 

C30H22ClN7OS) 

Red crystals in 76.9% yield. M.p.: 150-152 °C; IR: ν = 
3,385, 3,305(NH2), 3,059(CHarom), 2,921CHaliph), 1,670 

(CO), 1,634 (C=N), 1,591 (C=C), 1,507 (N=N), cm-1; 1H 
NMR (200 MHz, DMSO-d6): δ = 2.35 (s, 3H, 3-CH3), 2.76 
(s, 3H, 7-CH3), 6.26(s, 2H, NH2), 7.28-7.48 (m, 4H, 
Phenylazo), 7.42-7.78 (m, 10H, 2Ph).   MS: m/z = 564 [M+, 
4.2%], 463 [M – 1, 6.3%],424 [M - N=NC6H5Cl, 2.2%], 330 
[M – substituted pyrazole, 9%]. 

5-Amino-6-[[4-(3-nitrophenylazo)-3,5-dimethylpyrazol-1-

yl]carbonyl]-3,4-diphenylthieno[2,3-c]pyridazine (8i, 

C30H22N8O3S) 

Redich-brown crystals in 59.3% yield. M.p.: 159-161 °C; 
IR: ν = 3,439, 3,360(NH2), 3,052(CHarom), 2,922CHaliph), 
1,673(CO), 1,639 (C=N), 1,590 (C=C), 1,515, 1,333 (NO2), 
1,500 (N=N), cm-1; 1H NMR (200 MHz, DMSO-d6): δ = 
2.34 (s, 3H, 3-CH3), 2.77 (s, 3H, 7-CH3), 6.27(s, 2H, NH2), 
7.17-7.99 (m, 4H, Phenylazo), 7.41-7.79 (m, 10H, 2Ph).   
MS: m/z = 575 [M + 1, 0.09%], 424 [M - N=NC6H5NO2, 
30.2%]. 

5-Amino-6-[[4-(4-nitrophenylazo)-3,5-dimethylpyrazol-1-

yl]carbonyl]-3,4-diphenylthieno[2,3-c]pyridazine (8j, 

C30H22N8O3S) 

Redich-brown crystals in 50.3% yield. M.p.: 156-157 °C; 
IR: ν = 3,430, 3,364(NH2), 3,050(CHarom), 2,925CHaliph), 
1,670 (CO), 1,634 (C=N), 1,591 (C=C), 1,516, 1,335 (NO2), 
1,507 (N=N), cm-1; 1H NMR (200 MHz, DMSO-d6): δ = 
2.34 (s, 3H, 3-CH3), 2.77 (s, 3H, 7-CH3), 6.27(s, 2H, NH2), 
7.18, 8.10 (d,2H; d,2H Phenylazo), 7.41-7.79 (m, 10H, 2Ph).   
MS: m/z = 575 [M + 1, 0.02%], 424 [M - N=NC6H5NO2, 
33.2%]. 

5-Amino-6-[[4-(2-naphthylazo)-3,5-dimethylpyrazol-1-

yl]carbonyl]-3,4-diphenylthieno[2,3-c]pyridazine (8k, 

C34H25N7OS) 

Brown crystals in 81.2% yield. M.p.: 118-120 °C; IR: ν = 
3,425, 3,364(NH2), 3,058(CHarom), 2,924CHaliph), 1,673 
(CO), 1,624 (C=N), 1,592 (C=C), 1,506(N=N), cm-1; 1H 
NMR (200 MHz, DMSO-d6): δ = 2.35 (s, 3H, 3-CH3), 2.76 
(s, 3H, 7-CH3), 6.26(s, 2H, NH2), 7.41-8.01 (m, 17H, 
naphthyl and 2Ph); MS: m/z = 580 [M + 1, 1%], 424 [M - 
N=NC10H7, 1%] and 330[M – substituted pyrazole, 10%]. 

5-Amino-6-[[4-(3-pyridylazo)-3,5-dimethylpyrazol-1-

yl]carbonyl]-3,4-diphenylthieno[2,3-c]pyridazine (8l, 

C29H22N8OS) 

Brown crystals in 47.6% yield. M.p.: 237-239°C; IR: ν = 
3,390, 3,3308(NH2), 3,058(CHarom), 2,921CHaliph), 1,677 
(CO), 1,600 (C=N), 1,562 (C=C), 1,504  (N=N) cm-1; 1H 
NMR (200 MHz, DMSO-d6): δ = 2.33 (s, 3H, 3-CH3), 2.77 
(s, 3H, 7-CH3), 6.27(s, 2H, NH2), 7.34-8.45 (m, 14H, 
pyridyl and 2Ph); MS: m/z = 532 [M + 3.04, 1%], 424 [M - 
N=NC5H4N, 4.03%] and 330[M – substituted pyrazole, 
10.8%]. 
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Dyeing procedures 

Preparation of dye dispersion 

The required amount of dye (2% shade) was dissolved in 
DMF and added dropwise with stirring to a solution of 
Dekol-N (2 g/dm

3
), an anionic dispersing agent of BASF, 

then the dye was precipitated in a fine dispersion ready for 
use in dyeing. 

Dyeing of polyester at 130°C under pressure using 
Levegal PT (carrier of Buyer) 

      The dye bath (1:20 liquor ratio), containing 5 g/dm
3
 

Levegal PT (Bayer) as carrier, 4% ammonium sulfate, and 
acetic acid at pH 5.5, was brought to 60°C, the polyester 
fabric was entered and run for 15 min. The fine dispersion 
of the dye (2%) was added, and the temperature was raised 
to boiling within 45 min, dyeing was continued at boiling 
temperature for about 1 h, then the dyed material was rinsed 
and soaped with 2% nonionic detergent to improve rubbing 
and wet fastness. 

Assessment of color fastness (Table 2)  

Fastness to washing, perspiration, light, and sublimation 
was tested according to the reported methods. 

Fastness to washing  

A specimen of dyed polyester fabric was stitched between 
two pieces of undyed cotton fabric, all of equal diameter, 
and then washed at 50°C for 30 min. The staining on the 
undyed adjacent fabric was assessed according to the fol-
lowing grey scale: 1-poor, 2-fair, 3-moderate, 4-good, and 
5-excellent. 

Fastness to perspiration 

The samples were prepared by stitching pieces of dyed 
polyester fabric between two pieces of undyed cotton fabric, 
all of equal diameter, and then immersing in the acid 
medium for 30 min. The staining on the undyed adjacent 
fabric was assessed according to the following grey scale: 1-
poor, 2-fair, 3-moderate, 4-good, and 5-excellent. The acid 
solution (pH 3.5) contained sodium chloride 10 g/dm

3
, 

lactic acid I g/dm
3
, disodium ortho-phosphate 1 g/dm

3
, and 

histidine monohydrochloride 0.25 g/dm
3
. 

Fastness to rubbing 

The dyed polyester fabric was placed on the base of 
crockmeter (Atlas electronic type), so that it rested flat on 
the abrasive cloth with its long dimension in the direction of 
rubbing. A square of white testing cloth was allowed to slide 
on the tested fabric back and forth 20 times by making ten 
complete turns of the crank. For wet rubbing lest, the testing 
square was thoroughly wet in distilled water. The rest of the 
procedure was the same as the dry test. The staining on the 
white testing cloth was assessed according to grey scale: 1-
poor, 2-fair, 3-moderate, 4-good, and 5-excellent. 

Fastness to sublimation 

Sublimation fastness was measured with an iron tester 
(Yasuda no. 138). The samples were prepared by stitching 
pieces of dyed polyester fabric between two pieces of 
undyed polyester, all of equal diameter, and then treated at 
180 and 210°C for 1 min. Any staining on the undyed 
adjacent fabric or change in tone was assessed according to the 
following grey scale: 1-poor, 2-fair, 3-moderate, 4-good, 
and 5-excellent. 

Fastness to light 

Light fastness was determined by exposing the dyed 
polyester on a Xenotest 150 [Original Hanau, chamber 
temperature 25-30°C, black panel temperature 60 

o
C, 

relative humidity 50-60%, and dark glass (UV) filter 
system] for 40 h. The changes in color were assessed 
according to the following blue scale. I-poor, 3-moderate, 5-
good. and 8-very good. 

Color assessment 

Table 1 reports the color parameters of the dyed fabrics 
assessed by tristimulus colorimetry. The color parameters of 
the dyed fabrics were determined using a SPECTRO 
multichannel photodetector (model MCPD1110A), equipped 
with a D65 source and barium sulfate as a standard blank. 
The values of (he chromaticity coordinates, luminance 
factor, and the position of the color in the CIE-LAB color 
solid are reported. 

Conclusions 

A set of 12 disperse dyes 8a-l were synthesized by 
reaction of 5-amino-3,4-diphenylthieno[2,3-c]pyridazine-6-
carbohydrazide 4 with arylazoacetylacetone derivatives. 
Most of them were investigated for their dyeing 
characteristics on polyester. They give bright intense hues 
from yellow to orange-yellow on polyester fabrics, due to 
the variations in polarity. The dyed fabrics exhibit good (4) 
washing, perspiration, rubbing and good to excellent (4-5) 
sublimation fastness properties (Table 2). The remarkable 
degree of levelness and brightness after washings is 
indicative of good penetration and the excellent affinity of 
these dyes for the fabric due to the accumulation of polar 
groups. This in combination with the ease of preparation 
makes them particularly valuable. 
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Polystyrene based strontium phosphate membranes (SPM) prepared by applying different pressures. The membrane potential was measured 

with uni-univalent electrolytes (KCl, NaCl, and LiCl) solutions using saturated calomel electrode (SCEs). The effective fixed charge 

density of these membranes was determined by TMS method and it showed dependence of membrane potential on the porosity, charge on 

the membrane matrix, charge and size of permeating ions. The membranes were characterized by X-ray diffraction, scanning electron 

microscopy, and IR spectroscopy. The order of surface charge density for electrolytes is found to be KCl > NaCl > LiCl. Other important 

parameters such as transport number, distribution coefficient, charge effectiveness and related parameters were calculated. The membrane 

was found to be mechanically stable, and can be operated over a wide pH range. Moreover, the experimental results were found to be quite 

satisfactorily with theoretical values. 
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Introduction 

Membrane can be employed in several applications, 
including drinking water treatment, waste water treatment 
and reclamation, and industrial water treatment, to produce 
high water quality.  The membrane has also been applied to 
water softening due to rejection efficiency for monovalent 
and multivalent ions in hard water. It was found that an 
increase of NaCl concentration or a presence of divalent 
cations increased membrane fouling.1 The behavior of 
membrane systems has extensively been investigated by 
studying   the transport properties of artificial membrane 
used by some of the recent analytical and electronic, 
techniques have added impetus to such investigations.2,3 The 
inorganic precipitated membranes have acquired particular 
significance in the last two decades. These membranes have 
several advantages over organic ion-exchangers e.g. their 
ability to withstand ionizing radiations and very high 
temperatures without undergoing degradation and their 
remarkably high selectivity for heavy toxic metals. 4,5 

Variety of transport phenomena arise across a membrane 
when subjected to different driving forces.6,7 Some of these 
phenomenons such as ion migration, electro osmosis, self 
diffusion, salt migration and membrane potential etc. 
occurring across the ionic membrane have been described 
by spiegler8 applying the principles of non-equilibrium of 
thermodynamics. 

A precipitated membrane is a system consisting of a thin 
inorganic precipitate such that when in contact with salt 
solutions containing some of the precipitated generating ions, 
two oppositely charged layer at each membrane solutions 

interface are formed. These layers are due to the absorbed 
ions on the precipitated membrane which can easily be 
joined or removed from membrane. The electrical properties 
of these membranes can dramatically change due to the 
absorption, deposition or diffusion of ions into these 
structures. 

In this paper, we describe the preparation of strontium 
phosphate membranes using an appropriate concentration of 
polystyrene (25%) as a binder were found to be quite stable 
by applying different pressures.9 An attempt has been made 
to examine the validity of the recently developed method 
used for one determination of charge densities are based on 
the equations for membrane potential using different 
electrolyte concentration by Torell, Meyer, and Siever 
(TMS).10,11 The evaluation of charge density of membrane 
which is an important parameter controlling the membrane 
phenomenon have been used to calculate the membrane 
potential at different electrolyte concentration using the 
extended TMS theory to test the applicability of these 
recently developed equation for membrane potential for 
system under investigation. 

TMS developed a theory of membranes with charges fixed 
within the lattice. This theory has been described in detail by 
Lakshminarayanaiah and has been applied by Siddiqi et al 
for the determination of thermodynamic fixed charge 
density of precipitated membranes. 

Experimental 

Preparation of membrane 

Strontium phosphate membranes were prepared by 
method suggested be Beg and coworkers.12,13 The main 
reagents used for the synthesis are 0.2 mol trisodium 
phosphate solution (E. Merch. India with purity of 99.90%) 
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with 0.2 mol strontium chloride solution. The precipitate 
obtained was well washed with deionized water to remove 
free electrolyte and dried at 50 °C. The dried precipitate was 
ground into fine powder by pestle mortar and then sieved 
through 200 mesh (granule size ≤0.075 mm) pure 
amorphous polystyrene  (Otto Kemi, India , Analytical 
reagent) used as a binder were also ground and sieved 
through 200 mesh. For membrane of adequate mechanical 
strength optimum quantity of binder to be embedded  by 
using ratio of precipitate and binder. The membranes 
prepared by embedding 25 % of polystyrene were most 
suitable for our experiment. Those containing large amount 
of binder (>25 %) did not give reproducible results while 
those containing lesser amount (< 25%) were quite unstable. 
The temperature at which the membrane were mould was 
kept at 90 °C and then mixture was kept into cast die having 
diameter 2.45 cm and placed in an oven maintain at 200 °C 
for about half an hour to equilibrate the reaction mixture, 
then die was transferred to a pressure device (SL-89,UK) 
and different pressures like 50, 70, 90 and 110 MPa were 
applied. 

For the evaluation of membrane fixed charge density, 
measurements of membrane potential were carried out by 
constructing a concentration cell. 

Measurement of membrane potential 

The prepared membranes were placed between two 
collared glass tubes each having a hole for introducing the 
electrolyte solution and saturated calomel electrodes (SCEs). 
The solutions were stirred by means of magnetic stirrers. 
The cell potential was taken as a measure of membrane 
potential. The measurements were carried out at 25 °C 
(±0.1 °C). The Electrochemical cell of the type 

 

SCE  ¦  solution    ¦    Membrane     ¦   solution ¦   SCE 

      ¦      C2             ¦Diffusion potential     ¦         C 1       ¦                                                       

                Donnan potential          Donnan potential 

 

was used to measure electrical potentials arising across the 
membrane by maintaining a tenfold difference in 
concentration (C2/C1 = 10) and using. The various salt 
solutions ( chloride of Li+, Na+ and K+ )  were prepared from 
analytical-grade reagents (BDH) with   deionizer water. The 
experiment and the potentials were measured     at 25 ºC.   

Characterization of Membrane 

Water Content (% Total Wet Weight).  

First, the membranes were soaked into water to elute 
diffusible salt, blotted quickly with Whatsman filter paper to 
remove surface moisture and immediately weighed. These 
were further dried to a constant weight in a vacuum over 
P2O5 for 24 hours. The water content (total wet weight) was 
calculated as, 

 

 

 

where  

Ww  is the weight of the soaked/wet membrane, and  

Wd  is the weight of the dry membrane.  

Scanning electron microscopy (SEM) 

The characterization, composite pore structure, 
micro/macro porosity, homogeneity, thickness, cracks and 
surface morphology of membranes have been well studied 
by scanning electron microscope (SEM) micrographs14,15 
Fig. 1. In the SEM, different interactions give images based 
on topography, elemental composition or density of the 
sample. A SEM can magnify up to about 100,000 xs. 

FTIR Studies 

The FTIR spectrum of polystyrene (A), Composite of 
strontium phosphate and polystyrene (B), and pure strontium 
phosphate(C), dried at 40 ºC, were taken by KBr disc 
method at room temperature (Fig. 2). 

XRD Analysis 

Powder X-ray diffraction (XRD) pattern was obtained in 
an aluminum sample holder for composite of strontium 
phosphate and polystyrene in the original form using a PW, 
1148/89-based diffractometer with Cu Kα radiations shown 
in Fig. 3. 

Effect of pH. 

A series of solutions of varying pH in the range of 2 –11 
were prepared, keeping the concentration of the relevant ion 
constant (1×10−2 mol L−1). The value of electrode potential 
at each pH was recorded, and plot of electrode potential 
versus pH was plotted Fig. 6. 

Result and discussion  

A number of investigators using Scanning electron 
microscopy (SEM) have studied the characterization of 
membrane morphology.16 From SEM images (Fig 1) well-
ordered precipitates, composite pore structure, micro/macro 
porosity, surface texture homogeneity, thickness and crack 
free membranes has been widely studied,17,18 SEM images 
of the strontium phosphate membranes were taken at 50-110 
MPa pressures (Fig 1).  

The SEM images are composed of dense and loose 
aggregation of small particles and formed pores probably 
with non-linear channels. Particles are irregularly condensed 
and adopt a heterogeneous structure composed of masses of 
various sizes. The surface openings also seem to decrease 
with increasing applied pressure from 50-110 MPa. 

w d
-

Total wet weight (in %) = ×100w
W W

W
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The FTIR spectra were performed to a certain 
composition and the possible addition sites of the strontium 
phosphate membrane and pure polystyrene. The spectra 
contained weak to strong intensity peaks assigned to various 
functional groups in the material synthesized (Fig 2). The 
peaks in the range 696 to 874 cm-1 show the presence of 
aromatic ring in the polystyrene based strontium phosphate 
membrane 19. The peaks 2852 and 2927 cm-1 support the C-
H bond frequency due to stirring moiety in the material. The 
characterization peaks of phosphate groups are present in 
the spectra exhibiting the presence of phosphate group 
attached to the metal in the composite. The IR result, 
generally showing the negative shift in the spectra for most 
of the functions in the synthesized material is shown in Fig 
2.  

 

Figure 2. IR spectra of polystyrene (A), composite (B), strontium 
phosphate (C). 

 

Figure 3.  XRD pattern of polystyrene based strontium phosphate 
composite material.     

 

The polymeric nature of the composite has also been 
supported from the other studies (Vide Supra). And the X-
ray diffraction pattern of strontium phosphate cation 
exchange material recorded in powdered sample exhibited 
some sharp peaks in the spectrum in Fig 3. It is clear from 
the figure that the nature of composite cation exchange 
material is semi-crystalline. 

 
 

a) 

 

 
 

b) 

 

 
 

c) 

 

 
 

d) 

Figure 1. SEM  images of polystyrene-based SPMs (a), 
(b), (c) and (d) prepared at different applied pressures 
(50, 70, 90 and 110 MPa ), respectively. 
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The characterization parameters of the polystyrene-
supported strontium phosphate membrane are given in 
Table 1.  

Table 1. Characterization parameters of SPMs at different pressure 

P, 

MPa 

Membrane 

thickness, 

(cm)  

H2O content 

(wt. %, wet 

membrane 

Porosity, 

(unit less) 

Swelling 

(wt.%, wet 

membrane 

50 0.090 0.0476 0.0201 no swelling 

70 0.080   0.0361 0.0150 no swelling 

90 0.070 0.0240 0.0115 no swelling 

110 0.060 0.0123 0.0067   no swelling 

This membrane shows a negligibly small swelling when 
immersed in sodium chloride solution. Porosity is 
determined by relationship: 

 

 

where Wd is the weight of the dry membrane and Ww is the 
weight of the wet membrane,    the density of water and L 
and A the thickness and area of the membrane 
respectively(g\(cm3.g\cm3))Like the swelling, the membrane 
has low porosity. The electrical potential increases with 
increasing pressure. The thickness of the membrane was 
measured by taking the average thickness of the membrane 
by using screw gauze and the swelling is measured as the 
difference between the average thickness of the membrane 
equilibrated with 1 M NaCl for 24 h  and the dry membrane. 
Membrane was tested for chemical resistance in strongly 
oxidant, acidic and alkaline media. In acidic (1 M HCl) and 
in alkaline media (1 M NaOH) few significant modifications 
were observed after 24, 48 and 168 h, demonstrating that the 
membrane was quite effective in such media. However, in 
strong oxidant media the synthesized membrane became 
fragile in 48 h and broken after 168 h, losing mechanical 
strength. In general membranes having the same chemical 
composition were found to absorb same amount of water, 
where density of the ionisable groups are same throughout 
the membrane.20  

When two-electrolyte solutions of different concentrations 
are separated by a membrane, the mobile species penetrate 
the membrane and various transport phenomenons like 
diffusion potential, electro osmosis, are induced in the 
system. This field maintains on macroscopic scale electro 
neutrality by increasing the speed of slow moving ion and 
decreasing that of the faster ion. The magnitude and sign of 
the potential depend on the characteristics of the membrane 
and the permeating species .If the membrane carries no 
fixed charges or sites the electric potential across the 
membrane would be the same as the liquid junction 
potential .On the other hand, if the membrane carries some 
charges  the magnitude of the potential is usually determined 
by the concentration of the electrolyte solution surrounding 
the membrane and its sign by the nature of the fixed charge. 

The charges fixed in the lattice are determined by the 
theory developed by Teorell, Meyer and Sievers.21 In the 
TMS method there is an equilibrium process at each solution 
membrane interface which has a formal analogy with the 
Donnan equilibrium. With this, there is an internal salt 
diffusion potential, which was first represented by the 

Henderson equation and later by the more nearly correct 
Planck expression.  

According to TMS theory, the membrane potential in Ψm, 
mV (applicable to a highly idealized system) is given by the 
equation (1) at 25 °C. 

       (1) 

where  

 U=(u-v)/(u+v) 

u and v are the mobilities of the cation and anion  

(m2  V-1 s-1), respectively, in the membrane phase.   

C1 and C2 are concentrations of the electrolyte solution 
on either side of the membrane and  

D is the charge on the membrane expressed in 
equivalent per liter.  

To evaluate this parameter for the simple case of a 1:1 
electrolyte and a membrane carrying a net negative charge 
of D = 1 as well as D   1, theoretical concentration 
potentials across the membrane were calculated as a 
function of –log C2, the ratio C2/C1 being kept at a constant 
value of 10 for different mobility ratios u/v and potted as in 
graph by smooth curves in Fig. 4. The experimental Ψm 
values for strontium phosphate with KCl electrolyte were 

plotted in the same graph as function of -log C2.  

Figure 4. Plots of membrane potential vs –log C2 for SPMs 
prepared at different pressures 50-110 MPa. Smooth curves are the 
theoretical concentration potentials for D =1 at different mobility 
ratio. Broken lines are the experimental values  Ψm for different 
concentration of KCl solution. 

For various electrolyte solutions the observed membrane 
potential of SPM at 25 ± 1 ºC are given in Table 2.  

The magnitude of the membrane potential depends on 
several factors, like the ratio of counter ion to co-ion 
mobility, concentration of salt solution and the exchange 
characteristics of the membrane material for various cations. 
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Table 2. Ψm ± 0.5 mV across the strontium phosphate membranes in contact with 1:1 electrolyte solutions at different concentrations. 

Concentration Applied pressure( MPa) 

C2, mol L-1 50 70 90 110 

 KCl  NaCl LiCl  KCl  NaCl LiCl  KCl  NaCl LiCl  KCl  NaCl LiCl  

1.0 16.3                                             19.0 20.0 17.9 20.0 20.5 18.2 21.0 22.2 19.5 22.9   23.8 

0.50 18.4                                           25.9 26.6 19.2 25.6 27.0 20.1 36.5   37.4 21.2 37.2   39.1 

0.10 25.5                                               26.4 28.0 32.3 35.2 36.6 35.6 37.0 38.0   36.4 38.8 39.9 

0.05 42.3 45.3 46.2 49.1 48.5 49.0 51.5 52.6 53.3 52.0 53.0 53.5 

0.01 51.2                                               52.0 52.5 52.6 53.2 54.0 55.0   55.5 56.0 57.0 56.5 57.0 

0.001 52.0                                                52.5 53.0 53.0 54.5 54.8 55.5 56.0 56.3 58.5 57.0 57.5 

 

The values of membrane potential (Table 2) reveal the 
following order Li+ > Na+ > K+. The higher membrane 
potential observed with Li+ is due to the fact that Li+ is not 
thermodynamically favoured in the membrane phase.  

The coinciding curve for all membrane gave the values for 
the charge density D within the membrane phase. The 
values of the D obtained in this for various membrane 
electrolyte systems are given in table 3. The surface charge 
density D of strontium phosphate membrane is found to 
depend on applied pressure. The increase in the values of D 
with higher applied pressure may be due to increase of 
charge per unit volume of the membrane and the order for 
electrolytes used is KCl > NaCl > LiCl. 

Table 3. Calculated values of membrane charge density 
(D±0.1x10-3  eqv. L-1) for  various SPMs electrolyte systems using 
TMS equation. 

Applied pressure, 

MPa 

Electrolyte, Dx10-3 

KCl   NaCl LiCl   

50 1.20 1.10 0.90 

70 1.40  1.20 1.00 

90 2.50  2.00 1.80 

110 3.60   2.40 2.10 

The values for the membrane potential are of the order of 
positive mV and decrease with an increase of external 
electrolytes concentration. This shows membrane is 
negatively charge (cation selective)22,23 and selectivity of the 
cation increases with dilution. The selectivity character of 
ion exchange membrane with (1:1), (1:2), (1:3) has been 
reported.24,25 

This TMS method gave satisfactory result for fixed charge 
density evaluation. This technique has been used to estimate 
the capacity of thin polymer membranes of polyvinyl 
chloride and poly vinyl acetate. It has also been used to 
determine the charge of Keratin, to evaluate the fixed charge 
on thin parlodian and parchment supported membranes. In 
addition to the Eqn. (1), Teorell, Meyer and Sievers further 
extended their theory and derived another equation for 
membrane potential considering the total potential, as the 
Donnan potential Ψdonnan, between the membrane surfaces 
and the external solutions, and the diffusion potential 
Ψdiff ,within the membrane.26,27 

Ψm,e=Ψdon+Ψdiff        (2) 

where 

R, F and T have their usual significance,
'

 and  
''

  are the 
mean ionic activity coefficient  C1+  and  C2+  are the cation 
concentration on the two sides of the charged 

where Vk and Vx refer the valency of cation and fixed charge 
group on the membrane matrix, q is the charge effectiveness 
of the membrane and is defined by the equation (5). 

 

 

 

where K± is the distribution coefficient expressed as 

 

where Ci is the ith ion concentration in the membrane phase 
and Ci is the ith ion concentration of the external solution. 
The diffusion potential, Ψdiff was expressed in the form   

 

Here vu  is the mobility ratio of the cation to anion in 
the membrane phase. The total membrane Ψm,e  potential 
was, thus, obtained by simple addition of Eqns. (3) and (7). 
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In order to test the applicability of these theoretical 
equations for the system under investigation, the Donnan 
potential and diffusion potential were separately calculated 
from membrane potential measurement using a typical 
membrane prepared at 70 MPa pressure. Eqs.(9) and (10) 
were first used to get the values of transport numbers t+ and 
t- from experimental membrane potential data and 
consequently, the mobility ratio 

v
u within the 

membrane phase. The values of mobility ratio (ϖ) of the 
electrolytes in the membrane phase were found to be high at 
lower concentration of all electrolytes (KCl, NaCl, LiCl). 
Further increase in concentration of electrolytes led to a 
sharp drop in the values of ϖ as given in Fig 5. 

Figure 5. Plots of mobility ratio against –log C2 for SPM using 1:1 
electrolytes. 

The higher mobility is attributed to higher transport 
number of comparatively free cations of electrolytes and 
also be similar trend as the mobility in least concentrated 
solution. The values of t+ calculated from observed 
membrane potential are given in Table 4.  

Here, t+ is not a true transport number since water 
permeation has not been taken into account, however , in 
dilute solutions the values of  t+ approach closer to the true 
values. Fig. 6 shows that the transport number decreases 
with increase in concentration of the salt solution. 

 

Fig. 6.  Plots of  t+ (transprot number) of various electrolytes 

As the concentration of the electrolytes increased, the 
values of distribution coefficient decreased, thereafter, a 
stable trend was observed as shown in Fig. 7. The large 
deviation in the value at lower concentration of electrolytes 
was attributed to the high mobility of comparatively free 
charges of the strong electrolyte. 

Figure 7. Plots of the distribution coefficient against –log C2 for 
SPM using various 1:1 electrolytes. 

Donnan potential at various electrolyte concentration were 
then calculated from the parameters, C2+, , 

''q and 
K by 

using Eqs. 3-7 and values of the parameters derived for the 
systems have been given in Table 5. The values of +   were 
the usual values for electrolytes. For comparison, the 
experimentally obtained values of membrane potentials for 
the system have also been drawn in the same figure. It may 
be noted that the experimental data follow the theoretical 
curve quite well. Whereas some deviations may be due to 
various non-ideal effects, such as swelling and osmotic 
effects, membrane inhomogeneity and hydrophobic/hyd-
rophilic effects which were prominent and simultaneously 
present in the membrane.27 These effects are often 
simultaneously present in charged membranes. 
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Table 4. The calculated values of the parameters (
t ,

K , 
''q ,

 
2C ,  and  ) of SPM prepared at a pressure of 70 MPa  with  different  

concentration of electrolytes using Eqs. (4)- (6), (9) and (10). 

KCl(electrolyte)C2 t+ K± ''q  2C    

1.00 0.65  0.99 1.00 0.9937 1.760 

0.50 0.66 0.996 1.001 0.4937 2.220 

0.10 0.77  0.98 1.009 0.0938 4.00 

0.05 0.89 0.962 1.018 0.0439 6.020 

0.01 0.94 0.820 1.104 0.0051 13.89 

0.001 0.95 0.80 1.118 0.0007 15.56 

      

NaCl(electrolyte)C2 t+ K± ''q  2C    

1.00 0.66 0.997 1.001 0.9916 1.94 

0.50 0.70 0.995 1.002 0.4916 2.53 

0.10 0.79 0.976 1.012 0.0918 4.20 

0.05 0.91 0.952 1.024 0.0421 7.55 

0.01 0.95 0.76 1.147 0.0041 15.56 

0.001 0.96 1.40 1.245 0.0009 16.81 

      

LiCl(electrolyte)C2 t+ K± ''q  2C    

1.00 0.67  0.996 1.002 0.990 2.02 

0.50 0.73 0.994 1.003 0.490 2.63 

0.10 0.89 0.974 1.013 0.091 4.70 

0.05 0.92 0.948 1.027 0.415 8.14 

0.01 0.96 0.740 1.162 0.004 16.81 

0.001 0.97 1.600 1.390 0.0001 18.26 

 

The pH response profile for the membrane was tested by 
use of (1 × 10−2 mol L−1) electrolytes solution over the pH 
range 2.0 – 11.0. The pH was adjusted by introducing small 
drops of hydrochloric acid (0.1 M) or sodium hydroxide (0.1 
M) into the solutions. The influence of the pH response on 
the composite membrane electrode is shown in Fig 8.      

Figure 8. The effect of   pH of the KCl solutions (1 × 10−2  mol 
L−1)  on the potential response of membrane. 

As seen in figure, the potential remained constant from pH 
2.0 to 7.0, beyond which some drifts in the potentials were 
observed. The observed drift at higher pH values could be 
due to the formation of some Hydroxyl complexes of cations 
( K+, Cl+, Li+) the solution. At the lower pH values, the 
potentials increased, indicating that the membrane 
responded to protonium ions, as a result of the some extent 

protonation of phosphorus atoms of the phosphate. In the 
other hand, at lower pH values H3O+ ions start to contribute 
to the charge transport process by the membrane, thereby 
causing interference. 

Conclusions 

With uni-univalent electrolyte (KCl, NaCl, and LiCl) 
solution membrane potential were measured for inorganic 
membranes using saturated calomel electrodes. The 
membrane potential offered by electrolytes is in the order 
LiCl > NaCl > KCl and the obtained data indicates that the 
behavior investigated membrane is cation selective and the 
order of selectivity of cation transporting through the 
membrane has been found as K+ > Na+ > Li+.  The effective 
fixed charge densities and transport number of strontium 
phosphate membrane were evaluated by a TMS method. 
Charge density values obtained, by the frequently used TMS 
procedure, has been used to test the recently extended TMS 
equation by computing membrane potentials at different 
concentrations. Membranes prepared at high pressure (110 
MPa) carry higher charge density and have narrow surface 
openings and low porosity. And the strontium phosphate 
membranes work well in the pH range 2.0–7.0. The 
theoretical predictions for membrane potential are borne out 
quite satisfactorily by our experimental results for all 
membranes. 

Nomenclature 

C1,,C2  Concentration of electrolyte solution either side 
of the membrane (mol L-1) 
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C̅1+  Cation concentration in membrane phase 1
 (mol L-1) 

C2+  Cation concentration in membrane phase 2  
   (mol L-1) 

Ci  ith ion concentration of external solution   
   (mol L-1) 

D  Charge density in membrane (eq L-1) 

F   Faraday constant (C mol-1) 

K   Distribution coefficient of ions 

K2±  Distribution coefficient of ions (electrolyte 
solution C2) 

P  Pressure (5-11 MPa) 

q1  Charge effectiveness of membrane phase 1 

q2  Charge effectiveness of membrane  phase 2 

R  Gas constant  (J K-1 mol-1) 

SCE  Saturated calomel electrode 

SEM  Scanning electron microscopy 

TMS  Teorell, Meyer and Sievers 

XRD  Powder X-Ray diffraction 

FTIR Fourier Transform Infrared Studies 

t+   Transport number of cation 

t-    Transport number of anion 

u  Mobility of cations in the membrane phase  
 (m2 V-1 s-1) 

U   (u-v/(u+v) 

V  Mobility of anions in the membrane phase 

Vk  Valency of cation 

Vx  Valency of fixed charge group 
'

 ,
''

  Mean ionic activity coefficient for electrolytes 
solution C1 and C2 

   Mobility ratio (TMS extension theory) 

m  Membrane potential (mV) 

m,e  Membrane potential (mV) (TMS extension 
theory) 

 don Donnan potential (mV) 

 diff  Diffusion potential (mV) 
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Polyaniline picrate (PANIPI) was synthesized via facile chemical polymerisation route. The as synthesized PANIPI was characterized using 

UV-Visible, FT-IR and PXRD spectroscopic techniques. Adsorption capacity of the as prepared resin was evaluated from the sorption 

process. Sorption isotherms were constructed using Langmuir, Freundlich, Redlich-Peterson and Temkin models. The spectral changes 

after the sorption process were studied using UV-Visible and FT-IR techniques. Facile pH for the adsorption is found to be 5-7. A 

comparison of ion exchange capacities of PANIPI revealed selectivity of 3:2 for sodium and potassium chlorides. The nanosized PANIPI is 

a potent antimicrobial agent and can be utilized as a biocompatible material. 
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Introduction 

Univalent ions like Li+, Na+, K+, 
4NH and Cl- are 

biologically important as they are involved in 
osmoregulation occuring in all living cells. The mobility of 
these ions across the cell membrane is facilitated through 
ion channels.1 The specific role of these channels is to 
provide proper Na+/K+ ionic balance in living species. Many 
macrocyclic ligands and polymer analogues have been 
utilized to understand various ion recognition and transport 
in biological tissues.2

  

Sorption processes3 are used widely to understand the ion 
transport mechanism across polymeric materials. 
Mechanism of sorption depends on the chemical nature of 
the metal ion, adsorbent and environmental conditions such 
as ionic strength, pH and temperature.  

Among various conducting polymers4,5 which possess 
unique features for incorporating and adsorbing ions in the 
polymer matrix, polyaniline (PANI)6-8 has attracted 
researchers due to its ease of preparation and high 
environmental stability. PANI hybrid materials are shown to 
possess excellent applications in tissue engineering,9,10 
antimicrobial wound dressings11-13 and as coatings for cotton 
fabrics,14 making it a highly biocompatible material. Of all 
polyanilines, PANIPI possess a unique feature of having a 
chromogenic dopant picric acid, making it an excellent 
material to visualize the exchange of ions. The paucity of 
data in PANIPI prompted us to use it as a probe to evaluate 
the sorption process and exchange mechanism.  

In this article we have synthesized PANIPI via a facile 
one pot procedure and analyzed its antimicrobial activities. 
The as synthesized polymer is characterized by UV-Vis, FT-

IR and PXRD techniques. The morphology of the sample is 
analyzed using SEM. Herein univalent chloride salts (LiCl, 
NaCl, KCl and NH4Cl) are utilized to explore the sorption 
characteristics on the polymer PANIPI, which is very simple 
and “green”. Moreover, the exchange of ion is detected by 
visible spectroscopy proving it as an efficient adsorbent for 
probing ion selectivities. In addition, the antimicrobial 
activities of the PANIPI renders it as a biocompatible 
material.  

Experimental 

Materials and Methods 

All the chemicals and reagents used were of analytical 
grade. Double distilled water was employed for all the 
experiments.  

Synthesis of PANIPI 

The PANIPI was synthesized by chemical oxidative 
polymerisation.15 Aqueous solution of aniline (0.1 M) and 
picric acid (0.05 M) was magnetically stirred and 
ammonium peroxydisulphate (0.1 M) was added dropwise 
over an interval of one hour until a dark green precipitate 
was obtained.  At the end of the stipulated time the solution 
was filtered on a Whatmann No.1 filter paper and washed 
with distilled water and alcohol. The resulting dry powder 
was further stirred ultrasonically (ultrasonic cleaning bath 
50 kHz, Ultrasonic Ney) with alcohol, acetone and ether 
filtered and dried. The as prepared precipitate was stored in 
a vaccum desiccator and used directly for the sorption 
experiments and antimicrobial studies. 

Spectral analysis 

PANIPI (1 mg) was dissolved in 25 ml of DMF and the 
UV-Visible spectra of the solution obtained were recorded 
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in the region 300-1000 nm using  Perkin–Elmer Lambda 25 
spectrophotometer. FT-IR spectra were recorded as KBr 
pellets on a Perkin Elmer RXI FT-IR spectrophotometer. X-
ray diffraction measurements were made with a Rigaku 
Ultima III X-ray diffractometer using CuK target ( = 
1.5418 Å). 

Sorption Experiments 

Sorption capacity of the adsorbent was evaluated by the 
batch process. PANIPI (1 mg) and salts of varying 
concentrations (25 ml, 10-6-10-1 M) were ultrasonically 
stirred for 30 mins. After 30 mins, solutions were withdrawn, 
filtered and the concentration of the picrate ion released (Ce) 
was ascertained from the calibration curves at absorption 
maxima (max=360 nm). Release of picrate ion (C0) in the 
absence of salts was considered as the standard.  pH 
measurements (Digital pH meter EQ 160, Equiptronics) 
were used to study the dosage effect of sorbent (10 mg) and 
adsorbate (2 M). The midpoints of the pH curves were taken 
for determining the          values.   

Effect of pH was calculated by varying pH from 1 to 14. 
Alkali metal ion concentrations were estimated using  flame 
photometer (Elico 360 A) and ammonium ions by Nessler’s 
method. The separation factors , were determined from 
these values.   

Sorption isotherms such as Langmuir, Freundlich, 
Redlich-Peterson and Temkin isotherms were applied for 
this study. For accuracy, all the experiments were performed 
thrice and the mean of the three values were taken with an 
error of 2 %.  Graphs were constructed with Origin 8.6 
software and the slopes and intercepts were calculated using 
linear regression analysis.   

Antimicrobial studies 

Antibacterial and antifungal activities of PANIPI were 
tested against various gram positive and gram negative 
bacteria and fungus (Candida albicans) obtained from 
microbial type culture collection and gene bank (MTCC), 
Institute for Microbial Technology, Chandigarh, India 
employing agar well diffusion method.16  

For antibacterial studies, nutrient agar medium and for 
antifungal studies potato dextrose agar were used. The agar 
media were sterilized in aliquots of 15 ml at a pressure of 
6.804 kg for 15 minutes.  The nutrient agar media were 
transferred into sterilized petri dishes in a laminar air flow 
unit.  Petriplates were prepared by transferring the nutrient 
agar and kept in laminar air flow unit.  After solidification 
of the media, the strains were swabbed on the petri plates 
and a sterile cork borer was used to puncture the solidified 
agar mass. Four wells of uniform dimension were prepared 
and a drop of PANIPI in DMSO (25, 50 75, 100 g ml-1) 
was added using micropipette and incubated for 48 hours at 
37 °C in the incubation chamber.  Zone of inhibitions were 
measured using Intech antibiotic zone reader (model IN-
1215, India). Triplicates were used to ensure the activity of 
the synthesized material. 

Results and Discussion 

Structural characterization of sorbent 

In the UV-Visible spectra (Fig. 1a) of PANIPI (1 mg) in 
DMF (25 ml), the signature peaks of the PANI matrix are 
observed at 360 nm and 621 nm.17,18 The characteristic 
picrate ion peak (360 nm) seems to be merged with the 
intense*

*
 band of PANI matrix. 

 

 

 

 

 

 

a) 

 

 

 

 

 

 

b) 

 

Figure 1. UV-Visible spectrum (a) and PXRD pattern (b) of 
PANIPI 

In the FT-IR spectrum (Table 4) of PANIPI, bands at 3425, 
3246 cm-1 

correspond to N-H stretching vibrations, while the 
C-H stretching vibrations are observed at 3080, 2984, 2847 
and 2827 cm-1.  Peaks around the region 3400-2800 cm-1 
which are partly masked by the extended absorption tail of 
the protonated PANI19 correspond to emeraldine salt (ES) 
structure. The stretching vibrations at 1588 and 1491 cm-1 
are assigned to quinoid (N=Q=N) and benzenoid (N=B=N) 
moieties.20 At 1300 cm-1 

the stretching vibrations of C-N 
and NO2 have overlapped. The absorption at 1137 cm-1 is 
due to charge delocalistion on the polymer backbone.21 The 
bending vibrations in the PANI matrix appear as three 
distinct bands at 797, 699 and 504 cm-1. 

PXRD pattern (Fig. 1b) of PANIPI exhibits crystalline 
morphology with well defined sharpening of peaks at 2 
values of 30° (d~ 2.90 Å).  The domain size was calculated 
using Scherrer’s formula22 and is found to be 2-9 nm.  This 
small size provides large surface area for the sorption of 
ions. The SEM micrograph of PANIPI15 shows granular 
morphology.  
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Sorption Isotherms 

PANIPI was equilibrated with salt solutions of varying 
concentrations, ultrasonically at ambient conditions. Ion 
exchange occurs readily with the picrate ion present on the 
resin. Ultrasonic stirring ensured the elimination of 
concentration gradients that arise during the sorption process. 

Langmuir Isotherm 

The linearised Langmuir isotherm23 (1) is used to find the 
maximum amount of salts adsorbed (qm) by PANIPI. From 
the slope and intercept (Fig 2a), KL (Table 1) the coefficient 
related to affinity is determined.  

  

 

Further analysis of Langmuir equation is made on the 
basis of separation factor (RL)24 calculated using equation 
(2).  

 

 

As RL is less than one, the sorption process is favoured, 
which implies the presence of homogenous active binding 
sites on the PANIPI surface, resulting in monolayer 
chemisorption. 

Thermodynamic Studies 

Gibbs free energy change (Table 1) calculated using 
equation (3) is found to be negative indicating the feasibility 
and spontaneity of the sorption process. 

  

Freundlich Isotherm 

The sorption data are further fitted to Freundlich 
adsorption isotherm25 (Fig 2b), describing the sorption 
equilibrium for both monolayer and multilayer adsorption. 
Freundlich isotherm constants KF (sorption capacity) and n 
(intensity of sorption) are calculated (Table 1) from the 
expression (4),  

 

 

The n values obtained for the sorption process fulfills 
Freundlich isotherm condition26 (0 < n < 1). Though 
Langmuir and Freundlich isotherm conditions are obeyed, 
both monolayer and multilayer adsorption of ions occur on 
PANIPI. In order to improve the R2 values Redlich Peterson 
and Temkin models are employed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Sorption isotherm of NH4Cl (a) Langmuir (b) Freundlich 
(c) Redlich-Peterson (d) Temkin 
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Table 1.  Isothermal Parameters of Langmuir and Freundlich sorption Isotherms for PANIPI as adsorbent 

Salts Langmuir  constants Freundlich  constants -ΔG°,  

kJ mol-1 qm, mg g-1
 KL, L mg-1 R2 aS.D KF , L mg-1 n R2 S.D 

NH4Cl 39.11 0.078 0.954 0.004 0.215 0.362 0.988 0.013 6.426 

LiCl 5.36 0.013 0.763 0.014 0.001 0.188 0.935 0.014 5.224 

NaCl 26.74 0.080 0.904 0.026 0.124 0.335 0.983 0.011 6.239 

KCl 7.15 0.013 0.965 0.019 0.013 0.242 0.988 0.010 5.279 

astandard deviation 

 

Table 2. Isothermal Parameters of Temkin and Redlich-Peterson sorption Isotherms for PANIPI    as adsorbent 

Salts Redlich Peterson constants Temkin  constants Cationic 

radius  r,  Å  KRP, Lmg-1 αRP R2 S.D KT, L mg-1 bT, kJ mol-1 R2 S.D 

NH4Cl 3.169 0.076 0.896 0.017 5.687 0.012 0.996 0.015 1.48 

LiCl 0.756 0.123 0.648 0.069 5.328 0.015 0.994 0.032 a3.40 

NaCl 2.386 0.080 0.826 0.057 5.502 0.012 0.995 0.083 0.95 

KCl 1.653 0.103 0.923 0.023 5.429 0.014 0.998 0.089 1.33 

ahydrated  radius 

Redlich- Peterson Isotherm 

Redlich-Peterson isotherm27 (Fig. 2c) is used as a 
compromise between Langmuir and Freundlich models.  
The linear form of this equation (5) contains three unknown 
parameters 

   

 

KRP, RP and β. A minimization procedure is adopted to 
maximize the coefficient of determination R2. However, the 
low value of R2 (Table 2) indicate that this model is not 
suitable for the sorption process. 

Temkin Isotherm 

The Temkin28 isotherm equation (6) relates,  

 

 

 

KT the equilibrium binding constant (mg L-1) and bT the 
Temkin constant related to energy of adsorption (kJ mol-1).  
These values are determined from the slope and intercept 
(Table 2) of the plot qe vs log Ce (Fig. 2d). The Temkin 
isotherm model exhibit a high R2 (0.99) value compared to 
other models applied.   

Based on all these results and from the plot of KT vs 
cationic radii (Fig. 3), the relative order of sorption of 
univalent chlorides on PANIPI resin is given below 

 

 

It can be seen that ammonium ion exhibits the maximum 
sorption potential (KT).  This may be due to the presence of 
hydrogen bonding on the amine sites of PANI matrix. 
Among the alkali metal chlorides, NaCl has the highest 
sorption potential (KT). This may be due to the ionic nature 
and size of NaCl. When KCl is used as the adsorbate, the 
sorption potential is lower than NaCl probably due to the 
bigger size of K+ compared to Na+. Li+ 

being the smallest 
among the alkali metal chlorides prefer to exist as a 
hydrated species and therefore possess low sorption 
potential. 

 

 

 

 

 

 

 

 

Figure 3. Temkin constant KT (L mg-1) vs ionic radii r (Å) 

Sorption at high concentration 

As sorption process will be complete at higher ionic 
strengths, the experiments were conducted at higher 
concentration (2 M) with 10 mg of PANIPI resin. The 
observed decrease in pH with time (Fig. 4) indicates the 
sorption of ions on PANIPI resin with subsequent release of 
picric acid in aqueous solution. At high concentration also,  
NH4

+ is found to possess high exchange capacity as inferred 
from         and α values (Table 3).  
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Table 3. UV-Visible spectral results and ion exchange characteristics of PANIPI resin  

Salts λmax, nm y a1-y b
 

cIEC,  

meq g-1 

bα 

Benzenoid (B) Quinoid (Q) 

PANIPI 360 621 0.70 0.30 - - - 

NH4Cl 361 620 0.57 0.42 4.89 x 10-7 1.99 27.69 

LiCl 361 617 0.62 0.37 6.30 x 10-7 1.96 12.96 

NaCl 378 577 0.91 0.09 5.62 x 10-8 2.71  0.74 

KCl 365 619 0.63 0.36 4.89 x 10-7 1.99  0.70 

a1-y=ODQ/ODB   [chlorides];  b2 M; c10-1-10-6 M  

Table 4. FT-IR Spectral data of PANIPI before and after sorption  
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NaCl 3409 

3225 

3010-

2951, 

2900 

2400-

2000 

1585 1495 1303 1141 804 703 590 505 
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The varying trends of these parameters for the alkali metal 
ions may be due to competition between sorption and 
desorption process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Variation of pH with time [2 M salts] 

Sorption Mechanism 

A tentative mechanism is proposed for the sorption 
process. The easily polarisable picrate ion renders 
hydrophilicity and the chloride ions are attracted towards the 
PANI surface (Scheme I). Anion selectivity is influenced by 
the counterions, since Cl- ion is small and highly 
electronegative compared to the picrate ion. Hence the 
movement of anions occur as ion pairs. The anions bind to 
the imine sites on the quinoid rings and the NH groups on 
the benzenoid rings. This phenomenon causes changes in the 
stretching frequencies of the NH group at 3200 cm-1 and 
also affects the C-N-C bending vibrations.  The sorption of 
ions initially occurs as a monolayer. Multilayer formation on 
PANI surface, may take place subsequently due to ion 
pairing.   

Effect of pH 

The sorption process of PANIPI is found to be highly pH 
dependent. In acidic medium, protonic acid doping of 
PANIPI readily occurs releasing the picric acid. However, in 
this pH range sorption is not a favoured process. This may 
be due to the doping of the vacant imine sites on the PANIPI 
resin.  
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Scheme I.  Sorption process on PANIPI   

The favourable pH range for sorption process is 5-9 as can 
be inferred from the adherence to the isotherm models  (Fig. 
5). Above pH 9, the solutions tend to be alkaline and 
dedoping of PANIPI to emeraldine base (EB) may result. As 
the pH increases further, OH

-
 ions bind to the imine sites on 

the PANI matrix producing a hydroxylated emeraldine 
base29  (Scheme II). 

 

 

 

 

 

 

 

Scheme II.   Emeraldine base structures in alkaline medium 

Structural characterization after sorption  

UV-visible spectra  

PANIPI is found to contain ~70% benzenoid and ~30% 
quinoid forms as inferred from benzenoid and quinoid 
absorption intensities in the UV-Visible spectra (Table 3).  
Sorption process may lead to the changes in these 
percentages depending on the electrolytes used (Table 3). 
Sorption of electrolytes such as NaCl produce 90 % of 
benzenoid forms compared to PANIPI, while NH4Cl 
produce only 60 % benzenoid forms. LiCl and KCl does not 
alter the composition of these forms originally present in 
PANIPI. 

FT-IR spectra 

The changes in the IR spectral bands of PANIPI after 
sorption, confirm the presence of ion pairs of the 
electrolytes on PANI matrix. The peaks at 3425 and 3246 

cm-1, due to amine and imine stretching of N-H in PANIPI 
are sensitive to ions. These vibrations are either blue or red 
shifted after the sorption process depending upon the 
electrolytes used. (Table 4).  NaCl shows a blue shift (15 
and 24 cm-1), whereas LiCl and KCl show red shifts. The 
band features around 2800-2400 cm-1 confirms the presence 
of ES structure in PANI. Quinoid and benzenoid ring 
vibrations at 1588, 1491 cm-1 are not much affected. The 
stretching vibrations around 1300 cm-1, characteristic of ES 
structure are blue shifted for NaCl, KCl and NH4Cl whereas 
red shifted for pseudo protonic acid dopant LiCl.30 In NH4Cl, 
a twin band found at 1284 cm-1 indicates electronic 
transitions within the ring, besides confirming the binding of 
ammonium ion to NH of benzenoid rings.  The chloride ions 
existing as ion-pairs on the PANI matrix are inferred from 
vibrations in the region 590-612 cm.-1 

 

 

 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

 

 

 

 

 

Figure 5. Sorption percentage as a function of [H+] 

Ion exchange capacity 

The ion exchange capacity (IEC)31 of PANIPI towards 
these ions vary between 1.95-2.71 meq g-1 (Table 3). These 
values indicate the suitability of PANIPI as a good 
polymeric material suitable for ion transport.

 
The IEC ratio 

of Na+-K+ (3:2) agrees well with the distribution of ions in 
sodium-potassium pumps (3:2) present in living cells. It is 
quite intriguing to find that PANIPI acts similar to Na+/K+ 
ATPase pumps in cells.32 The other ion selectivities of 
PANIPI is similar to potassium (Table 3). Hence it could be 
inferred that PANIPI is highly selective and is able to 
discriminate between the various ions, similar to the cell 
membranes present in the living organisms. The added 
advantage of PANIPI is that it also possesses antimicrobial 
activities making it a highly suitable material for tissue 
implants. 

Antimicrobial Activity of PANIPI 

PANIPI exhibits considerable antibacterial activity for the 
bacterial strains tested. The zone of inhibitions obtained for 
PANIPI in DMSO (25-100 μg mL-1) against gram positive 
(Staphylococcus aureus) and gram negative (Shigella 
dysenteriae, Salmonella enterica, Klebsiella pneumonia) 
bacteria are shown in Fig 6a. The minimum inhibitory 
concentration (MIC) of 50 μg mL-1 of PANIPI is required 
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for  Streptococcus pyogenes, Bacillus subtilis, Enterococcus 
faecalis (gram positive) and Escherichia coli, Pseudomonas 
aeruginosa (gram negative) bacteria (Fig 6b).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Antibacterial effect of PANIPI against bacteria 

As the concentration of PANIPI is increased, the zone of 
inhibition also increased. PANIPI is also found to be an 
effective antifungal agent when tested against Candida 
albicans.  The zone of inhibition produced is comparable 
with that obtained against Shigella dysenteriae (Fig. 7) 
(MIC 25 μg ml-1).  

 

 

 

 

 

 

 

Figure 7. Comparison of antibacterial and antifungal effect of 
PANIPI 

The X-ray diffraction studies (Fig. 2) reveal that the size of 
PANIPI fall in nanometer regime. Nanomaterials33 are 
known to disturb the balance between oxidant and anti-
oxidant processes occurring in the living cells.  Hence it 
could be envisaged that the nanosized PANIPI34 binds 
electrostatically to cell membranes creating an imbalance in 
oxidative reductive mechanism leading to cell lysis and 
death.  

Conclusions 

In summary, we have synthesized PANIPI via facile 
chemical polymerisation route. The as synthesized PANIPI 
is characterized using UV-Visible, FT-IR and PXRD 
spectroscopic techniques. The morphology of the samples 
are analysed using PXRD and SEM. The Π- Π* transitions 
of quinone-imino groups were confirmed from the UV-
Visible spectral data. The ES structure of PANIPI is also 
confirmed by FT-IR analysis. Sorption capacity of the as 
prepared PANIPI is evaluated from the sorption process. 
Among the sorption isotherms such as Langmuir, Freundlich, 
Redlich-Peterson and Temkin isotherms, Temkin isotherm is 
found to be satisfactory as evidenced from the R2 values. 
The relative order of sorption is found to be 

4NH Na K Li      . The UV-Visible absorption 
and FT-IR spectra of PANIPI after the sorption process 
confirm the presence of ion pairs in the PANI matrix . From 
the IEC results it is found that Na+/K+ ratio is similar to that 
of Na+/K+ ATPase pump in living cells. PANIPI shows 
excellent antimicrobial activities against various bacterial 
and fungal strains. From these results it is concluded that, 
the nanosized PANIPI can be utilized as a biocompatible 
material for fabrication of biological membranes. 
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INHIBITION OF MILD STEEL CORROSION BY 1-(8-HYDR-

OXYQUINOLIN-2-YLMETHYL)UREA 

S. S. Syed Abuthahir,[a,b] A. Jamal Abdul Nasser[a] and S. Rajendran[b]* 

Keywords: Corrosion inhibitors, EIS, mild steel, organic inhibitors, 1-(8-hydroxyquinolin-2-ylmethyl)urea, SEM, EDAX and biocidal 

activities. 

The corrosion behavior of mild steel in the presence of organic inhibitor namely 1-(8-hydroxyquinolin-2-ylmethyl)urea (HUF) has been 

investigated in aqueous solution containing 60 ppm of Cl-. Weight loss measurements and electrochemical impedance spectroscopy (EIS) 

were applied to analyze the effect of the organic compound on the corrosion inhibition of mild steel. The organic inhibitor that totally 

covered the mild steel surface was identified, exhibiting strong corrosion inhibition. Fluorescence spectral analysis was used to detect the 

presence of iron-inhibitor complex. The surface morphology has been analyzed by FTIR, UV-Visible spectroscopy, Scanning Electron 

Microscope (SEM) and EDAX. The inhibitor 1-(8-hydroxyquinolin-2-ylmethyl)urea has the ability to prevent the growth of certain 

microorganisms. 
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Introduction 

Corrosion is the gradual destruction of material, usually 
metal by chemical reaction with its environment. Mild steel 
under water containing chloride is eroded gradually by 
means of chemical reactions.1-3 The corrosion is severe due 
to the presence of chloride ions and dissolved oxygen. Mild 
steel is widely used in infrastructure in marine 
environments.4mild steel is widely used in industries. It 
comes in contact with chloride ions very frequently under 
numerous conditions and circumstances in industries. 
Various organic compounds have been reported as inhibitors 
for controlling corrosion of mild steel in water containing 
chloride ions. But the inhibitive efficiencies of organic 
compounds when used alone were found to be very less.5In 
various industries water being in great demand and the 
largest source of water is sea water which is at a peak in 
corrosively due to the presence of sodium chloride. 
Moreover mild steel the cheapest as well as highly 
applicable material in industries gets attacked by chloride 
ions. So it becomes a basic need to investigate various 
corrosion inhibitors for mild steel in sodium chloride 
solution. Most inhibitors are organic compounds containing 
polar groups strongly adsorbed on the metal surface.6,7 

The aim of the present study is to evaluate corrosion 
inhibitive performance of 1-(8-hydroxy quinolin-2yl-methyl) 
urea to mild steel immersed in aqueous solution containing 
60 ppm Cl-. The corrosion inhibition efficiency was 
evaluated using weight loss method and electrochemical 
impedance spectroscopy. The protective film formed on the 
metal surface characterized with the help of surface 
analytical techniques such as fluorescence, FTIR and UV-
Visible spectroscopy. The surface morphology has been 
analyzed by SEM and EDAX. The biocidal activity was 
measured against certain organisms. 

Experimental Techniques 

Mild steel specimen; (0.0267% S, 0.061% P, 0.5 % Mn, 
0.1 % C and the rest iron ) of dimensions 1.0 cm ×4.0×0.2 
cm were polished to mirrors finish and degreased with 
acetone. 

Weight loss method 

Mild steel specimens triplicate were immersed in 100 ml 
of the solution containing 60ppm of Cl-in the presence and 
absence of 1-(8-hydroxy quinolin-2yl-methyl) urea for one 
day. The weight of the specimens before and after 
immersion was determined using a shimadzu, model AY62. 
The corrosion products were cleaned with Clark’s solution.8 

The inhibition efficiency (IE) was then calculated using the 
equation: 

IE = 100[1-(w2-w1)]%      (1) 

where w1 is the weight loss value in the absence of inhibitor 
and w2 is the weight loss value in the presence of inhibitor. 

AC impedance spectra 

Impedance studies were carried out in a CHI 
electrochemical workstation with impedance model 643, 
Austin, USA. A three electrode cell assembly was used. The 
working electrode was mild steel.  The exposed surface area 
was 1 cm2. A saturated calomel electrode (SCE) was used as 
the reference electrode and a rectangular platinum foil was 
used as the counter electrode. The real part (Z’) and the 
imaginary part (Z’) of the cell impedance were measured in 
ohms at various frequencies. AC impedance spectra were 
recorded with initials E(v) =0 V, high frequency limit was 
1×105 Hz, low frequency limit was 1 Hz, amplitude =0.005 
V and quiet time tq=2 s. The values of charge transfer 
resistance Rt and the double layer capacitance Cdl were 
calculated. 

Cdl= ½ πRtfmax 

where fmaxis maximum frequency. 
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Surface Characterization studies 

The mild steel specimens were immersed in various test 
solution for a period of one day. After one day the 
specimens were taken out and dried. The nature of the film 
formed on the surface of the metal specimen was analyzed 
by various surface analysis techniques. 

Surface analysis by UV-Visible spectroscopy 

UV-Visible spectra were recorded in a Cary Eclipse 
Varian (Model U.3400) spectrophotometer. 

Surface analysis by fluorescence spectroscopy 

Fluorescence spectra of solutions and also the films 
formed on the metal surface were recorded using Jasco-F-
6300 spectra fluorometer. 

Surface analysis by FTIR spectroscopy 

The spectra were recorded in a bruker (Model Tensor 27) 
spectrophotometer. The film was carefully removed, mixed 
thoroughly with KBr and made into pellets and the FTIR 
spectra were recorded. 

SEM Analysis 

SEM (Tescan, Vega 3, USA) provides a pictorial 
representation in the surface to understand the nature of the 
surface film in the absence and presence of inhibitors and 
extent of corrosion of mild steel. The SEM micrographs of 
the surface are examined. 

Energy Dispersive Analysis of X-rays (EDAXs) 

The mild steel specimen immersed in blank and in the 
inhibitor solution for a period of one day was removed, 
dried and observed in an Energy Dispersive Analysis of X-
rays (EDAXs) to examine the elements presents on the 
metal surface. The elements present on the metal surface 
were examined using Bruker computer controlled Energy 
Dispersive Analysis of X-rays (Brucker, Nano, GMBH, 
Germany). 

Bacterial Enumeration 

Bacterial cell are count based on their colony forming unit 
(CFU) by standard plate count. The protocols are as follows. 
Label the plate 10-2, 10-4, 10-6 and 10-8 at the bottom of plate 
and one plate as a blank or control. Using aseptic technique 
transfer 1 ml of four different cultures to 99 ml of sterile 
saline blank. A test tube labelled 10-2 and the dilution is 
proceeded by taking 1 ml from 10-2 test tube to the next 99 
ml sterile saline blank labeled as to the next 99 ml sterile 
saline blank labeled as 10-4 and proceed until 10-8. Shake all 
the test tubes for equal distribution of bacteria. Transfer 1ml 
of the sample into each of the labelled plates 10-2 to 10-8 

correspondingly. Containing agar medium all the plates are 
immersed and incubate at 37 0C for 24 hours. After the 

incubation, select the plate containing 30 to 300 colonies 
and count the colonies. The number of CFU are calculated 
as CFUs/dilution × amount plated = No.of bacterial cell/ml. 

Results and Discussion 

Weight loss method 

The corrosion rates (CR) of mild steel immersed in 
aqueous solution containing 60 ppm Cl- and also inhibition 
efficiencies (IE) in the absence and presence of inhibitor 
HUF obtained by weight loss method are given in table-1. It 
is observed that 250 ppm of HUF offer 75% of inhibition 
efficiencies. 

Table 1. Corrosion rates (CR) of mild steel immersed in an 
aqueous solution containing 60 ppm Cl-  in the presence and 
absence of inhibitor  systems at various concentration and the 
inhibition efficiency (IE %) obtained by weight loss method. 

 

AC impedance spectra 

AC impedance spectra [electrochemical impedance 
spectra] have been used to confirm the formation of 
protective film on the metal surface.9-12 The AC impedance 
spectra of mild steel immersed in aqueous solution 
containing 60 ppm of Cl-in the absence and presence of 
inhibitors are shown in Fig. 1( Nyquist plots) and Fig.2 
(Bode plots). The impedance parameters namely charge 
transfer resistance (Rt) double layer capacitance (Cdl) and 
impedance lg(z/ohm) are given in Table 2. If a protective 
film is formed on the metal surface,Rt value increases and 
the Cdl value decreases. 

Table 2. The AC impedance spectra of mild steel immersed in 
aqueous solution containing 60 ppm of Cl- in the absence and 
presence of  inhibitor system 

When mild steel is immersed in aqueous solution containing 
60ppm of Cl-, Rt value is 20.19 Ω cm2 and Cdl value is 5.235 
× 10-5 F cm-2. When HUF is added to the aqueous solution 
containing 60ppm of  Cl- Rt value increases from  20.19 Ω 
cm2 to 27.00 Ω cm2and the Cdl value decreases from 5.235 × 
10-5 F cm-2 to 3.901× 10-5 F cm-2 . The impedance value 
increases from 0.973 to 1.170. This account for the high 
inhibition efficiency of HUF system and a protective film is 
formed on the metal surface. This is also supported by the 
fact that for the inhibitor system the phase angle increases 
from 47 to 50.60o (Fig. 2). 

Cl-, ppm HUF, ppm CR, mdd IE, % 

60 0 34.55 - 

60 50 14.51 58 

60 100 12.43 64 

60 150 10.36 70 

60 200 9.67 72 

60 250 8.63 75 

Systems Rt, Ωcm2 Cdl, F cm-2 log( Z ohm-1) 

60ppm Cl- 20.19 5.235 × 10-5 0.973 

60ppm  Cl- + 

 250ppm HUF   

27.00 3.901× 10-5 1.170 



Inhibition of mild steel corrosion by 1-(8-hydroxyquinolin-2-ylmethyl)urea      Section D-Research Paper 

Eur. Chem. Bull. 2014, 3(1), 40-45    DOI: 10.17628/ecb.2014.3.40-45 42 

 

 

 

 

 

 

 

 

Figure 1. AC impedance spectra (Nyquist plots) of mild steel 
immersed in various test solutions: a) aqueous solution containing 
60 ppm of Cl-;  b) aqueous solution containing 60 ppm Cl- + 250 
ppm HUF. 

 

 

 

 

 

 

 

 

Figure 2a. AC impedance spectra (Bode Plot) of mild steel 
immersed in aqueous solution containing 60 ppm of Cl- 

 

 

 

 

 

 

 

 

Figure 2b. AC impedance spectra (Bode Plot) of mild steel 
immersed in solution containing 60 ppm of Cl-+ 250 ppm of HUF  

Analysis of the UV-Visible spectra 

The UV-Visible absorption spectrum of an aqueous 
solution containing HUF is shown in Figure 3a. Peaks 
appear at 380 nm and 440 nm. When Fe2+ solution is added 
to the solution new peaks appear at 580 nm. There is 
increase intensity of peaks also. This confirm the formation 
of Fe2+-HUF complex in solution.13, 14 

 

 

 

 

 

 

 

 

 

Figure 3a. UV-absorption spectrum of solution containing HUF 

 

 

 

 

 

 

 

 

Figure 3b. UV- absorption spectra of solution containing HUF-
Fe2+ 

Fluorescence spectra 

The emission spectrum (λex:480 nm) of solution 
containing HTF-Fe2+ solution is shown in Figure 4a. The 
emission spectrum of the film formed on the metal surface 
after immersion in solution containing 250 ppm of HUF is 
shown in Figure 4b. Peaks appear at 490 nm. Hence it is 
concluded that the protective film consists of HUF-Fe2+ 
complex. The number peak obtained is only one. Hence it is 
confirmed that the complex of somewhat highly symmetric 
in solution.15 

 

 

 

 

 

Figure 4. a) Fluorescence spectrum of HUF solution 
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Figure 4. b) Fluorescence spectra of  film formed on metal surface 
after immersion in solution containing 60 ppm Cl-+ 250ppm of 
HUF 

FTIR Spectra tests 

The FTIR spectra have been used to analyze the film 
formed on the metal surface.16 The FTIR spectrum (KBr) of 
pure 1-(8-hydroxyquinolin-2ylmethyl)urea (HUF) is shown 
in Figure 5a. The OH stretching frequency appears at 
3490.94 cm-1. The C=O stretching frequency appears at 
1610.59 cm-1. The aliphatic CH stretching frequency 
appears at 2986.03 cm-1. The peak due to secondary nitrogen 
(NH) appears at 3150 cm-1. The peak due to pyridine 
nitrogen (C=N) appears at 1512.33 cm-1. The peak due to 
aromatic C=C appears at 1540.98 cm-1. The peak due to 
primary nitrogen is absent in the region 3400 cm-1, this is 
due to the tautomeric nature of urea moiety. 

 

 

 

 

 

 

 

Figure 5a. FTIR spectra of pure HUF  

 

 

 

 

 

The FTIR spectrum (KBr) of the film formed on the metal 
surface after immersion in the aqueous solution containing 
60 ppm of Cl- + 250 ppm of HUF for a period of one day is 
shown in Figure 5b. The phenolic OH stretching frequency 
has shifted from 3490.94 cm-1 to 3400 cm-1. The pyridine 
nitrogen (C=N) stretching has shifted from 1512.33 cm-1 to 
1570 cm-1. The C=O stretching frequency has shifted from 
1610.59 cm-1 to 1690 cm-1. The aliphatic CH stretching 
frequency appears at 2926.03 cm-1. That it is concluded that 
oxygen atom of phenolic group and nitrogen atom of 
pyridine ring have coordinated with Fe2+ formed on the 
metal surface. 

The structure of the resulting HUF-Fe2+ complex is 
shown in Figure 6. 

 

 

 

 

 

 

 

 

Figure 6. Structure of Fe2+ complex 

This view is in agreement with the structure proposed by 
M.Albrecht et al. for zinc complex.17 

SEM Analysis of Metal Surface 

SEM provides a pictorial representation of the surface. To 
understand the nature of the surface film in the absence and 
presence of inhibitors and the extent of corrosion of mild 
steel, the SEM micrographs of the surface are examined.18-20 
The SEM images of different magnification (×20) of mild 
steel specimen immersed in aqueous containing 60 ppm Cl- 
for one day in the absence and presence of inhibitor system 
are shown in Figures 7a, 7b and 7c respectively. The SEM 
micrographs of polished mild steel surface (control) in 
Figure 7a show the smooth surface of the metal. This shows 
the absence of any corrosion products (or) inhibitor complex 
formed on the metal surface.  

 

 

 

 

 

 

Figure 5b. FTIR spectra of film formed on metal surface after immersion in solution containing 60ppm Cl-+ 250ppm of 
HUF 
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Figure 7. SEM analysis of mild steel; magnification × 20 (control). (b) Mild steel immersed in aqueous solution containing 60 ppm of Cl-, 
magnification × 20 (blank). (c) Mild steel immersed in aqueous solution containing 60 ppm of Cl- + 250ppm of  HUF magnification × 20 

The SEM micrographs of mild steel immersed in aqueous 
containing 60 ppm Cl- (Figure 7b) show the roughness of 
the metal surface which indicates the highly corroded area 
of mild steel. However, Figure 7c indicates that in the 
presence of inhibitor (60 ppm Cl- + 250 ppm HUF) the rate 
of corrosion is suppressed, as can be seen from the decrease 
of corroded areas. The metal surface is almost free from 
corrosion due to the formation of insoluble complex on the 
surface of the metal. 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. EDAX spectra of (a) Mild steel sample after immersion 
in aqueous solution containing 60 ppm of Cl-. (b) Mild steel sample 
after immersion in aqueous solution containing 60 ppm of Cl- + 
250 ppm of HUF. 

Energy Dispersive Analysis of X-Rays (EDAXs) 

The EDAXs survey spectra were used to determine the 
elements present on the metal surface before and after 
exposure to the inhibitor solution. The objective of this 
section was to confirm the results obtained from chemical 
and electrochemical measurements that a protective surface 
film of inhibitor is formed on the metal surface. To achieve 
this, EDAX examinations of the metal surface were 
performed in the absence and presence of inhibitors 
system.19-22  

EDAX spectrum of mild steel immersed in aqueous 
solution containing 60 ppm Cl- is shown in Figure 8 (a). 
They show the characteristics peaks of some of the elements 
constituting the mild steel sample. The EDAX spectrum of 
mild steel immersed in aqueous solution containing 60ppm 
Cl- + 250 ppm HUF  is shown in Figure 8 (b). In addition, 
the intensity of O signals is reduced and the intensity of Fe 
signal is increased. The appearance of Fe signal and this 
enhancement of O signal are due to the presence of inhibitor. 
These data show that metal surface covered the Fe, S, C, P 
and Mn atoms.   

 

Bacterial Enumeration count 

The results of bacterial enumeration count23-25of the 
aqueous solution containing 60 ppm of Cl- and  60 ppm of 
Cl- with HUF inhibitor are presented in Table 3. The 
aqueous solution containing 60 ppm of Cl- without inhibitor 
shows more bacterial count against the growth of pathogenic 
bacteria strains such as E. Coli, Streptococcus, 
Pseudomonas and Entrobacter. The aqueous solution 
containing 60 ppm of Cl- with inhibitor HUF shows less 
bacterial count against the growth of pathogenic bacteria 
strains such as E. Coli, Streptococcus, Pseudomonas and 
Entrobacter. A good result was obtained when addition of 
HUF inhibitor to the corrosive media.  
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Table  3. Colonies forming unit (CFU) of mild steel in aqueous 
solution containing 60 ppm of Cl- in the  absence and  presence of 
HUF inhibitor obtained by bacterial enumeration count method. 

Conclusion 

The present study leads to the following conclusions. The 
formulation consisting of 60 ppm of Cl-and 250 ppm of 
HUF offers 75 % inhibition efficiency in controlling 
corrosion of mild steel. AC impedance spectra reveal that a 
protective film is formed on the metal surface. FTIR, 
fluorescence and UV-Visible spectra reveals that the 
protective film consists of HUF-Fe2+ complex formed on 
metal surface. SEM and EDAX confirm the presence of a 
protective film on the metal surface. The bacterial 
enumeration has been reduced by the addition of HUF 
inhibitor to the corrosive media.  
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Systems Colonies Forming Unit  (per ml) 

E.Coli Strepto-

coccus 

Pseudo-

monas 

Entero-

bacter 

60ppm Cl- 140x106 146×106 130×106 127×106 

60 ppm Cl- + 

250 ppm 

HUF 

84×106 75×10 6 78×106 76×106 
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PREPARATION OF EFFICIENT CATALYSTS – ADSORBENTS 

FOR CLEANING OF GASES FROM SULFUR COMPOUNDS 

V. Bakhtadze,[a] V. Mosidze,[a] R. Janjgava,[a] N. Chochishvili,[a] D. Dzanashvili,[a] 

N. Kharabadze,[a] M. Pajishvili[a] 

 

Keywords: catalyst-adsorbent, manganese oxides, sulfur compounds 

The process of cleaning of hydrocarbon gases by the concentrates of manganese natural ores (Chiatura deposit, Georgia) from sulfur 

compounds has been investigated. It was shown that critical sulfur content of the adsorbent mass in temperature range of 350-400 0C 

comprises 15-17 wt. %. The technology of preparation of pelletized oxide-manganese catalyst-adsorbent is proposed. The effect of the 

parameters of pelletizing process: compacting pressure, composition, type and properties of stabilizing components on formation of 

secondary structure was established. The data of activity and some physical-chemical characteristics of pelletized oxide-manganese catalyst-

adsorbent are presented. 
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Introduction 

According to the data of publications of Energetic 
Informational Agency of USA Energetic Ministry: “Natural 
Gas Annual” and “International Energy Annual”,  all over 
the World nearly to 100 billion m3 of gases are used 
annually, for chemical purposes, which consists 2,5-3 % of 
produced gas. This gas is mainly formed at oil deposits and 
is a valued raw material for gas refining factories. Along 
with it, it is well known that a major part of the reserves of 
natural gases is due to those deposits which involve sulfur 
compounds (preferentially in the form of hydrogen sulfide - 
H2S) to a variable extent. There are a number of small and 
large oil deposits, in the oil-gas composition of which a 
concentration of H2S is high and varies from 3.6 wt. % to 
20-30 wt. %.1-3 Respectively, a low rate of refining of such 
oil, condensate and gases may be explained by high content 
of sulfur compounds in them, which causes a damage of 
buildings and communications and serious environmental 
problems. Moreover, sulfur compounds are strong catalytic 
toxic substances in account of which the use of hydrocarbon 
gases for energetic and technological purposes is limited. 
From above mentioned, a complete separation of hydrogen 
sulfide from oil gases and its refining is of great importance 
for attaining of environmental safety. 

In industry one or another method is used for oxidation of 
hydrogen sulfide in gases depending on the concentration. If 
the concentration of H2S > 10 wt. %, an oxidation in 
gaseous phase (method of Claus) is used; at hydrogen 
sulfide concentration up to 10 wt. %, an oxidation in liquid 
phase is more rational and at hydrogen sulfide content: 0.2-
0.3 wt. %, solid adsorbents are used. Within recent years an  

 

alternative methods of hydrogen sulfide utilization are 
considered more commonly which provide a production of 
hydrogen, available for energetic purposes together with 
sulfur. One of the promising methods involves the thermal 
catalytic decay of hydrogen sulfide at the temperatures 
higher than 370-380 oC. Oxides of vanadium, nickel, cobalt 
and manganese are recommended as catalysts for this 
process.4-5 

In chemical industry an absorbers, prepared from zinc 
oxide, are mainly used for cleaning of synthesis-gas from 
sulfur compounds. Results of executed thermodynamic and 
experimental investigations confirm that, except from zinc 
oxide, active catalysts-adsorbents for H2S utilization may be 
produced from manganese oxides, too. It is important also, 
that zinc and manganese sulfides are characterized by high 
stability even at small partial pressures of hydrogen. 

Existing methods for gas cleaning from hydrogen sulfide 
are rated to large volumes. By opinion of specialists, for 
small and medium deposits of oil gases so-called block-
modulus plants are considerably more efficient which are 
successfully promoted in various countries: Germany, China, 
Brazil, Russia and etc. At such plants a solid adsorbents are 
used. Iron-manganese concentrates of Baltic Sea, 
recommended for gas cleaning, contain 10-23 wt. % of 
manganese, nearly 25-27 % of iron and other compounds. 
Adsorbents of such type are the particles of irregular spheric 
shape of 5.0-50.0 mm size and have various fractional 
compositions. Use of solid adsorbents, instead of liquid ones, 
excludes an existence of harmful wastes of the production. 
Cleaned gas is a raw material for gas generator plants and is 
an ecologically pure natural gas for various technological 
purposes.1 Previously the systematic investigations were 
carried out on the use of manganese catalysts in chemical 
industry6 and for solving of ecological problems.7 In the 
papers8 the adsorbents of sulfur, based on low-grade 
manganese ores, were investigated and proposed for 
practical use. The concentrate of manganese natural ore 
(CMNO) was tested on critical and total sulfur content 
(Fig.1). 
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Figure 1. Dependence of the extent of gas cleaning from sulfur   
(α) on the extent of  sulfurization of CMNO  (х) at various 
temperatures: 1-200 °C; 2-300 °C; 3-370 °C; 4-415 °C. (Gas 
volume rate – 1000 h-1; CS2  concentration- 40 g m-3  by  sulfur). 

 

The logarithmic dependence of the fraction of residual 
sulfur in a gas on an extent of mass sulfurization can be 
described by equation:  

lg a = lg a0 + BX      (1) 

 

where  a - is a fraction of residual sulfur in a gas at the 
degree of mass sulfurization, X;  

a0– is a fraction of residual sulfur in a gas in the presence of 
fresh adsorbent;  

B- is a constant. 

The plot of the dependence of  lg a  on х is linear, the 
slope of which is equal to B and  the portion, cutted   from 
an ordinate by straight   line, gives lg o , that is to say, a 
fraction of residual sulfur in a gas, in the presence of fresh 
adsorbent  (Fig.2). Calculated value of activation energy of 
the process of gas cleaning from CS2 in the range of 
temperature from 200 °C to 400 oC comprises 5 kcal mol-1, 
indicative of diffusion character of the process.    
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Figure 2. The logarithmic dependence of the fraction of residual 
sulfur in a gas (lg a) on an extent of mass sulfurization (X) for the 
process of gas cleaning  from  CS2 at various temperatures, oC: 1 – 
200; 2 – 300; 3 – 370; 4 – 415. 

The dependence of critical sulfur content of CMNO on 
temperature at cleaning of nitrogen-hydrogen mixture from 
carbon disulfide and hydrogen sulfide has shown (Fig. 3) 
that with increasing of temperature the critical sulfur content 
of the mass by sulfur is enhanced. At temperature of 200 °C 
an overshoot of carbon disulfide is observed. At temperature 
of 290-300 °C an overshoot of CS2, as well as of H2S takes 
place nearly simultaneously. At temperature of 350 oC an 
overshoot of H2S is proceeded at early stage, but degree of 
gas cleaning from CS2 is maintained up to 95-96 %, for a 
long time.9 
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Figure 3. Dependence of critical sulfur content of CMNO on 

temperature at cleaning of nitrogen- hydrogen mixture (H2:N2=3:1) 

from H2S (1) and  CS2 (2). 

An analysis of scientific publications permits to note 
positive sides of the use of solid adsorbents, obtained from 
manganese natural ores in sulfur cleaning processes: 
sufficiently large sulfur capacity – up to 15.0 wt. %, 
cheapness and ecologically pure industrial wastes.  

The following moments may be listed as negative ones:  

Inspite of the efficiency, a wide practical use of such 
catalysts in modern high-technology processes is limited by 
their insufficient operating characteristics: small specific 
surface, low mechanical and thermal stability, single use of 
a mass. 

The aim of presented work involves: the study of the 
process of cleaning of hydrocarbon gases by the 
concentrates of manganese natural ores (Chiatura deposit, 
Georgia) from sulfur compounds, an analysis of the reasons 
of limited utility of massive (carrier- less) oxide-manganese 
catalysts-adsorbents in industry and an advisability of  
elaboration of pilled compositions on their basis with 
optimal physical-chemical characteristics. The technology 
for preparation of pilled catalysts from the powders, 
containing manganese oxides, is proposed. An activation of 
prepared tablets was studied in the process of cleaning of 
natural gas from hydrogen sulfide. An effect of the 
parameters of pilling process: compacting pressure, 
composition, type and properties of stabilizing components 
on the formation of secondary structure was determined. 
Some physical-chemical characteristics of the pills are 
presented. A pilot lot of manganese catalyst- adsorbent was 
manufactured by elaborated technology at rotor pilling 
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machine of two-way filling. It was shown that pilled oxide-
manganese catalysts-adsorbents by total and critical sulfur 
content, mechanical strength and thermal stability, as well as 
by availability of initial raw material is competitive with 
some well-known types of zinc-containing adsorbents used 
in the industry. 

Experimentals 

Sample  preparation.  

The concentrates of manganese natural ores of Chiatura 
deposit (Georgia) were used for preparation of the tablets. 
Chemical composition of initial concentrates before and 
after reducing by nitrogen-hydrogen mixture at 650-700 oC 
for 2 h is presented in Table 1. 

Table 1. Chemical composition of the concentrates of manganese 
oxide ores (wt. %)  

№  MnO2 MnО SiO2  Al2O3 Fe2O3 CaO 

I 20.0-

92.0 

-- 2.0-

45.0 

2.0-

10.0 

1.5-5.0 2.5-

20.0 

II 1.0-3.0 

 

30.0-

90.0 

2.0-

25.0 

2.0-

13.0 

1.5-5.0 2.5-

25.0 

I-Initial sample; II- Reduced by nitrogen-hydrogen mixture at 650-
700 °C, 2 h. 

 

Table 2. Effect of phase composition of manganese oxides on 
mechanical strength of the tablets 

Granulometric composition of initial and reduced 
manganese concentrates is roughly the same and comprises 
0.05-0.1 mm. The mixture of the oxides of calcium and 
aluminum was used as a binder. Moisture content in a 
charge was varied from 5.0 to 15.0 wt. %. Laboratory 
mechanical press was used for tableting. Compacting 
pressure – 50, 100, 150 kg cm-2. Pellets size  ф = 8÷9 mm, 
height – h = 5÷6 mm. 

Methods 

The porosimeters of low and high pressure - MA-3M-1 
were used to determine the mean radius and volume of the 
pores of the samples of oxide-manganese catalysts- 
adsorbents. Desulfurization process was studied at flouring    
plant. Methane was used as cleanable gas. A gas, after 
passing a flow meter, was entered in a saturator, where was 
saturated by a steam thereafter into a vessel by reaction:  

BaS+2H2O = Ba(OH)2 +H2S      (2) 

A gas was enriched by hydrogen sulfide and was headed 
into a reactor for cleaning. Quartz tube of 20 mm diameter 
and of 250 mm length was used as a reactor. It was equipped 
by Ni-Cr alloy spiral for heating. Gas analysis before and 
after reactor was carried out by the method of iodometric  
titration. 

Results and Discussion  

In Table 2 the data on mechanical strength of the pellets, 
prepared from initial and preliminary reduced concentrates 
of manganese ores, are given. The pellets prepared from the 
powders of manganese ores without reduction, as well as of 
reduced by hydrogen, are characterized by high mechanical 
strength. The pellets, prepared from non-reduced 
concentrates (simple II), in contrast of simple I, are 
decomposed in the form of fine powder after reducing by 
nitrogen-hydrogen mixture at 400-450 oC (2 hours). 

With increasing of compacting pressure of the pellets, a 
significant variation of porous structure is observed. The 
pellets, prepared at low pressure (50 kg cm-2), have the same  
volume  of the pores V= 0.285 cm3 g-1. This index for the 
pellets, prepared at compacting pressures – 100 and 150 kg 
cm-2, comprises 0.195 and 0.142 cm3 g-1, respectively (Table 
3). 

 

Table 3. Dependence of   variation of some parameters of the   
tabletes on the value of  compacting pressure  at mechanical hand-
operated pump 

 

Testing of the pellets in the course of cleaning of   natural 
gas from hydrogen sulfide has  shown that with increasing   
of temperature a sulfur content of a catalyst-adsorbent  is 
increasing at  an instant of  overshoot of hydrogen sulfide 
(Fig. 4). Total sulfur content of pellets after 500 hours 
operation attains 18-20 wt. %. 

 

Sample composit-

ion, wt. % 

Mechanical strength of the pills at 

compacting pressure, kg cm-2 

50 100 150 

I - 10.0MnO, 

80.0(CaO.2Al2O3), 

10.0H2O 

55.0 60.0 75.0 

 

The same as I, 

reduced by H2 at 

400-450 °C, 2 h 

 

50.0-60.0 

 

55.0- 

60.0 

 

70-75 

 

II-80.0MnO2, 

10.0(CaO.2Al2O3), 

10.0H2O  

 

50.0 

 

60.0 

 

70.0-80.0 

 

The same as II, 

reduced by H2 at 

400-450 °C,  2 h 

 

- 

 

- 

 

- 

Sam-

ples 

Compacting 

pressure, P, 

kg cm-2 

Total volume 

of pores,  

cm3 g-1 

Specific 

surface 

S, m2 g-1 

Density

g cm-3 

I 

II 

III 

50 

100 

150 

0.2854 

0.1958 

0.1413 

7.7 

9.1 

22.33 

2.3 

2.5 

2.7 

Pilot  70-75 0.1848 49.75 2.5-2.8 
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Table 4. Some physical-chemical characteristics of pilot lot of pelleted oxide-manganese catalyst-adsorbent (pellet size D=9 

mm, height h=5 mm) 
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Figure 4. Dependence of critical sulfur content of pelleted 
manganese catalyst-adsorbent on the temperature at cleaning of 
methane from H2S (Vcat=10 ml, Gcat=16g, W=1000 h-1, flow rate of   
H2S – 180 mg h-1 by sulfur,  particle size comprises 1/4 part of 
whole granule). 

High sulfur absorbance of manganese contacts in reducing 
medium may be explained by an ability of manganese 
oxides for stopping of reducing processes at the stage of 
sulfide formation. Because of this fact they are different 
from iron oxides in which the process is proceeded up to the 
formation of metallic iron. Cubic structures of Mn (II) oxide 
and of sulfide - MnS close by parameters, are favourable to 
total sulfurization of the oxides of  Mn (II) and Mn (III): 

 Parameters MnO    MnS 

 a, Ǻ   4.436   5.611 

Pilot lot of oxide-manganese catalyst - adsorbent in 
amount of 30 kg was manufactured by elaborated 
technology10  at rotor pelletizing machine of  two-way 
filling  (Table  4).  The prepared pellets, are characterized by 
a totality of the pores of various radius.  Along with it, the 
main part involves the pores of  low and medium radius. 

The phase composition of pilot sample of sulfided oxide-
manganese catalyst-adsorbent was studied by the thermal 
and X-ray diffraction methods.  It was shown that in the 
temperature range of 300-700 oC an intensive oxidation of 
sulfide sulfur occurs. Manganese lower valence sulphur 
oxyacid salts of various compositions may be formed as the 
products of oxidation. End product of oxidation, manganese 
sulfate with an impurity of manganese sulfide begins to 
dissociate at the temperatures of 800-850 oC. 

 

 

Conclusions 

Performed investigation has shown that pelleted oxide-
manganese catalyst-adsorbent absorbs efficiently a sulfur at 
cleaning of natural gas from H2S  in temperature range from 
350 °C to 400 °C. Critical sulfur content comprises 15-17 wt. 
s%. Pellets of oxide-manganese catalyst-adsorbent, prepared 
by elaborated method, by its activity, absorbance and 
operating  regime is in good competition with some types of 
zinc-containing adsorbent and by mechanical strength and 
thermal stability has the better indexes.  
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Radius of pores Total volume of 

pores, cm3 g-1 

Specific surface, 

m2 g-1 

Mechanical 

strength, kg cm-2 

Bulk density, 

kg dm-3 r < 100Å r-100-1000 Ǻ r >1000 Ǻ 

80 ÷100 250 ÷750 

 

3500÷5000 

 

0.28-0.30 40.0– 50.0 80.0-90.0 1.6-1.8 
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AN ASSESSMENT OF BIOGEOCHEMICAL CYCLES OF 

NUTRIENTS IN THE INNER GULF OF THAILAND 

Gullaya Wattayakorn[a]* and Pongjit Jaiboon[a]   

 

Keywords: nutrient budgets, biogeochemical budgets, net ecosystem metabolism, Inner Gulf of Thailand  

The nutrient dynamics of the Inner Gulf of Thailand were studied using a simple steady-state budget model, according to the Land–Ocean 

Interaction in the Coastal Zone modelling guidelines. Two sampling campaigns were carried out during the wet (October 2011) and the 

dry (February 2012) seasons. For each season, budgets for water and salinity, dissolved inorganic phosphate (DIP) and nitrogen (DIN) 

were determined. The study indicates that the Inner Gulf exports water at the rate of 133-562 MCM.day-1 in the form of residual flux (VR) 

at the inner-outer Gulf interface. This results in supply of salt to the inner-outer Gulf interface at the rate of 4.3x103–17x103 ton.d-1. 

Exchange between the Inner Gulf water and the adjoining seawater replaces this salt loss. Mass balance calculations indicate that the 

Inner Gulf is a net source for DIP and DIN to the adjacent outer Gulf water at the rate of 4.0x104-3.4x106 molP.d-1 and 4.1x106- 20.5x106 

molN.d-1, during the dry and wet season respectively. The high DIP and DIN exports during the wet season probably reflect the inputs 

coming from the agricultural, domestic and industrial wastes during the severe flooding over Thailand in 2011. Stoichiometric analysis 

yields the values of net ecosystem metabolisms (NEM; p-r) and net nitrogen production (nfix-denit) in the Inner Gulf at the rate of 

4.4x103 tons C.d-1 and 0.7x103 tons N.d-1, indicating that the Inner Gulf is an autotrophic (sink of nutrients) and net nitrogen fixing (nfix-

denit >0) ecosystem during the wet season. However in the dry season, the Inner Gulf remains to be autotrophic (p-r = 47 tonsC.d-1) but 

shifted to be a net denitrifying ecosystem (nfix-denit = -88 tonsN.d-1). Results from the nitrogen and phosphorus biogeochemical cycling 

revealed the importance of river discharges in the transport and transformation of these substances within the Inner Gulf of Thailand.  
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Introduction  

The Gulf of Thailand is a semi-enclosed shallow coastal 
sea located in a tropical area at latitude 13ºN and longitude 
100º30'E (Fig. 1). It is situated immediately to the northwest 
of the South China Sea, from which it is separated by two 
sills. Monsoon seasons and the intrusion of seawater from 
the South China Sea are the major factors which have 
profound effects on the oceanographic conditions within the 
Gulf.1

 
In addition, strong seasonal variations in precipitation 

and river discharges lead to seasonal variations in water 
column conditions. Geographically, the Gulf of Thailand 
may be divided into the Upper and Lower Gulf. The Upper 
Gulf is the catchment basin of four large rivers namely, the 
Chaophraya, the Tachin, the Bangpakong and the Maeklong 
River on the northern side. Among these, the Chaophraya is 
the largest river contributing about 49% of the Gulf’s surface 
water, with the discharge of 22x103 MCM.yr-1. Primary 
production prevailing in the Gulf of Thailand is known to be 
relatively high, as the result of high nutrient input through 
rivers and from agricultural fertilizers, household sewage 
and shrimp farms along the coast, as well as urban runoff 
from the City of Bangkok.1 Widespread eutrophication is a 
growing problem, ranking as the most severe threat to the 
Inner Gulf due to increasing input of nutrients from the land-
based sources. Water quality is generally lower than 
acceptable standards in the Inner Gulf region, especially at 
the river entries.2-7 

 

 

 

 

 

Figure 1. Map of the Inner Gulf of Thailand. 

We have limited knowledge about the biogeochemistry of 
the Gulf of Thailand and many processes are not well 
known, in particular the biogeochemical budgets of carbon 
and nutrients.  The key questions include is the Gulf a source 
or sink for carbon, nitrogen and phosphorus (CNP) remain 
unanswered. In addition there are shortcomings in our 
knowledge of some of the important physical, chemical and 
biological controls on nutrient biogeochemical cycles. A few 
processes are affected either by human activities directly or 
through climate change.  

The transformations of these nutrient elements are 
important because the combination of net fluxes of water, 
dissolved nutrients and organic matter will determine the 
role of the system either as a heterotrophic system (source of 
nutrients) or autotrophic system (sink of nutrients).8  
Although exchange of materials such as water and salt, 
dissolved nutrients and organic matter in semi-enclosed 
shallow seas and estuaries has received much attention in 
recent years,9-15. The dynamics of nutrients in the Gulf of 
Thailand have not been well studied so far and information 
about   the  sources   and   processes   controlling   their  
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mobilization and fate are still lacking. The present study 
explores some aspects of the nutrient dynamics in the Inner 
Gulf of Thailand by using the modelling protocol developed 
by the Land-Ocean Interactions in the Coastal Zone 
(LOICZ).8 The overall aim of the study is to construct 
biogeochemical budget model for the Inner Gulf of 
Thailand, in order to understand the processes controlling 
nutrient dynamics, their stoichiometry and metabolism over 
a range of temporal and spatial scales. 

Experimental 

Study area 

The site of this study is the innermost area of the Upper 
Gulf of Thailand (Inner Gulf), located at 12º40´– 13º36´N 
and 99º57´-101º00´E (Fig. 1). The Inner Gulf is roughly 
rectangular in shape, about 100 km long and 100 km wide, 
with an average depth of 15 m and a volume of 150x109m3. 
The Gulf is surrounded by highly populated area and some 
heavily polluting industries. Some untreated effluents have 
been discharged from industrial sites into the small 
tributaries that feed into the Inner Gulf. In addition, 
domestic wastewater generated by residents in and around 
the area is discharged into open ditches, which ultimately  
draining into the Gulf.7 About 50 per cent of the land-based 
contaminants and nutrients are delivered into the Gulf by the 
four major rivers at the head of the Upper Gulf, hence 
frequent algal blooms have become common in the Gulf.1,2,7 

The average freshwater discharges during 1999-2000 were 
estimated to be 8.2x103, 8.1x103, 22x103 and 6.6x103 
MCM.yr-1for the Maeklong, Tachin, Chaophraya and 
Bangpakong River, respectively.16  Runoffs from these rivers 
have produced a strong salinity gradient from about 5 psu 
near shore to between 31 and 32 psu at the mouth of the 
Inner Gulf.17 The average annual rainfall from 1979 through 
2006, measured at monitoring stations around the Inner 
Gulf, was approximately 1,395 mm. Most precipitation 
occurs during May to October, the highest precipitation is 
usually received in the month of September, with an average 
rainfall of 344 mm, which amounts to 20 % of the average 
annual rainfall.  Evaporation  over  the  area  is  about  4  
mm d-1.18 

Sample collection and analysis 

Two cruises were carried out aboard the R/V Chulavijai of 

Chulalongkorn University, in October 2011 and February 

2012. During each survey 15-20 stations (Fig. 1) in the Inner 

Gulf were occupied at both high and low tide. Coincidentally 

with each survey, the four major rivers were sampled on the 

days preceding each cruise. Rivers were sampled at low tide 

to minimize saltwater intrusion. Sampling was conducted 

from a bridge or small boat which allowed access to mid-

channel. Discrete water samples were collected from the 1.0 

m of the surface and 1.0 m of the bottom, stored in 1-L acid-

washed polypropylene bottles and were filtered through 

acid-washed 47 mm diameter Whatman GF/F filters. The 

filtered water samples were analysed for dissolved inorganic 

nutrients (NH4
+, NO2

-+NO3
-, PO4

3-) in the laboratory. 

Dissolved organic nitrogen (DON) and phosphorus (DOP) 

concentrations were estimated as the difference between the 

total dissolved nutrient pools and the dissolved inorganic 

nutrient concentrations.19,20 

Physical parameters were measured with a conductivity–
temperature–pressure instrument (CTD) at a 0.1-m vertical 
interval. Other water quality parameters were obtained via 
the YSI 556 multi-probe system during the sampling 
operation. Rainfall and evaporation data were obtained from 
Thailand Meteorological Department while discharge data 
were obtained from the Royal Irrigation Department.  

Results and Discussions 

Data availability 

Data used in this budgeting study are shown in Tables 1 
and 2. Groundwater discharge and outfalls were assumed to 
be negligible. Fig. 2 presents a longitudinal transect of water 
salinity in the Inner Gulf of Thailand during the two 
sampling periods, revealing some vertical stratification in the 
region of freshwater influence. Examples of distribution 
patterns of DIN and DIP in the Inner Gulf are shown in Fig. 
3. 

Table 1. Model input parameters and assumptions 

Parameter October 2011 

106 m3 day-1 

February 2012 

106 m3 day-1 

Precipitation 113 27 

Evaporation 38 40 

Discharge 487 146 

Groundwater, other 

sources 

0 (assumed) 

 

 

 

 

 

 

 

Figure 2. Longitudinal transect of water salinity in the study area 
during [a] October 2011 and [b] February 2012. 
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Table 2. Chemical composition of water samples from rivers (FW), Inner Gulf (System) and adjacent seawater (SW) 

 

Oct-2011 Salinity, psu NH4
+, µM NO3

- DIN DON PO4
3- DOP 

FW 0 27.5 11.8 39.4 24.19 3.9 0.47 

System 28.5 6.4 0.77 7.1 15.25 0.46 1.22 

SW 32.0 8.1 0.24 8.3 9.58 0.86 1.96 

Feb-2012  

FW 0 22.2 25.2 47.4 14.8 2.7 1.1 

System 31.3 3.65 1.77 5.4 24.34 0.55 0.49 

SW 33.8 3.26 0.97 4.2 27.19 0.38 0.39 

 

Water and salt budgets 

Since no significant vertical stratification in salinity was 
observed in the Inner Gulf (Fig. 2), therefore in this work the 
one layer single box LOICZ model8 was applied to calculate 
nutrient and carbon fluxes, with the model constrained by 
water and salt budgets. Assuming a steady-state and 
conservation of mass, water and salt budgets were calculated 
for the Inner Gulf, for the period October 2011 and February 
2012 using daily precipitation, evaporation and river 
discharge data. Water and salt budgets are calculated by the 
following equations. 

dVS/dt = VO+VP+VE+VG+VR           (1) 

d(VSSS)/dt = VRSR+VX(SO-SS)      (2) 

 

where  

VS denotes  the  volume  of  the  Inner Gulf,   

VQ the  dominant river discharges into the Inner Gulf,  

VP the precipitation,  

VE the evaporation,  

VG the ground water discharge,  

VR the  residual volume transport from the Inner Gulf 
to the adjacent sea area,  

SS the average salinity of the  Inner Gulf system,   

Therefore, the average salinity of the adjacent sea area, 
SR=(SS+SO)/2,  and VX  the water exchange volume between 
the Inner Gulf and the adjacent sea.  

dVS/dt is estimated from the seasonal variation of mean 
sea surface of the Inner Gulf, VQ is obtained from the Royal 
Irrigation Department, VP and VE are obtained from 
Thailand Meteorological Department; while VO and VG are 
assumed to be zero due to no  data  were available during the 
study periods.  

The water and salt budgets are thus used to calculate the 
magnitude of all the flows across the system boundaries. 
Residual volume transport VR decreased by about 1/4 as the 
river discharges VQ decreased by about 1/3 from October 
2011 to February 2012. The horizontal exchange volume VX 
is estimated from Eq. (2) and the result is shown in Table 3. 

VX in February 2012 is less than 1/4 of that in October 2011 
and this is due to the decrease of the strength of estuarine 
circulation in the Inner Gulf. 

Salt must be conserved in the system;8 hence salt flux out 
of the system carried by residual flow (VR) must be balanced 
via mixing (VX). Average residence time of the Inner Gulf 
water () can be estimated by the following equation.  

 = VS /(VX+VR)     (3)  

The water exchange time () for the Inner Gulf was 28 and 
80 days in the wet and dry season respectively (Table 3). 
Once all the flows are known, the amounts of dissolved 
inorganic nutrients flowing into and out of the system can be 
calculated. 

Nutrients budgets 

The flux of a nutrient across the system boundary is equal 
to the average flow volume multiplied by the average 
concentration of the nutrient in that flow. The difference 
between the amount flowing in and out is the amount added 
or removed within the system during the budget period. 
Nutrient budget of the Inner Gulf is calculated by the 
following equation. 

d(VSCS)/dt=VQCQ+VPCP-VRCS+VX(CS-CO)+C      (4) 

where  

CS denotes the nutrient concentration of the system,  

CQ that of river water,  

CP that of rain,  

CO that of the adjacent sea area and  

C the nutrient flux by the biochemical processes such 
as  photosynthesis, decomposition and release from the 
bottom in the  box.  

CQ is estimated from the observed data and CP is assumed to 
be zero because we have no data. In case of DIP budget, 
positive C means that decomposition plus bottom release is 
larger than photosynthesis but negative C means that 
photosynthesis is larger than decomposition plus bottom 
release.  
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Table 3. Water fluxes (precipitation VP, evaporation VE, runoff input VQ, residual flow (VR), salinity of the Inner Gulf and adjacent 
seawater (Ssyst, Ssea), mixing water between Inner Gulf and sea (VX) and water exchange time (τ) in the Inner Gulf in October 2011 and 
February 2012. 

Sampling period VP VE VQ VR Ssyst Ssea VX  

MCM day-1 psu psu MCM day-1 days 

Oct-11 113 -38 487 -562 28.5 32.9 4787 28 

Feb-12 27 -40 146 -133 31.3 33.8 1752 80 

 

Table 4 Estimated rates of non-conservative fluxes, p-r and (nfix-denit), unit: mmol m-2 d-1 

 

When we assume that the main primary producer in the 
system is phytoplankton, we may estimate nitrogen fixation 
(nfix) minus denitrification (denit) by the following 
equation.8 

nfix - denit = N - 16DIP           (5) 

Temporal variations of average nutrients concentrations in 
the system are shown in Table 2. DIN concentration in the 
system was higher in the wet season as compared to dry 
season but DIP concentration was lower. DIN/DIP ratio was 
16 (Redfield ratio) in the wet season but it was lower than 16 
in the dry season.  This suggests that the limiting nutrient of 
photosynthesis in the Inner Gulf was DIP in the wet season 
but it changed to DIN in the dry season.  

 

 

 

 

Figure 3. Spatial distribution of DIN and DIP in the study area in 
October 2011 

For the Inner Gulf of Thailand, model output indicated 
that total  nutrient  fluxes  from  the Inner Gulf to the 
adjacent outer Gulf region in the wet season are  -2.9×106 
mol d-1 for NO3

-,  -17.5×106 mol d-1 for NH4
+ and  -3.4×106 

mol d
-1

 for PO4
3-, which are 1, 8, and 93 times  higher  than  

those  in  the  dry season.  The high nutrients exports during 
the wet season probably reflect the inputs coming from the 
agricultural, domestic and industrial wastes during the severe 
flooding over Thailand in 2011. During the present study, 
the system showed the removal of DIP at the rate of 0.34 
mmol m-2 d-1 (October 2011) serving as a sink and almost in 
balance in February 2012. On the other hand, DIN values in 

the Inner Gulf are negative in both sampling periods, which 
showed the removal of DIN at the rate of 2.05 and 0.42 
mmol m-2d-1 in October 2011 and February 2012, 
respectively, serving as a sink for DIN. Table 4 summarizes 
the net ecosystem metabolism of the Inner Gulf of Thailand. 
Negative values of (nfix-denit) suggests a denitrifying 
system in the Inner Gulf during the low flow period. 

Conclusions 

The LOICZ biogeochemical modelling results of non-
conservative fluxes, p-r and (nfix-denit) indicate that in the 
Inner Gulf of Thailand photosynthesis was larger than 
decomposition plus bottom release in the wet season but 
photosynthesis was nearly the same as decomposition plus 
bottom release in the dry season. Nitrogen fixation was 
higher than denitrification in the wet season but 
denitrification was larger than nitrogen fixation in the dry 
season. The results presented in this study may help 
scientists to summarise existing and new data in consistent 
and rigorous formats that may be more useful to coastal zone 
managers. It is also assumed that they may assist in the 
development of more applied models that could be used by 
managers in the decision-making process. The findings give 
insight into the way nutrient inputs are modified as they 
move from the land to coastal waters and how these, in 
conjunction with internal biological fluxes, affect the system 
metabolic processes. This may create an interest in the 
present system to be compared with other shallow coastal 
systems and to strengthen the understanding of nutrient 
behaviour to place further these findings in a regional and 
global context. 
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Introduction 

The rapid growth of petroleum industry in China  provides 
favourable conditions for C4 utilization. C4 olefins can be 
transformed into heavy olefins via oligomerization, and then 
be used as feedstock for the production of a variety of fine 
chemicals, such as tertiary amine. 

Higher aliphatic amines (C8-C22) are often used as organic 
intermediates in the production of dye, oil, plastics, 
cosmetics and textile industry, mining and metal processing, 
etc. Primary amines are convertible into secondary and  
tertiary amines or diamines. The secondary and tertiary  
amines are raw materials to produce quaternary ammonium 
salts, polyoxyethylene aliphatic amines and tertiary amine 
oxides. About 98% of the secondary amines are used for 
preparing dialkylmethylated tertiary amines.1 

Application of tertiary alkylamines 

Tertiary alkylamines, based on the number of long-chain 
alkyl groups, involve mono-, di- and tri-tertiary 
alkylamines.2 Among them, the trialkylamines are the most 
widely used derivatives.3 The tertiary alkylamines can be 
used directly as intermediates during the production of 
various chemicals,4 such as surfactants during the 
production of citric acid, fuel oils, cosmetics and as starting 
materials for the production of preservatives, fungicides and 
metal extracting agents.5  

The reactions of tertiary amines with alkylating agents 
such as alkyl halides, alkyl sulfate or benzyl chloride result 
in quaternary ammonium salt, a group of widely used 
cationic surfactants. Long chain alkyl dimethylamines can 
be transformed into long chain alkyldimethylamine oxides 
by hydrogen peroxide. These amine oxides are often used as 
household cleansing products such as shampoos, shower 
gels, facial cleansers, foaming agents and other type of 
detergents.  

Betaines, important amphoteric surfactants, are prepared 
by the reaction of dimethyl amine with chloroacetic acid and 

sodium hydroxide.6 The preparation of octodecyl betaine is 
showed in Scheme 1. 

 

 

 

Scheme 1 Preparation process of octodecyl betaine 

Betaines are often used as antistatic electric agents, 
softeners, detergents and wetting agents in textile industry; 
shampoos,  classical detergents and baby cosmetics in daily 
chemical industry; fuel additives, metal antirusting agents, 
disinfectants, fungicides, etc. 

Production of tertiary alkylamines  

As the raw material for the production of biodegradable 
detergents, the preparation of tertiary alkylamines has 
caught much attention. Therefore, several  methods have 
been developed, such as Liu Carter method, reductive-
methylation, aliphatic alcohol amination, amination of 
chloroalkane, alcohol sulfation, bromination of α-olefin, 
amination of α-olefin epoxide, etc. Among them, the method 
of aliphatic alcohol amination is more popular.  

In 1988, Feng7 first reported the way to synthesize  
aliphatic tertiary amines from alcohol in China. This method 
was much attractive for its simple operation and little 
wastage. The key to this process was to develop catalysts 
with high selectivity and high activity. Li8-13 discovered a 
catalyst system in which Cu and Ni were used as the main 
components, and adding the third one such as Zn, Co, Cr, La, 
Ba, Mg, Mo, Sn etc., to improve the catalytic performance. 
The catalyst Cu-Ni/A12O3-SiO2, invented by Kao (a 
Japanese company) in 1998, gave a conversion of 98 – 99 % 
for the amination of alcohol.14 At present, the alcohol is used 
as the starting material for aliphatic tertiary amines by more 
than 95% of manufacturers including Kao, P&G and Lonza 
Lion. In China, more than 30 manufacturers are using this 
method. However, the strict requirements on the purity of 
raw materials, alcohol and methylamine, to be higher than 
99% leads to a high cost. Therefore, the starting materials do 
not catch up with the standard in China.15 
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Tertiary amine synthesis routes 

The route of industrial production for tertiary amine is 
shown  in Figure 1.  

 

 

 

 

 

 

 

 

Figure 1. The manufacturing process of the aliphatic tertiary 
amines 

(a) Liu Carter method (methylation of formic acid and 

formaldehyde) 

At 373K, aliphatic tertiary amine can be prepared from 
primary amine, formaldehyde and formic acid. 

 

The reaction mechanism for the above reaction is as 
follows: 17,18 

 

 

 

 

 

This method has disadvantages such as long process, many 
side reactions, high consumption of starting materials, 
treating of the waste gas, and bad quality of products.  

(b) Reductive-methylation  

The aliphatic tertiary amine can also be prepared by the 
reaction of primary amine with formaldehyde and hydrogen. 

 

The reaction mechanism is as follows:19 

 

 

As reported, the conversion of primary amine in this route 
is higher than 98 %, and the yield of aliphatic tertiary amine 
reaches up to 95 %. Compared with the method 
“c”mentioned below, however, the isomers appearing during 
the amination deoxidization deteriorate product quality.  

(c) Aliphatic alcohol amination  

This method  is important for the production of mono-long 
chain tertiary amine and has been used by Kao for a long 
time. The primary product has a purity of 95-99 %. d 99 % 
after distillation.   

 

The reaction mechanism is as follows:17,18 

 

 

 

 

 

 

The product can then be used to prepare quaternary 
ammonium cation, alkyl betaines and amine oxides, 
sanitizers, algicides, antistatic agents, fabric softener,  etc.16 

(d) Amination of chloroalkane 

The chloroalkanes can be  synthesized from aliphatic 
alcohols, and then transformed into aliphatic tertiary amines 
by amination. 

 

 

The reaction mechanism is as follows18: 

 

 

 

As an important way to produce alkyl dimethyl amine, 
this process consists of two reaction steps, giving a total 
yield of about 80%. 

(e) Alcohol sulfation  

Dodecyl dimethyl amine can be prepared by the reaction 
from sodium lauryl sulfate and dimethylamine. 

 

 

The method  is being used by  Albright &Wilson  in 
England, and by  the Third Synthetic Detergent Factory of 
Shanghai. The purity of product is 95 %. 
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(f) Bromination of α-olefins 

Aliphatic tertiary amines can be obtained through three 
successive steps: bromination of α-olefins, amination and 
decomposition of quaternary ammonium salts. 

 

 

 

In China, the purity of the final product is ca. 98%, and the 
byproducts are mainly primary  and secondary amines. The 
recycling of hydrogen bromide is still a problem to be 
solved.20 Moreover, the shortage for -olefin and the high 
level of byproducts limit its industrial use.16 

(g) Amination of α-olefin epoxide 

α-Olefins can be easily transformed into epoxide 
compounds by chorohydrin process. However, it is 
reported23 that the chorohydrin method consumes much 
energy and chlorine, discharges large amount of wastewater 
containing calcium chloride, calcium hydroxide and organic 
chloride. In 1998, Drago24 proposed the BAP (bicarbonate 
activated peroxide) system, in which the HCO3‾ was 
converted into HCO4‾ by H2O2. This observation led a new 
catalyst system for amination of olefins. The reaction 
mechanism： 

 

 

 

 

The olefin epoxide then reacts with dimethylamine, 

 

 

It will be a new route to prepare tertiary amine by 
dimethylamine and epoxide compound. 

Summary 

As shown in Figure 1, the primary amine and aliphatic 
alcohols are produced from natural grease, and the halides 
and epoxides are prepared by α-olefins using routes (f) and 
(g).  

⑴ The grease can been converted into primary amines 
through hydrolysis, cyanidation and hydrogenation process 
sequentially. Then the aliphatic tertiary amines can be 
obtained by route “a” or “b”. The whole technical process 
consists of too many reaction steps and the hydrolysis of 
grease is carried out at high temperature and high pressure 
(5.5MPa-6.5MPa). 21-22 

⑵ The routes “c”, “d” and “e” are competitive for their  
mild conditions, good product quality and non-corrosive 
pollution. However, much higher purities are required for 
the raw materials (alcohol and methylamine).15 For example, 
lauryl alcohol (dodecanol), used in route “c”, needs  a purity 
of more than 99%, and is provided by Mitsubishi 
Corporation in China.11 

⑶The route “f”, involving the recycling of hydrogen 
bromide is not practical in China. Although the productions 
of epoxide compounds by chorohydrination or with 
peroxyacid as oxidant in route (g) are not practical, yet the 
amination of -olefin epoxides prepared with hydrogen 
peroxide is a meaningful route. 
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THE CORROSION INHIBITION OF ISONICOTINAMIDE (ISN) - 

Zn2+ SYSTEM CONTROLS THE CORROSION OF CARBON 

STEEL IN 1 M HYDROCHLORIC ACID SOLUTION 
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The corrosion inhibition efficiency of Isonicotinamide (ISN) in controlling the corrosion of carbon steel in 1 M hydrochloric acid solution 

(HCl) in absence and presence of Z n 2+ 
has been studied by weight loss method. Weight Loss study reveals that the formulation 

consisting of 10 ppm of ISN and 10 ppm of Zn2+ 
has 78% inhibition efficiency. The results of polarisation study shows that the 

formulation  function controls the anodic reaction predominantly. The AC impedance spectra reveal that a protective film formed on the 

metal surface. FTIR spectrum reveal that the protective film consists of Fe2+-ISN complex on the anodic sites of metal surface and 

Zn(OH)2 formed on cathodic sites of metal surface. 
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INTRODUCTION 

Corrosion is a natural phenomenon involving the 
reversion from metallic to compound state. So it becomes 
evident that corrosion cannot be fully prevented instead it 
can be controlled to a greater extent. Many researchers have 
used various nitrogen-containing compounds in their 
corrosion inhibition investigations. These compounds 
included quaternary ammonium salts,1-7 polyamino-
benzoquinone polymers,8 azoles,9-16 substituted aniline-N-
salicylidenes,17 amides,18,19 heterocyclic compounds20, and 
cationic surfactants.21,22  

The present work is undertaken: 

-To evaluate the influence of isonicotinamide (ISN) with 
Zn2+  on corrosion behavior of carbon steel immersed in 1 M 
HCl solution by weight-loss method. 

-To evaluate the type of inhibitor by polarization study. 

-To evaluate the protective film by AC impedance 
spectroscopic study. 

-To analyze the nature of protective film formed on the 
carbon steel by FTIR spectra. 

METHODS AND MATERIALS 

Preparation of specimens 

Carbon steel specimens (0.0267% sulphur, 0.06% 
phosphorous, 0.4% manganese, 0.1% carbon and the rest 
iron) of dimensions 1.0 cm x 4.0 cm x 0.2 cm were polished 
to a mirror finish and degreased with trichloroethylene. 

Weight-loss method 

Carbon steel specimens in triplicate were immersed in 100 
ml of 1 M HCl solutions containing various concentrations 
of the inhibitor in the presence and absence of Zn2+ for one 
hour. The weight of the specimens before and after 
immersion was determined using Shimadzu balance, AY62 
model. The corrosion products were cleansed with Clarke’s 
solution.23 From the change in weight of the specimens, 
corrosion rates were calculated with the help of the 
following relationship: 

 

 

where 

CR - corrosion rate 

m - loss in weight (mg) 

A - surface area of the specimen (dm2)  

t - period of immersion (days)] 

The inhibition efficiency (IE, %) was then calculated 
using the equation 

 

 

where W1 and W2 are the corrosion rates in the absence and 
presence of the inhibitor, respectively. 
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Potentiodynamic polarization study 

Polarization studies were carried out in an H & CH 

electrochemical work station impedance analyzer model 

CHI660A. A three electrode cell assembly was used. The 

working electrode was carbon steel. A saturated calomel 

electrode (SCE) was used as the reference electrode and a 

rectangular platinum foil was used as the counter electrode. 

AC impedance study 

The instrument used for polarization was also used 

for AC impedance study. The cell set up was the same as 

that used for polarization measurements. The real part and 

imaginary part of the cell impedance were measured in 

ohms at various frequencies. The values of charge transfer 

resistance(Rt) and the double layer capacitance(Cd1) were 

calculated. 

Surface Examination 

The carbon steel specimens were immersed in various 

test solutions for a period of one day, after one day the 

carbon steel specimen were taken out and dried. 

The nature of the film formed on the surface of metal 

specimen was analysed by FTIR spectroscopic study. 

FTIR Spectra 

FTIR spectra were recorded in a Perkin-Elmer 1600 
spectrophotometer. The film was carefully removed, mixed 
thoroughly with KBr made in to pellets and FTIR spectra 
were recorded. 

RESULTS AND DISCUSSION 

Analysis of results of weight loss method 

The corrosion inhibition efficiency of carbon steel in the 
absence and presence of various concentrations of inhibitor 
obtained by the weight - loss method in one hour system are 
given in the Table 1 to 3.  

The corrosion rates (CR) are also given in these tables.  

The weight - loss method reveals that the isonicotinamide 
alone shows some inhibition efficiency at higher 
concentration. But Zn2+ alone is corrosive nature. For 
example 10 ppm of ISN alone is 12 inhibition effciency; 10 
ppm of Zn2+ alone is corrosive nature. But it is interestingly 
noted that the formulation consisting of 10 ppm of ISN and 
10 ppm of Zn2+ system shows 78% inhibition effciency.  

This is due to the fact that there is synergistic effect exist 
between ISN and Zn2+ system. This means that the mixed 
inhibitors shows good inhibition efficiency than individuals. 

 

Table 1.  Corrosion rates (CR) of Carbon steel in 1 M HCl in the 
presence and absence of inhibitor and obtained by weight loss 
method 

No ISN, ppm Zn2+ppm IE, % CR, mdd 

1 0 0 - 36.00 

2 10 0 12 31.68 

3 20 0 15 30.60 

4 30 0 18 29.52 

5 40 0 22 28.08 

6 50 0 26 26.64 

7 60 0 28 25.92 

 

Table 2. Corrosion rates (CR) of Carbon steel in 1 M HCl in the 
presence and absence of inhibitor and obtained by weight loss 
method 

S.No ISN, 

ppm 

Zn2+, 

ppm 

IE, % CR, mdd 

1 0 0 - 36.00 

2 0 10 -8 38.88 

3 0 20 -12 40.32 

4 0 30 -14 41.04 

5 0 40 -17 42.12 

6 0 50 -17 42.12 

7 0 60 -20 43.20 

Analysis of potentiodynamic polarization study 

The polarization curves of carbon steel immersed in ISN-
HCl solution in the presence and absence of inhibitors are 
shown in Figure 1. The corrosion parameters are given in 
Table 4. When carbon steel immersed in isonicotinamide-1 
M HCl solution, corrosion potential (Ecorr) -664 mV vs SCE. 
The formulation consisting of 10 ppm of isonicotinamide 
and 10 ppm of Zn2+ shifts the corrosion potential to -565 
mV vs SCE, ie corrosion potential shifts to anodic direction 
(from -664 mV to -565 mV). This suggest that the anodic 
reaction is controlled predominantly indicating the reduction 
resolution of metal as more isonicotinamide molecules are 
transported to the anodic sides in the presence Zn2+ ions. 

 

 

 

 

 

 

 

 

 

Figure 1.  Polarization curves of carbon steel immersed in various 
test solution: a) 10 ppm of ISN + 1 M HCl; b) 10 ppm of ISN + 
Zn2+ 10 ppm +1 M HCl 
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Table 3. Corrosion rates (CR) of Carbon steel in 1 M HCl in the 

presence and absence of inhibitor and obtained by weight loss 

method 

Now the shifts in the anodic cathodic slopes can be 
compared. The addition of 10 ppm of Zn2+ shifts the anodic 
slope value 64 mV decade-1 to 56 mV decade-1, will the 
corresponding shift cathodic slope is from 91 mV decade-1 
to 106 mV decade-1. Thus formulation of 10 ppm of 
isonicotinamide and 10 ppm of Zn2+ controls the anodic 
predominately and to some extent controls the cathodic 
reaction by the formation Zn(OH)2 and cathodic sides of the 
metal surface. 

The corrosion current (Icorr) for isonicotinamide is 0.04343 
A cm-2. It is defused to 0.007224 A cm-2 by the addition 10 
ppm of Zn2+. The current of the iron dissolution is decreased 
significantly indicating that the metal surface was passive by 
the formed inhibitor layer. The passivity ion is probably due 
to the formation of isonicotinamide – Fe2+ surface layer. The 
significant reduction in corrosion current for inhibitor 
formulation may indicate more adsorption of the inhibitors 
and better inhibitions performance. This result suggests that 
a protective film (isonicotinamide – Fe2+-complex) is 
formed on the metal surface. This protects the metal from 
corrosion.  

Table 4 : Corrosion parameters of carbon steel immersed in 
various test solution obtained by polarization method.  

 

Analysis of AC impedance spectra 

The AC Impedance spectra of carbon steel immersed in 
various test solution are shown in Figure 2. The AC 
impedance parameters, namely the charge transfer resistance 
(Rt) and the double layer capacitance (Cdl) are given in Table 
5. 

Impedance parameters for corrosion of carbon steel 
immersed in 1 M HCl in the presence and absence of 
inhibitor system obtained from AC impedance curves. 

Table 5. Corrosion parameters of carbon steel immersed in various 
test solution obtained by AC impedance spectra.  

 

S.No. System Rt, Ω cm2 Cdl,  F cm-2 

1. ISN 10 ppm + 1 

M HCl 

0.675  6.980 x 10-4 

2. ISN 10 ppm+ 

Zn2+ 10 ppm +  

1 M HCl 

1.24  2.375 x 10-4 

 

AC Impedance parameters namely a charged transfer 

resistance (Rt) and the double layer capacitance(Cdl) are 

given in Table 5. When carbon steel immersed in 10 ppm of 

isonicotinamide and 1 M HCl, the Rt value is found to be 

0.675 Ω cm2 and Cdl value is 6.980 x 10-4 F cm-2. When 10 

ppm of Zn2+ is added to the above system, the Rt value 

increases from 0.675 Ω cm2 to 1.24 Ω cm2 and Cdl value 

decreases from 6.980 x 10-4 F cm-2 to 2.375 x 10-4 F cm-2. 

The increased Rt values and decreased double layer 

capacitance value obtained from impedance studies justify 

the good performance of ISN as an inhibitor in 1 M HCl. 

This behavior source that the protective film obtained act as 

a barrier to the corrosion process that clearly existence and 

formation of the protective film on the metallic surface.24,25 

 

Figure 2. AC impedance spectra of carbon steel immersed in 
various test solution, a) 10 ppm of ISN + 1 M HCl, b) 10 ppm of 
ISN + Zn2+ 10 ppm + 1 M HCl 

Surface analysis 

The structure of isonicotinamide is shown in Scheme 1. 

 

It contains C=O group, C-N group and N-H Stretching 
vibrations group.The protective film formed on the surface 
of the metal in the presence of isonicotinamide system and 
isonicotinamide – Zn2+ system in 1 M HCl has been 
analysed by FTIR spectroscopy. 

System Ecorr, mV 

vs SCE 

bc,  ba, 
 Icorr,  

A cm
-2

 
mV decade-1 

10 ppm of ISN + 

1 M HCl 
-664 64 91 0.04343 

 

10 ppm of ISN + 

10 ppm of Zn2+ +  

1 M HCl 

 

-565 

 

56 

 

106 

 

0.007224 

S.No ISN, 

ppm 

Zn2+, ppm IE, % CR, mdd 

1 0 0 - 36.00 

2 10 10 78 7.92 

3 10 20 64 12.96 

4 10 30 35 23.40 

5 10 40 24 27.36 

6 10 50 20 28.80 

7 10 60 12 31.68 
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Analysis of FTIR spectra 

The FTIR spectrum (KBr) of pure isonicotinamide is 
shown in figure 3a. C=O stretching frequency appears at 
1682 cm-1. The C-N stretching frequency appears at 1121 
cm-1 The N-H stretching frequency appears at 3362 cm-1. 
The FTIR spectrum (KBr) of the film formed on the surface 
of the metal after immersion, the solution containing 10 ppm 
of isonicotinamide and 10 ppm Zn2+ in 1 M HCl is shown in 
figure 3b. It is found that C=O stretching frequency of 
isonicotinamide decreased from 1682 cm-1 to 1617 cm-1. 
The C-N stretching frequency of isonicotinamide has 
decreased from 1121 cm-1 to 1018 cm-1. The N-H stretching 
frequency of isonicotinamide has decreased from 3362 cm-1 
to 3359 cm-1.  

 

Figure 3. FTIR spectra; a) Pure solid Isonicotinamide; b) Film 
formed on the metal surface after the immersion of the solution of 
10 ppm of Isonicotinamide and 10 ppm  Zn2+ in 1 M HCl 

It is interfered that isonicotinamide has coordinated with 
Fe2+ oxygen atom and nitrogen atom resulting in the 
formation of Fe2+- ISN complex on the anode sites of the 
metal surface.26,27 The bond at 1401 cm-1 is due to Zn(OH)2 
formed on the cathodic sites of the metal surface. 

CORROSION INHIBITION MECHANISM FOR (ISN- Zn2+) 

SYSTEM 

The weight – loss study reveals that the formulation 
consisting of 10 ppm of Zn2+ and 10 ppm of isonicotinamide 
has 78% inhibition efficiency. The FTIR spectrum reveals 
that the protective film consist of Fe2+ - isonicotinamide 
complex and Zn(OH)2. In order to explain the above 
observations, the following mechanism of corrosion 
inhibition is proposed.28-34 

When the environment consisting of 10 ppm of Zn2+ and 
10 ppm of isonicotinamide  are prepared, there is a 
formation of Zn2+ - ISN complex. 

When carbon steel is introduced in this solution there is 
diffusion of Zinc complex towards the metal surface. 

On the metal surface zinc complex is converted into iron 
complex on the anodic site. 

Zn2- ISN+ Fe2+  Fe2+-ISN+ Zn2+ 

The released Zn 2+ combined with OH- to form Zn(OH)2 
on the cathodic sites. 

Zn2+ + 2OH-  Zn(OH) 2 

Thus, the protective film consists of Fe 2+-ISN and 
Zn(OH) 2. 

CONCLUSION 

The weight – loss study reveals that the formulation 
consisting of 10 ppm of Zn2+ and 10 ppm of isonicotinamide 
has 78% inhibition efficiency. Synergistic effect exists 
between isonicotinamide and Zn2+ system. 

The results of polarization study suggest that the 
formulation of 10 ppm of ISN and 10 ppm of Zn2+ system 
controls the anodic reaction predominantly. 

The AC impedance spectral studies reveal that the 
protective film obtained act as a barrier to the corrosion 
process that clearly existence and formation of the 
protective film on the metallic surface. 

The protective film consists of Fe2+ - ISN and Zn(OH)2 by 
FTIR spectroscopy. 
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Coumarins are an important class of organic compounds having biological activities. In the present work coumarin derivatives have been 

synthesized under solvent free conditions from substituted phenols and ethyl acetoacetate in the presence of catalysts. A catalyst based on 

clay and heteropoly acid has been synthesized and found to be a potential catalyst for synthesis of coumarin derivatives. 
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Introduction  

Coumarins are an important class of compounds because a 
large number of natural product contains this heterocyclic 
nucleus. They have a wide variety of biological activities i.e. 
fluorescence sensors,1 brightening agents,2 anticoagulants,3 
insecticides4 etc. coumarins can also be synthesized and the 
method should be simple, efficient and cheap because of 
diverse biological activities. There are many ways of 
synthesizing the coumarin such as knoevengel condensation 
5, claisen rearrangement,6 Perkin reaction,7 pechmann 
reaction8 etc. using a wide variety of reagents like H2SO4,9 
HClO4,10 P2O5,11 ionic liquids12 and solid acid13,14 catalysts. 
Most of the reports are on the synthesis of coumarin 
derivatives having electron releasing groups and these 
methods also have the disadvantage of long reaction time 
and low yield.15,16  

Using our methodology i.e. phosphotungstic acid (a 
heteropoly acid) intercalated bentonite coumarin derivatives 
having electron withdrawing groups can be synthesized with 
high efficiency and yield in a very short time.  

Heteropoly acids are very well known solid acid catalysts. 
Heteropolyacids (HPAs), also known as polyoxometalates 
(POMs), are early-transition-metal oxygen anion clusters 
that exhibit very interesting properties depending on their 
molecular size, composition, and architecture.17-19 They are 
stronger acids than conventional acid catalysts. Being 
stronger acids, heteropoly acids will have significantly 
higher catalytic activity than conventional catalysts such as 
mineral acids, mixed-oxides, zeolites, etc. Their excellent 
thermal stability20 also makes HPAs good candidates for 
application in catalysts and sensors that may require extreme 
environments. In particular, in organic media, the molar 
catalytic activity of heteropoly acid is often 100–1000 times 
higher than that of H2SO4.21-23. This makes it possible to 
carry out the catalytic process at a lower catalyst 
concentration and/or at a lower temperature. Further, 
heteropoly acid catalysis lacks side reactions. Moreover 
solid acids offer many advantages by their nature, over 
soluble counterparts such as aluminium chloride and 

hydrogen fluoride. The substitution of liquid acids by solids 
as catalysts for organic synthesis offers a potential for 
superior effectiveness and environmental integrity. 
Although they differ in structure from liquid acids, solid 
acid catalysts work by the same principle. Clays have also 
been proposed as suitable catalysts for this purpose.24-26 
Today clays are important materials with a large variety of 
applications such as adsorbents, decoloration agents, ion 
exchangers, and catalysts.27 The use of clays, as 
heterogeneous catalysts, offers many advantages over 
homogeneous acid catalysts such as ease of separation, mild 
reaction conditions, better selectivity of the desired product, 
and elimination of waste disposal problems. In a large 
number of organic reactions clays have been used as 
catalysts on laboratory/industrial scales. Properties of clays 
can be further improved by making pillared clays. Pillared 
clays are clays with high permanent porosity obtained by 
separating the clay sheets by a molecular prop or pillaring 
agent. These pillaring agents can be organic, organometallic, 
or inorganic complexes. Pillared clay (PILC) possesses 
several interesting properties, such as large surface area, 
high pore volume and tunable pore size (from micropore to 
mesopore), high thermal stability, strong surface acidity and 
catalytic active substrates/metal oxide pillars. These unique 
characteristics make PILC an attractive material in catalytic 
reactions. It can be made either as catalyst support or 
directly used as catalyst.28-30 

In the present work we have synthesized the coumarin 
derivatives using phosphotungstic acid intercalated 
Bentonite via pechmann condensation of phenols with ethyl 
acetoacetate using microwave irradiation in excellent yield 
and high purity. 

Experimental 

Catalyst preparation 

Na-Bentonite. 1.0 g of bentonite clay was added into a 250 
ml conical flask containing 50 ml of 1.0 M NaCl this clay 
suspension was stirred for 16 hours. The residue after 
centrifugation was washed several times with double 
distilled water till complete removal of chloride ions. The 
residue thus obtained after above procedure was dried in an 
oven at 100°C to generate the Na form of the Bentonite (Na-
Ben).  
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Table 1. Effect of the amount of catalyst on the reaction efficiency 

S. No. Catalyst, mg Time, s. Yield of 4-methyl-6-hydroxy coumarin with various catalysts, in % 

Ben Al-Ben2 H+-Ben PAAC-Ben2 PTA PTA-Ben 

1 20 60 33 46 50 55 56 72 

2 30 60 40 52 57 62 64 80 

3 40 60 50 62 67 72 74 90 

4 50 60 58 70 74 78 80 99 

5 60 60 58 70 74 78 80 99 

 

Al-Pillared Bentonite (Al-Ben). In a 250 ml conical flask 
containing 1.0 g of Na-Ben, in 100 ml of double distilled 
water, 50 ml of the pillaring solution (keggin ion) was 
gradually added with vigorous stirring for 16 hours. The 
residue was washed several times with double distilled 
water till the complete removal of chloride ions was 
confirmed by AgNO3 test. The residue, thus obtained was 
dried in an oven at 100°C  is referred to as Al-Pillared 
Bentonite (Al-Ben).31 

Acid activated Bentonite (H+-Ben). 5.0 g of Na-Ben was 
added into a 100 ml beaker containing 50 ml of 3N H2SO4, 
this mixture was exposed to microwave radiation for 30 
minutes. The residue was washed several times with double 
distilled water till the complete removal of SO4

2- ions was 
confirmed by BaCl2 test. The residue thus obtained was 
dried in an oven at 100°C to generate the Acid activated 
Bentonite (H+-Ben).32 

Pillared Acid activated Bentonite (PAA-Ben). 1.0 g of H+ 
Ben, was added into a 250 ml conical flask containing 100 
ml of double distilled water. 50ml of pillaring solution was 
gradually added with vigorous stirring for 16 hours. The 
residue was washed several times with double distilled 
water till the complete removal of chloride ions was 
confirmed by AgNO3 test. The residue thus obtained was 
dried in an oven at 100°C and is referred to as Pillared Acid 
Activated Bentonite (PAA-Ben). 

Phosphotungstic intercalated Bentonite (PTA –Ben). In a 
round bottom flask (250 ml), bentonite (1g) was suspended 
in double distilled water (50 ml).To this, aqueous solution of 
15 mmol % of phosphomolybdic acid (PTA) was added 
drop wise and then stirred for 16 hrs. After this, the mixture 
was filtered and washed with double distilled water to 
remove the excess of Phosphomolybdic acid. Dried the 
product at 100 0C.  

General procedure for the synthesis of coumarin derivatives 

To elucidate the catalytic efficiency of PTA-Ben as 
catalyst, a controlled reaction was carried out using PTA, 
bentonite, Al-Ben and PTA-Ben as catalyst with Benzene-
1,4-diol as reactant. The best results were obtained with 
PTA-Ben in microwave. (Table 1). 

Under microwave condition: phenols derivatives 
(10mmol) and ethyl acetoacetate (10 mmol) were mixed 
with the PTA-Ben (50 mg) (Table 3). The mixture was 
irradiated in the microwave. After irradiation of the mixture 
for a specified period, the content was cooled to room 
temperature. The completion of the reaction was checked by 

TLC. After the completion of the reaction the catalyst was 
recovered by filtration and washed with absolute ethanol to 
remove all the organic impurities. The PTA-Ben was reused 
for evaluating the performance in the next reaction. The 
extract was evaporated by rota-vapour under reduced 
pressure and the product was purified from column 
chromatography with CHCl3: MeOH with increasing 
polarity. 

Optimization of the Catalysts amount 

Reactions have been performed using different amount of 
various catalysts under uniform conditions. Results of the 
investigation are presented in the Table 1.  

Optimization of Time 

The reaction time has been optimized by performing 
reactions at regular intervals of time. After a certain time 
period there is not much increase in the yield. That time has 
been selected as optimum time. Results of the investigation 
are presented in the Table 2. 

Table 2. Optimization of reaction time  

Results and discussion 

Catalyst characterization 

X-Ray Diffraction techniques. The XRD pattern of 
Ben,33 Na-Ben and H+-Ben show a sharp peak at 2θ = 5.93, 
6.83 and 9.67 respectively corresponding to a d-value of 
14.9 Å, 12.9 Å and 9.1 Å. A decrease in the d-value of 2 Å 
and 5.8 Å is observed when interlayer cations (Ca2+) are 
replaced by the smaller ions, Na+ and H+ respectively.  PAA-
Ben, shows a further shift in the peak position, 2θ =5.30 and 
a d-value of 16.6 Å corresponding to an increase in the 
interlayer region by 7.5 Å w.r.t H+-Ben confirms the 
intercalation of Al Keggin ion into the interlayer region of 
H+-Ben.  

S.No. Time, s Yield, % 

01 15 65 

02 30 80 

03 45 90 

04 60 99 

05 75 99 

06 90 99 
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Table 3. Efficiency of the catalyst (PTA-Ben) for different reactants  

 

S. No. 

 

Reactant 

 

 

Product 

 

Time, Sec. 

 

 

Yield, % 

 

 

Remarks 

 

01 
   

60 

 

99 

 

Single product 

 

 

 

02 
   

90 

 

98 

 

Single product 

 

 

 

03 
   

120 

 

95 

 

Single product 

 

 

 

04 
   

120 

 

92 

 

Single product 

 

 

 

05 
   

300 

 

83 

 

Single product 

 

 

 

06 
   

300 

 

87 

 

Single product 

 

 

 

07 
   

360 

 

76 

 

Single product 

 

 

 

08 
   

360 

 

80 

 

Single product 

 

 

 

09 
   

420 

 

72 

 

Single product 

 

 

 

10 
   

420 

 

75 

 

Single product 

 

 

 

The Al-Ben shows a peak at 2θ = 5.20 and a d-value of 
16.9 Å corresponding to an increase in the d-value of 4 Å 
w.r.t Na-Ben thus confirming the intercalation of Al Keggin 
ion in the interlayer region of Na-Ben. PTA-Ben show a 
peak at 2θ = 5.42 corresponding to a d-value of 16.3 Å 
respectively. This increase in the d-value 3.4 Å w.r.t Na-Ben 
confirms the intercalation of PTA in the interlayer region of 
Na-Ben.  

Total Surface Area Measurement. Total surface area 
studies have been performed by EGME method. Surface 
area values of Ben, Na-Ben, H+-Ben, Al-Ben, PAAC- Ben 
and PTA-Ben are represented in the (Table 4). Total surface 
area of Ben has been found to be 215 m2 g-1. After 
conversion to Na-Ben total surface area has been found to 
be 121 m2/g which may be due to the decrease in d-spacing 
as indicated by XRD data. Total surface area of H+- Ben has 
been found to be 327 m2 g-1 which is due to replacement of 

Na ions by H+ ions. Acid activation also causes the 
formation of small pores, consequently increasing the 
surface area.34,35 Total surface area of Al-Ben has been 
found to be 295 m2/g. Due to the intercalation of Al-Keggin 
ion the inner surface also becomes assessable. PAAC-Ben 

has been found to have a total surface area of 350 m2/g 
which is again due to intercalation of Al-Keggin ion in H+-
Ben. Total surface area of PTA-Ben has been found to be 
301 m2/ g respectively which confirms intercalation of PTA 

FT-IR Studies. Vibrational spectra of Ben, Na-Ben, H+-
Ben, Al-Ben and PAA-Ben clays (Figure 1 and 2) indicate 
two strong absorption bands ~3626 cm-1 and ~3436 cm-1 

corresponding to the stretching vibrations of the O-H group 
originating from the surface adsorbed and interlayer water. 
The ~1642 cm-1 band in these samples has been assigned to 
the H–O–H bending vibrations of water.  
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Figure 1. FTIR spectra of (a) Ben, (b) Na-Ben, (c) H+-Ben 

 

 

 

 

 

 

 

 

Figure 2. FTIR spectra of (a) Al-Ben, (b) PAA-Ben 

 

 

 

 

 

 

 

 

Figure 3. FTIR spectra of (a) PTA, (b) PTA-Ben 

The ~1043 cm-1 and ~796 cm-1 bands are attributed to the 
stretching vibration of the Si-O bond. The ~522 cm-1 and 
~466 cm-1 bands have been assigned to the Si–O–Al and Si–
O–Si deformation vibrations respectively36,37.The FT-IR 
spectra of PTA (Figure 3) shows an absorption band at 
~3154 cm−1 and have been assigned to the stretching 
vibrations originating from  the O-H groups present in the 
Keggin structure of  PTA. The absorption band at ~1699 cm-

1 have been assigned to the bending vibrations of the O-H 
group of PTA. 

Thermal Method of Analysis. The thermogram (TGA) of 
Ben, Na-Ben, H+-Ben (Figure 4) shows four step weight loss 
pattern. The first step, up to 1800C, corresponds to 
dehydration of surface adsorbed water. The second step, 
180 °C to 550 °C, is attributed to dehydration of interlayer 
water. The third step 550 °C to 675 °C, is attributed to the 
gradual dehydroxylation of clay layers.  Beyond 675 °C the 
clay loses its structure and practically shows no weight 
loss.36 

 

 

 

 

 

 

 

 

Figure 4. TGA studies of (a) Ben, (b) Na-Ben, (c) H+-Ben 

 

 

 

 

 

 

 

 

 

Figure 5. TGA studies of (a) Al-Ben, (b) PAA-Ben 

 

 

 

 

 

 

 

 

Figure 6. TG-MS curves of (a) PTA, (b) PTA-Ben 
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The thermogram (TGA) of PAA-Ben, Al-Ben (Figure 5) 
shows a similar four step weight loss pattern. The first step, 
up to 2000C, corresponds to dehydration of surface adsorbed 
water. The second step, 2000C to 3500C, is attributed to 
dehydration of interlayer water. The third step, 3500C to 
6000C, is attributed to the gradual dehydroxylation of clay 
layers. Beyond 6000C the clay loses its structure and 
practically shows no weight loss.36 

The TGA of pure PTA (Figure 6) shows two step weight 
loss. The first step, up to 2000C corresponds to the loss of 
water of crystallization. The second step, ~2000C to 6000C 
corresponding to the decomposition of keggin unit of PTA.  

The TGA of PTA-Ben (Figure 6) shows four step weight 
loss pattern, the first step, up to 1500C, corresponds to 
dehydration of surface water. The second step, 1500C to 
5000C, is attributed to dehydration of interlayer water. The 
third step, 5000C to 7000C, is attributed to the 
dehydroxylation of clay layers and the loss of keggin ion 
structure. The heteropoly acids are stable up to 6000C but 
after intercalation the catalyst becomes stable up to 8000C. 

SEM Studies with EDX analysis. The SEM pictures 
(magnification of 832X) of Ben, PTA-Ben are represented 
in Figure 7 a and b respectively. The SEM pictures of Ben 
and PTA-Ben show no distinct change in the surface 
morphology and appears to have the layered structure. 
Therefore, it appears that PTA is not adsorbed on the surface 
of the clay but is intercalated in the layers of the clay. This 
fact is also supported by the XRD and IR studies.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. SEM-EDX of (a) Ben, (b) PTA-Ben  

The SEM results are also supported by the EDX analysis 
(Figure 7a and 7b). In all the cases surface composition 
consist of Al, Si, O, Mg, Fe, Ca & K. No signal 
corresponding to P and W was supported by the EDX data 
which further confirms intercalation of PTA in to the layers 
of Bentonite. 

Reusability of PTA-Ben for the Synthesis of 6-OH-4-Me-

coumarin 

The reusability of PTA-Ben has been investigated up to 
six repeated cycles using synthesis of 6-OH-4-Me-Coumarin. 
The catalyst, PTA-Ben, was washed with MeOH after every 
cycle and was characterized using FT-IR, TGA, DSC, XRD, 
SEM and EDX etc. techniques. No noticeable changes were 
observed even after six cycles, which not only indicates the 
stability of the catalyst but also indicates that none of the 
reactants/products remain with the catalyst. The product/s, 
after separation and isolation, was characterized by the 
earlier described methods and the yield in each case was 
calculated (Figure 8). The variation in the yield was found to 
be in the range of ~ 99% to 75%.  

 

 

 

 

 

 

 

Figure 8. Reusability of PTA-Ben up to 6 repeated cycles 

The catalyst characterization was performed on the 
catalyst after the 6th cycle of reaction was performed on the 
catalyst and following observations was made. The SEM 
picture (Figure 9) does not show any change in the surface 
morphology, the layered structure is maintained. The EDX 
data indicates the same elemental composition as earlier, i.e. 
Al, Si, O, Mg, Fe, Ca, K and Na.  

 

 

 

 

 

 

 

 

Figure 9. SEM and EDX of PTA-Ben after 6th cycle 
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The thermal stability of the catalyst was found to be 
unaffected after reuse except a slight change in the weight 
loss (from 11.7 % to 14%) which may be due to the 
presence of small quantity of adsorbed organic matter after 
the 6th cycle (Figure 10). 

XRD and FTIR data (Figure 11) of PTA-Ben has been 
found to have no significant change.  

 

 

 

 

 

Figure 10. TGA studies of (a) PTA-Ben after 1st cycle, (c) PTA-
Ben after 6th cycle 

 

 

 

 

 

 

Figure 11. FTIR spectra of (a) PTA-Ben after 1st cycle, (c) PTA-
Ben after 6th cycle  

Characterization of coumarine derivatives 

Structural assignments of the various coumarin derivatives 
are based on their 1H NMR and IR  analysis. The analysis of 
complete spectral and compositional data revealed the 
formation of coumarin derivatives. 

6-Hydroxy-4-methylcoumarin. IR (υ in cm-1
) 3258 (OH 

strech), 1516, 1473 (aromatic ring), 1689 (C=O), 1209, 1096 
(C-O); 1H NMR δ 9.4 (s, 1H, OH), 7.5 (d, 1H, H 8 Aromatic), 
6.8 (d, 1H, H 7 Aromatic), 6.2 (s, 1H, H 5  Aromatic), 3.0 (s, 1H, H 

3  Aromatic ), 2.2 (s, 3H, CH3). 

7-Hydroxy-4-methylcoumarin. IR (υ in cm-1
) 3502 (OH 

strech), 1504, 1455 (aromatic ring), 1671 (C=O), 1277, 1074 
(C-O); 1H NMR δ 10.5 (s, 1H, OH), 7.5 (s, 1H, H 8 Aromatic), 
6.8 (d, 1H, H 6 Aromatic), 6.6 (d, 1H, H 5  Aromatic), 3.4 (s, 1H, H 

3  Aromatic ), 2.3 (s, 3H, CH3). 

6-Amino-4-methylcoumarin. IR (υ in cm-1
) 3376, 3234 

(NH strech), 1610, 1512, 1493 (aromatic ring), 1636 (C=O), 
1286, 1170 (C-O); 1H NMR δ 10.1 (s, 2H, NH), 8.3 (d, 1H, 
H 8 Aromatic), 8.1 (d, 1H, H 7 Aromatic), 7.2 (s, 1H, H 5  Aromatic), 
3.4 (s, 1H, H 3  Aromatic ), 2.3 (s, 3H, CH3). 

8-Amino-4-methylcoumarin. IR (υ in cm-1
) 3467, 3248 

(NH strech), 1519, 1578, 1457 (aromatic ring), 1644 (C=O), 
1248, 1155 (C-O); 1H NMR δ 10.1 (s, 2H, NH), 7.5 (s, 1H, 
H 8 Aromatic), 6.8 (d, 1H, H 6 Aromatic), 6.6 (d, 1H, H 5  Aromatic), 
3.4 (s, 1H, H 3  Aromatic ), 2.3 (s, 3H, CH3). 

6-Formyl-4-methyl coumarin. IR (υ in cm-1
) 1598, 1574, 

1411 (aromatic ring), 1773,1607 (C=O), 1281, 1263 (C-O); 
1H NMR δ 10.1 (s, 1H, CHO), 8.3 (d, 1H, H 8 Aromatic), 6.9 (d, 
1H, H 7 Aromatic), 6.7 (s, 1H, H 5  Aromatic), 4.5 (s, 1H, H 3  

Aromatic ), 1.9 (s, 3H, CH3). 

8-Formyl-4-methylcoumarin. IR (υ in cm-1
) 1606, 1558, 

1474 (aromatic ring), 1716, 1610 (C=O), 1211, 1091 (C-O); 
1H NMR δ 10.0 (s, 1H, CHO), 7.8 (d, 1H, H 7 Aromatic), 6.9 (d 
of d, 1H, H 6 Aromatic), 6.7 (d, 1H, H 5  Aromatic), 6.1 (s, 1H, H 3  

Aromatic ), 2.8 (s, 3H, CH3). 

6-Nitro-4-methylcoumarin. IR (υ in cm-1
) 1500 1496 

(aromatic ring), 1613 (C=O), 1592,1335 (NO2), 1294,1199 
(C-O); 1H NMR δ 8.1 (d, 1H, H 7 Aromatic), 7.2 (s, 1H, H 5 

Aromatic), 6.9 (d, 1H, H 8  Aromatic), 6.4 (s, 1H, H 3  Aromatic ), 1.9 
(s, 3H, CH3). 

8-Nitro-4-methylcoumarin. IR (υ in cm-1
) 1510, 1450 

(aromatic ring), 1600 (C=O), 1591,1335 (NO2), 1295, 1195 
(C-O); 1H NMR δ 7.8 (d, 1H, H 7 Aromatic), 7.1 (d of d, 1H, H 

6 Aromatic), 6.9 (d, 1H, H 5  Aromatic), 3.3 (s, 1H, H 3  Aromatic ), 2.5 
(s, 3H, CH3). 

7,8-Benzo-4-methylcoumarin. IR (υ in cm-1
) 1593, 1576, 

1474 (aromatic ring), 1632 (C=O), 1278, 1084 (C-O); 1H 
NMR δ 8.5 (d, 1H, H  Aromatic), 7.8 (d, 1H, H Aromatic), 7.5-7.6 
(m, 2H, H  Aromatic), 7.4 (d, 1H, H aromatic), 6.9 (d, 1H, H 

aromatic), 6.4 (s, 1H, H 3  Aromatic ), 2.5 (s, 3H, CH3). 

6,7-Benzo-4-methylcoumarin. IR (υ in cm-1
) 1601,1512, 

1466 (aromatic ring), 1631 (C=O), 1277, 1216 (C-O); 1H 
NMR δ 7.7 (s, 2H, H  Aromatic), 7.6 (d, 1H, H Aromatic), 7.2-7.4 
(m, 2H, H  Aromatic), 7.1 (d, 1H, H aromatic), 5.2 (s, 1H, H 

3aromatic),  1.7 (s, 3H, CH3). 
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Keywords: polycyclic aromatic hydrocarbons (PAHs); source apportionment; diagnostic isomer ratios; Thailand 

The levels and distribution of polycyclic aromatic hydrocarbons (PAHs) were investigated in surface sediments of Koh Sichang 

anchorage area of Thailand using gas chromatography with flame-ionization detection (GC/FID).  The total concentrations of 16 PAHs 

US EPA priority pollutants varied from 65.2 to 18,970 ng g-1 dw, with a median concentration of 282±3,660 ng g-1 dw.  The sediment 

samples were classified as moderately contaminated compared to those observed in other regions. PAH compositional signatures of 

surface sediments of the study area were dominated by higher molecular weight PAHs (4-6 rings) comprising about 87 per cent of total 

PAHs concentrations. Dibenzo[a,h]anthracene, benzo[b]fluoranthene, benzo[g,h,i]perylene, benzo[a]pyrene, fluoranthene, indeno[1,2,3-

cd]pyrene, and pyrene represented the highest fractions in most surface sediment samples.  Source apportionment using diagnostic PAH 

ratios indicated that composition of PAHs in most sediment samples originated mainly from incomplete combustion of organic matter 

(pyrolytic origin), with a mixture of pyrolytic and petrogenic PAHs were observed in some of the study sites. The presence of almost all 

human carcinogenic PAHs in the study area indicated that these sediments can be considered contaminated sites, suggesting that future 

monitoring programs together with an effective coastal management program must be implemented to ensure health and safety for all.  

 

 
* Corresponding Authors 

Fax: +6622550780 
E-Mail: gullaya.w@chula.ac.th; gullaya@gmail.com 

[a] Department of Marine Science, Faculty of Science, 
Chulalongkorn University, Pathumwan, Bangkok, 10330, 
Thailand 

[b] Inter-Department of Environmental Science, Graduate 
School, Chulalongkorn University, Pathumwan, Bangkok, 
10330, Thailand  

Introduction  

Polycyclic aromatic hydrocarbons (PAHs) are a class of 
diverse organic compounds containing two or more fused 
aromatic rings of carbon and hydrogen atoms. They are 
widespread contaminants in marine, river and lake sediments 
and are always found as a mixture of individual compounds. 
PAHs enter the environment by a variety of pathways. They 
are present in unburned petroleum (petrogenic PAHs) and 
can be released directly to the environment both by human 
activities (oil spill) and natural processes (oil seepage).  
Diagenetic processes are also suspected to generate certain 
PAHs (e.g. perylene) from biogenic precursors. In general, 
biosynthesis is considered a localized source, with little 
impact on global concentrations. The most prominent and 
ubiquitous source of PAHs to the environment is the 
incomplete combustion of modern (wood) and fossil 
(petroleum and coal) biomass.1,2 High-molecular-weight 
PAHs from anthropogenic sources can reach toxic 
concentrations that are detrimental to the environment and 
human health. Several PAHs are known to be carcinogens 
and/or mutagens or precursors to carcinogenic sister 
compounds.3,4 

Accordingly, they had been included in the 
USEPA and the EU priority monitoring pollutants list. PAH 
compounds persist in the environment and, due to their 
hydrophobic nature, become associated with particulate 
matter, and preferentially concentrate on sediment or soil 

particles. Owing to their aromatic structure, PAHs are 
inherently stable in the environment, particularly under 
reducing conditions, such as encountered in sediments.5 
Even under favourable conditions, the sorbed PAHs will be 
released to the water as an extended source to threaten the 
aquatic ecosystem through bioaccumulation in food chains.6 

Thus, understanding the contributions of the various sources 
is essential and important for appropriately managing PAH 
levels in the environment. However, our knowledge of PAH 
contamination in Thailand has been limited. 

The presence of PAHs in the marine environment has 
attracted the attention of the scientific community as these 
compounds are frequently detected in sediments at 
increasing levels and many of these compounds are potential 
or proven carcinogens, hence finding the sources of PAH 
contamination are commonly of environmental concerns. 
The major sources of PAHs may be either natural or 
anthropogenic. There are two anthropogenic PAH sources: 
pyrolytic hydrocarbons from combustion sources and 
petrogenic hydrocarbons from petroleum sources. Pyrolytic 
PAHs, characterized by a predominance of parent 
compounds with four or more aromatic rings, can be emitted 
from the incomplete combustion of fossil fuel, urban and 
industrial activities, natural fire and biomass burning that 
produce high molecular weight and less or non-alkylated 
PAHs.1,2,7 Combustion sources of PAHs in the industrialized 
countries include power plants, refineries, and automobiles.8 
Petrogenic PAHs, compounds with two to three aromatic 
rings, are mainly derived from the release of crude oil and 
petroleum products such as lubricating oil, diesel fuel, 
gasoline, asphalt and kerosene.9,10 In this respect, the 
molecular indices based on the ratio of selected PAH 
concentrations in sediments can be used to elucidate the 
possible sources. The ratios between low and high molecular 
weight PAHs9 and those of specific compounds, such as 
Flt/(Flt+Pyr), BaA/(BaA+Chr), Flt/Pyr and BaA/Chr have 
been proposed as valuable source indicators.10 In addition, 
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diagnostic ratios of BaA/Chr, BbF/BkF, BaP/BeP and 
InP/BgP have been applied to identify specific types of 
combustion, such as vehicle exhaust, coal/coke combustion, 
forest fires, and smelters.11-13 

 

 

 

 

 

 

 

Figure 1. Map of Koh Sichang and Siracha anchorage area in the 

inner Gulf of Thailand showing the sample collection sites. 

Koh Sichang (Sichang Island) is a small island located 
along the eastern coast of the inner Gulf of Thailand 
(latitude 13º7.4´ - 13°11.5´N, longitude 100º49.1´ - 
100°54.9´E), twelve kilometres offshore from the town of 
Siracha, Chonburi Province (Fig. 1). Due to its proximity to 
shipping lane, the marine area between Koh Sichang and 
Siracha has made a convenient anchorage spot for dozens of 
barges which tranship their cargoes to lighter boats for the 
trip up the Chaophraya River to the Bangkok Port. The 
transhipment activities of coal in the area has resulted in an 
increase of fine coal dust and particles which will eventually 
settle down and act as a likely source of PAHs into the 
ambient environment. The area also experienced more than 
twenty oil spill events during the last two decades.14 In 
addition, human activity along Siracha and Koh Sichang 
coasts has resulted in a number of possible point sources of 
contamination; including a variety of industry activities, an 
oil refinery, ports, ferry terminals and fishing piers, being 
discharged into the receiving environment. Accordingly, this 
ecosystem during the years has accumulated in sediments 
both elevated levels of organic matter and petroleum 
hydrocarbons;14 Hence it is necessary to investigate the 
pollution sources and their environmental impacts on this 
coastal marine environment. 

The objective of the present work was to quantify and 
determine the distribution of the 16 US EPA priority 
pollutant PAHs in sediments from the Koh Sichang 
anchorage area. In addition, the possible sources of PAH 
contamination were studied using PAH diagnostic ratios. 
The study will provide valuable information to be referenced 
by engineers, planners and officials for future management 
strategies on PAH contamination in this area. 

Experimental 

Sample collection 

Surface sediment samples (0–3 cm depth) were collected 
by using modified Van Veen grab sampler in February 2012; 
from 26 sites distributed along four transect lines in the 
coastal area of about 100 square kilometres between Koh 
Sichang and Siracha (Fig. 1). Two replicate grabs from each 
site were mixed thoroughly in a bowl to provide a single 
composite sample for each site. Immediately after collection, 
the samples were scooped into aluminium boxes, which have 
been pre-washed with n-hexane and kept in an icebox, and 
then transported to the laboratory, where they were divided 
for physico-chemical analysis and for further PAH 
assessment. The considered physico-chemical parameters 
included the analysis of percentage water content, 
percentage organic carbon, and sediment characterization 
while sediments for PAH analysis were kept frozen until 
further processing. Prior to extraction sediments were 
thawed at room temperature, mixed thoroughly, freeze dried 
and sieved through a 250 µm sieve to remove coarse 
substances. 

Analytical methods 

Samples were analysed for PAHs using the procedure of 
IAEA/IOC/UNEP,15 with slight modification. About 50 g of 
the dried sediment sample was carefully transferred into the 
extraction thimble and placed in the extraction chamber of 
the Soxhlet extraction unit. An internal standard (9,10-
dihydroanthracene) was added, and the sample was Soxhlet 
extracted with methylenechloride for 12 h. The extract was 
reduced in volume, cleaned up and fractionated on a silica 
gel-alumina column,16 

reduced in volume again with a gentle 
stream of ultra-pure nitrogen until 0.5 mL, and finally the 
extract was analysed by using capillary gas chromatography. 

PAHs were analysed with  Agilent  6890  gas  
chromatography  coupled with flame ionization detector 
(FID) system equipped with a fused silica capillary column 
coated with HP-5 5 % phenylmethylsiloxane (30 m length 
and 0.32 mm ID 0.25µm film thickness). A 1.0 µL aliquot of 
the extract was injected while the injector port was held at 
250 °C and operated in splitless mode. The oven 
temperature program started at 70°C covered a range from 
70 °C to 290 °C at 6 °C min-1 with 15 min hold. Helium was 
used as carrier gas with flow rate at 1.0 mL min-1  constant 
flow and detector temperature was 300 ºC. Hydrogen and air 
ratios were optimized and their values were chosen as 30 mL 
min-1  and 300 mL min-1 respectively.   

The following 16 PAHs were quantified: naphthalene 
(Nap), acenaphthylene (Acy), acenaphthene (Acn), fluorene 
(Flu), phenanthrene (Phe), anthracene (Ant), fluoranthene 
(Flt), pyrene (Pyr), benzo[a]anthracene (BaA), chrysene 
(Chr), benzo[b]fluoranthene (BbF), benzo[k]fluoranthene 
(BkF), benzo[a]pyrene (BaP), indeno[1,2,3-cd]pyrene (InP), 
dibenzo[a,h]anthracene (DBA), and benzo[g,h,i]perylene 
(BgP).  Total PAHs (PAHs) was the sum of the 16 PAHs.  
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Table 1. Mean(±sd) and range of the measured physico-chemical parameters of sediments of Koh Sichang anchorage area.  

 % Sand % Silt % Clay Texture % Water %OC pH Eh (mV) 

Mean±s.d. 26.9±19.7 47.7±17.1 25.4±5.7 silty clay 48.4±13.2 1.5±0.6 7.5±0.2 -79±55 

Range 4.3-80.8 1.9-65.5 15.5-39.2  21.7-65.3 0.4-2.5 7.2-8.0 55-(-187) 

 

 

Compound concentrations below detection limits were 
assumed to be zero for the summation of PAHs in each 
sample. The identification of PAHs was based on 
comparison of the retention times of the peaks with those 
obtained from standard mixture of PAHs (Supelco Ltd.) and 
from spiked samples analysed under the same conditions. 
Quantification was based on external calibrations curves 
prepared from the standard solution of each of the PAHs. 
The coefficients of determination (r2) for the PAH standard 
calibration plots were Nap (0.994), Acy (0.997), Acn 
(0.993), Flu (0.994), Phe (0.996), Ant (0.996), Flt (0.992), 
Pyr (0.998), BaA (0.992),Chr (0.995), BbF (0.991), BkF 
(0.990), BaP (0.990), InP (0.991), DBA (0.994), and BgP 
(0.991). All the analysis was carried out in three times. The 
relative standard deviations ranged from 0.07 to 0.45 %.  

Analysis of procedural blanks and spiked samples with 
each set of analysed samples was used to assess quality 
control measurements. Four deuterated PAH surrogates (d8-
napthalene, d10-fluorene, d10-fluoranthene, d12-perylene) 
were added to the samples and matrix blank prior to 
extraction. Recoveries of surrogates generally ranged from 
80 % to 105 % of the spike concentration, with the overall 
mean of recovery 85±8.2 %. Concentrations of PAH 
compounds were not corrected for surrogate recoveries, and 
are expressed on a dry-weight (dw) basis. 

Results and Discussions 

Sediments characteristics 

The results of sediment characteristics are presented in 
Table 1. The grain size was utilized to analyse the types of 
sediments. Sieve analysis and fine grain analysis show the 
majority of the sediments consisted of a silt mixture. The 
average mean grain size of surface sediments for most of the 
studied sites was silty clay. The organic carbon (OC) content 
ranged from 0.4 % to 2.5 %, with the average value of 
1.5±0.6 %.  Sites 7, 8, 25 and 26 had the highest OC 
contents, which is expected since these sites are either close 
to the coal transhipment area (7 and 8) or located near the 
ferry terminals (25 and 26). Sites 1 and 6, had the lowest OC 
contents due to more sand-sized material (>65 %) in the 
sediments. 

Distribution and composition of PAHs 

The PAHs concentrations in surface sediments of the 
Koh Sichang-Siracha anchorage area ranged from  65.2  ng 
g-1 to 18,970 ng g-1, with a median concentration of 

282±3,660 ng g-1 dw. The highest PAHs concentration was 
found at site 26, which is the nearest site to a ferry terminal 
and ship repairing facilities. The second highest 
concentration was found at site 7 (1.795 ng g-1), which is the 
coal transhipment area. The PAHs concentration detected 
in sediment sample of site 26 is around 290 times higher 
than the lowest level detected at site 16.  Based on the PAHs 
levels suggested by Baumard et al.,17 most sediment samples 
in the study area  can be classified as moderately 
contaminated (PAHs = 100-1,000 ng g-1 dw). The Pearson 
correlation coefficients for PAHs concentration and 
sediment characteristics in the study area were carried out. 
Results show that the sediment PAHs concentrations were 
not significantly correlated to either OC or particle size (p > 
0.05). The observation suggests that OC and particle size are 
not major factors to control the PAHs distribution.  

 

 

 

 

 

 

 

 

 

 

Figure 2. The percentage of mean concentration of each PAH 

compound in the study area. 

The percentage of mean concentration of each PAH 
compound in the study area is shown in Fig. 2. Many of the 
PAH compounds were present at low concentration range. 
The individual PAH median concentrations (ng g-1 dw) 
found in the study area were in the order: DBA (45.5) > BbF 
(33.3) > BgP (30.9) > BaP (28.8) > Flt (28.0) > InP (21.2) > 
Pyr (19.6) > Chr (16.9) > BkF (13.0) > BaA (9.9) > Ant 
(7.8) > Phe (6.7) > Acn (4.7) > Nap (2.5) > Flu (1.4) > Acy 
(1.1). The difference in PAHs abundance in surface 
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sediments may be attributed to molecular weight and 
microbial degradation. A wide varieties of microorganisms 
including bacterial, fungal, and algal strains are known to 
degrade PAHs. Lower molecular weight PAHs such as Nap 
and Phe are degraded rapidly in sediments, but higher 
molecular weight PAHs such as Pyr, Flt, BaA and BaP are 
more resistant.18 Hence, the distribution of PAHs found in 
sediments gives information about the precursor sources. 

 

 

 

 

Figure 3. Relative distribution of %Ʃ(2-3)-rings and %Ʃ(4-6)-
rings PAHs in Koh Sichang - Siracha surface sediments. 2-3-rings: 
Nap, Acy, Acn, Flu, Phe, Ant; 4-6-rings: Flt, Pyr, BaA, Chr, BbF, 
BkF, BaP, InP, DBA, BgP. 

PAHs composition in the sediments of the Koh Sichang-
Siracha anchorage area were generally similar in such a way 
that the relative contribution of low molecular weight 
(LMW) components with 2-3 rings (LPAHs) was lower 
(ranging from 4 % to 19%), while components with high 
molecular weight (HMW) with 4-6 rings (HPAHs) were 
dominant, ranging from 81 % to 96 %, except the sediments 
from sites 1 and 26, where the 2- & 3-ring PAHs were 
predominant at 47-60 %, respectively (Fig. 3). The result 
suggests that the PAHs contamination in these two sites 
comes from a different source than those for the PAHs found 
in other locations. The spatial distribution patterns of 
PAHs, LPAHs and HPAHs in the study area shown in 
Fig. 4 reveal the predominance of high molecular weight 
PAHs in the sediments which reflects the presence of 
significant combustion products from pyrolytic processes 
and/or pyrolytic sources.1,2,7  

PAH diagnostic ratios 

Several PAH isomeric ratios have been used to identify 
different sources of PAHs to environmental samples. These 
ratios are useful indicators of PAH sources, and have been 
widely used to infer the source of PAHs found in 
sediments.10-13,19 For example, ratios of Phe/Ant and Flt/Pyr 
have been widely used to distinguish petrogenic and 
pyrogenic (pyrolytic) sources of PAHs.10-13,19-22 It is 
generally accepted that PAHs with Flt/Pyr values >1 are 
related to pyrolytic origins and values <1 are attributed to 
petrogenic origin. PAHs of petrogenic origin are also 
characterized by Phe/Ant > 10, while combustion process 
often result in Phe/Ant < 10. Other common ratios that have 
been used include Ant/(Ant+Phe) and Flt/(Flt+Pyr).23-28 
Ratios of Ant/(Ant+Phe) < 0.1 and Flt/(Flt+Pyr)<0.4 usually 
imply a petrogenic source, whereas ratios of Ant/(Ant+Phe) 
> 0.1 and Flt/(Flt+Pyr) > 0.5 suggest a pyrogenic source and 
combustion source of biomass (grass, wood, or coal 
combustion), respectively. 

 

 

 

 

 

 

As such, several PAH isomer ratios i.e. Ant/(Ant+Phe),  

 

 

 

 

 

 

 

Figure 4. The spatial distribution of ΣLPAHs, ΣHPAHs and 

ΣPAHs concentrations (ng g-1 dw) in the study area. 

Flt/(Flt+Pyr), BaA/Chr, BaA/(BaA+Chr), InP/(InP+BgP), 
Phe/Ant and Flt/Pyr were calculated for the sediment 
samples in the study area in order to determine probable 
PAH sources (Table 2).  Ratio of different isomer pairs were 
plotted for use to identify PAH sources as shown in Fig. 5. 
At most of the sites investigated in this study, the 
Ant/(Ant+Phe) ratios were generally > 0.1, ratios of 
Flt/(Flt+Pyr) were >0.4, ratios of InP/(InP+BgP) > 0.2, 
ratios of Phe/Ant > 10, ratios of Flt/Pyr > 1.0.  These 
indicate that pyrolytic sources were the primary sources of 
sedimentary PAHs in the study area. However, the BaA/Chr 
and BaA/(BaA+Chr) ratios indicated the mixed petrogenic 
and pyrolytic sources of the sedimentary PAHs.  

Fig. 5 shows the cross plots for the ratios of Flt/(Flt+Pyr) 
vs. Ant/(Ant+Phe) and InP/(InP+BgP) vs. BaA/(BaA+Chr) 
in sediments, which  indicated that most sediment samples 
have mixed combustion sources. Several of the Koh 
Sichang-Siracha sediment samples, however, have 
InP/(InP+BgP) ratios indicated that the main sources of 
PAHs were combustion of petroleum, while several 
sediment samples have InP/(InP+BgP) ratios indicated that 
of grass or wood combustion source. 
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Table  2.  The diagnostic PAH source ratio guidelines* and those obtained for surface sediments in the study area. 

Diagnostic ratios Petrogenic source Pyrolytic source 
This study 

Mean ± sd Range 

Ant/(Ant+Phe) <0.1 >0.1 0.51±0.19 0.03 – 0.82 

Phe/Ant >15 <10 2.27±5.47 0.22 – 28.52 

Flt/Pyr <1.0 >1.0 1.91±1.61 0.28 – 8.86 

Flt/(Flt+Pyr) <0.4 >0.4 0.6±0.15 0.22 – 0.90 

BaA/Chr <0.4 >0.9 0.60±0.31 0.04 – 1.55 

BaA/(BaA+Chr) <0.2(0.2-0.35) >0.35 0.35±0.12 0.04 – 0.61 

InP/(InP+BgP) <0.2 >0.2 0.43±0.15 0.17 – 0.77 

 *Modified from Yunker et al.
12, 28

  

 

 

 

 

 

Figure 5. PAH cross plots for the ratios of Flt/(Flt+Pyr) vs. Ant/(Ant+Phe) and InP/(InP+BgP) vs. BaA/(BaA+Chr)  in sediments of Koh 
Sichang-Siracha marine area. 

Conclusion 

This study provides important data set on PAH levels in 
surface sediments of Koh Sichang-Siracha marine area in 
Thailand. The PAH concentration levels of 16 PAH priority 
pollutants ranged from 65.2 to 18,970 ng g-1 dw with a 
median concentration was 282±3,660 ng g-1 dw.  The overall 
levels of PAHs were moderate compared to coastal areas in 
other regions.  The PAH distribution profile indicated 
potential source dependence, as the levels were generally 
higher in the vicinity of known inputs such as coal 
transshipment area, ferry terminals and ports. PAH 
diagnostic ratios indicated that PAHs in surface sediments 
mainly from pyrolytic sources (i.e. derived from combustion 
of petroleum and other organic materials) and very similar to 
PAH signatures of many coastal marine sediments 
elsewhere. The pyrolytic part of the pattern could arise from 
atmospheric transported coal derived particles from coal 
transshipment area, ship/boat emissions and other 
combustion processes. At most of the sites investigated in 
this study, the sedimentary PAH concentrations were 
dominated by DBA, BbF, BgP, BaP, and InP, which are 
IARC probable and possible human carcinogens.3 Hence, 
high contaminated sediment samples in the study area are 
expected to have a high toxic potential. At present, no 
criteria or standards have been set for PAHs by any 
regulatory agency for the protection of sensitive species of 
aquatic organisms in Thailand. It is recommended that 

detailed assessment of ecological and human health risks 
associated with these compounds should be carried out as a 
matter of priority. 
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A  XYLIDINE PONCEAU DYE BASED PHOTOGALVANIC 

CELL: ENERGY CONVERSION FOR SUSTAINABLE 

DEVELOPMENT 
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The photogalvanic behavior of Xylidine ponceau dye was studied in Xylidine ponceau – Tween 60 – ascorbic acid system. The 

experimental studies were performed at different pH conditions and dye concentrations. The effects of electrode area, light intensity and 

diffusion length on cell electrical parameter are studied in various experimental conditions. Cell generates maximum power of 68.77 μW in 

ideal conditions. conversion efficiency was calculated by observed photopotential and photocurrent values at power point. 
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INTRODUCTION 

The source for the renewable energies is the sun and is 
linked either directly or indirectly to the power of the earth’s 
internal and external changes. The sun’s heat and the earth’s 
surface temperatures cause heating and cooling of air 
masses that become powerful winds. Electricity generation 
from renewables is assuming increasing importance in the 
context of large negative environmental externalities caused 
by electricity generation.1 The utility of solar energy is one 
from many renewable sources of energy especially in 
photogalvanic cells, so the photogalvanic cells are 
worthwhile source of energy and have future applications 
and uses. The photogalvanic effect was first reported by 
Rideal and Williams2, but Rabinowitch3-4 made the first 
photogalvanic cell using thionine-iron system. Later on 
Kaneko and Yamada5 were reported the photopotential and 
photocurrent induced by tolusafranine- ethylenediamine-
tetraacetic acid system and Kaneko and Wohrle6 used cation 
radical formed electrochemically in the presence of oxygen. 
Murthy et al.7-9 studied photogalvanic effect in system 
containing methylene blue, riboflavin 
ethylenediaminetetraacetic acid and toluidine blue and 
shown the importance of the determination of 
electrochemical properties of dyes and flat band potentials 
of a few thin film semiconductor electrodes. Rohatgi 
Mukherjee et al.10-11 were studied photo voltage generation 
of the phenosafranine-EDTA system in photogalvanic cell 
on temperature effect. Folcher and Paris12, Alfredo et al.13 
reported the electron transfer via organic dye for solar 
energy conversion. Pan et al.14, Jana and Bhowmik15-16 were 
calculated solar energy efficiency (SEE) and other cell 
characteristics of mixed dye-solar cell is larger in 
comparison to the cell with single dye. whereas Bayer et 
al.17, Matsumoto et al.18-19, Shiroishi et al.20 have studied 
some interesting photogalvanic systems with reasonable 
power. Bisquert et al.21, Bisquert and Belmonte22 and 
Bisquert et al.23 have reviewed the importance’s analysis of 
galvanostatically synthesized polypyrole films, correlation 
of ionic difference and capacitance parameters with the 

electrode morphology, whereas Mayer24 has presented the 
molecular approaches to solar energy conversion.  

Gangotri and Bhimwal25 studied the performance of 
photogalvanic cell for solar energy conversion and storage 
in methyl orange –D xylose NaLS systems whereas 
Gangotri and Bhati26 was studied photogalvanic cells having 
different surfactants, reductants and photosensitizers and 
tried to get the better electrical output and storage capacity. 
Sharma et al.27-28 used Brilliant cresyl blue – Fructose and 
rodamine B – fructose systems for enhancement of solar 
energy conversion and storage capacity of photogalvanic 
solar cells. Recently, attention has been paid to use of some 
new dyes as photosensitizer in photogalvanic systems and 
surfactants as stabilizing agents29-30. In the present work, 
electrical output of Tween 60 – Xylidine ponceau – 
Ascorbic acid system examined experimentally to increase 
storage performance of cell and to development cost 
effective photogalvanic cell system for sustainable 
development.  

Experimental 

Xylidine  ponceau (scheme I) is a solid red power with a 
absorption of 480 nm, its molecular formula is 
C18H14N2Na2O7S2, molecular weight is 480.42 and it is 
soluble in water. 

 

Scheme I 

Tween 60 (Polyoxyethylene sorbitan monostearate) 
(Scheme II) is a pale yellow semisolid liquid, molecular 
formula is C24H46O6(C2H4O)n, molecular weight is 1312 and 
it is soluble in water. 
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Scheme II 

Ascorbic acid (scheme III)  is white to slightly yellowish 
crystalline powder its molecular formula is C6H8O6,  
molecular weight is 176.13 and it is soluble in water. 

 

 

 

Scheme III 

Photogalvanic effect of dye was studied using H- shaped 
glass tube which consist known amount of the solution of 
Xylidine ponceau (5.6x10-5 M), Tween 60 (1.08x10-3 M), 
Ascorbic acid (2.08x10-3 M) and NaOH (1.0 N). A Platinum 
electrode (1.0x1.0 cm2) was dipped in one limb and a 
saturated calomel electrode (SCE) is immersed in another 
limb of the H- tube. The terminals of the electrodes were 
then connected to a digital pH meter and the whole cell is 
placed in dark. The photopotential was measured in dark 
when the cell attains a stable potential. The limb containing 
platinum electrode was focused to the light source (projector 
Tungsten lamp). The light intensity was varied by 
employing tungsten lamp of 200 W and solarimeter. A water 
filter placed between the illuminated chamber and the light 
source to cut off thermal radiations. Photopotential and 
photocurrent were measured by digital pH meter (Systronics 
model 335) and digital ammeter (Osaw). Absorption spectra 
were recorded using Spectrophotometer (Systronics 106) 
with the matched pair of silica cuvetts (path length 1cm). All 
spectral measurements were duplicated in a constant 
temperature water bath maintained with in ±1 0C and mean 
values were processed for data analysis.  

 

 

 

 

 

 

 

 

Figure 1. Absorption spectrum of dye and dye + surfactant 

The dye shows absorption peak (λmax) in visible region 
with maximum at 480 nm. Maximum absorption is recorded 
at Xylidine ponceau - Tween 60 combination of 
concentration 5.6x10-5 M + 1.08x10-3 M. The changes in the 
spectra are shown in Figure 1. 

Results and discussion 

Effect of variation of dye, surfactant, and reductant 

concentration 

Effect of dye, surfactant and reductant concentration on 
photopotential and photocurrent are summarized in Table 1. 
In Tween 60 – Xylidine ponceau – Ascorbic acid system for 
the better performance of the photogalvanic cell proper 
concentration of dye needed. It was observed that 
photopotential and photocurrent increased with increase in 
concentration of the xylidine ponceau. A maxima was 
obtained at certain dye concentration (5.6x10-5 M). On 
further increasing in dye concentration, a decrease in the 
electrical output was observed. On the lower concentration 
range of dye, there are limited number of dye molecules to 
absorb the major portion of the light in the path and 
therefore, minimum electrical output observed, where as 
high concentration of dye intensity of light reaching the 
molecule near the electrode decreased due to absorption of 
the major portion of the light by the dye molecules present 
in the path. Therefore corresponding fall in the power of the 
cell was observed. 

 

Table 1. Effect of variation of Xylidine ponceau, Tween 60 and 
Ascorbic acid concentration.  

Concentration Photopotential, mV  Photocurrent, μA 

 

[Xylidine ponceau] x 10-5 M 

4.8     712    154 

5.2     769    179 

5.6     880    197 

6.0     760    181 

6.4     725    160 

 

[Tween 60] x 10-3 M 

 

0.28     620    97 

0.68     778    143 

1.08     880    197 

1.48     730    170 

1.88     590    128 

 

[ascorbic acid] x 10-3 M 

 

1.28     663    142 

1.68     790    176 

2.08     880    197 

2.48     810    180 

2.88     720    168 

aLight Intensity = 10.4 mW cm-2, bTemp. = 303 K, cpH = 10.80 
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Tween 60 is used as a surfactant in the photogalvanic cell 
system. The photopotential and photocurrent of the cell was 
increased on increasing the concentration of Tween 60. A 
maxima was obtained at a certain value (1.08x10-3 M) and 
decrease on further increase in surfactant concentration. The 
miceller systems have the ability to solubilize a variety of 
molecules and substantial catalytic effect on chemical 
reaction. Photopotential and photocurrent was found to 
increase with increase in reductant (ascorbic acid) 
concentration to maximum value of photopotential of 880.0 
mV and photocurrent of 197.0 μA and then decrease in 
electrical output because fever reductant molecule were 
available for electron donation to photosensitizer (dye) 
molecule. Higher concentration of reductant again resulted 
in a decrease in electrical output, due to the large number of 
reductant molecules hinder the dye molecule from reaching 
electrode in the desired time limit.  

Effect of variation of pH 

Photogalvanic cell containing Tween 60 - Xylidine 
ponceau – ascorbic acid system was found to be quite 
sensitive to pH of the solution. The photopotential and 
photocurrent is increased with increase pH value (in alkaline 
range) of the cell. At pH 10.80, maximum photopotential 
and photocurrent of 880.0 mV, 197.0 μA recorded, further 
increase in pH, photopotential and photocurrent decreased. 
The results showing the effect of pH are summarized in 
Table 2.  

Table 2. Effect of pH on photogalvanic parameters 

pH   Photopotential, mV Photocurrent, µA 

10.72  690 92 

10.76 760 135 

10.80  880 197 

10.84 762 170 

10.88 670 108 

a[Tween 60] = 1.08 x 10-3 M, b[Xylidine ponceau] = 5.6 x 10
-5

 M, 
c[ascorbic Acid] = 2.08 x 10

-3
 M, dLight Intensity = 10.4 mW cm-2, 

eTemp. = 303 K 

Table 3. Effect of diffusion length 

Diffusion 

length DL, 

mm 

Maximum pho- 

tocurrent, imax, 

μA 

Rate of initial generati-

on of current, μA min-1 

 50  191    9.55 

 55  202    10.15 

 60  215    10.75 

 65  228    11.40 

 70  242    12.10 

a[Tween 60] = 1.08 x 10-3 M, b[Xylidine ponceau] = 5.6 x 10
-5

 M, 
c[ascorbic Acid] = 2.08 x 10

-3
 M, dLight Intensity = 10.4 mW cm-2, 

eTemp. = 303 K 

Effect of diffusion length 

Effect of variation of diffusion length (distance between 
two electrodes) on the current parameters (imax, ieq) and 
initial rate of generation of photocurrent are studied using 

H-Shaped cell of different diameters. Results are reported in 
Table 3. It is observed that in the first few minutes of 
illumination there is sharp increase in the photocurrent (imax). 
The conductivity of electroactive species depends on its 
population between electrodes. As diffusion length  
increased, the volume of dye solution and intern population 
of dye molecule(Xylidine ponceau) increased leading higher 
imax the electroactive nature of dye/dye- is provide by the fact 
that imax increase with diffusion length. There for it may be 
concluded that the main electro active species are the leuco 
or semi form of dye- and the dye in the illumination and the 
dark chamber respectively.  

Effect of variation of electrode area and light intensity 

The effect of variation of electrode area on the current 
parameters of the cell also studied using thin platinum 
electrodes of different diameters. Experimentally, it was 
observed that with increase electrode area the value of 
maximum photocurrent (imax ) was found to increase and (ieq) 
is all most independent to change in electrode cell. The 
results are summarized in Table 4. 

Table 4. Effect of electrode area on photocurrents 

Electrode area, 

cm2 

Maximum photo-

current, imax, μA 

Equilibrium pho-

tocurrent, Ieq, μA 

0.25    188     171 

0.64                       198                183 

1.00    215            197 

1.21    231        207 

1.96    246        228 

a[Tween 60] = 1.08 x 10-3 M, b[Xylidine ponceau] = 5.6 x 10
-5

 M, 
c[ascorbic Acid] = 2.08 x 10

-3
 M, dLight intensity = 10.4 mW cm-2, 

eTemp. = 303 K 

The intensity of light is also affects the electrical output of 
the cell. This effect was observed by varying intensity using 
solar intensity meter. Effect of light intensity graphically 
represented in Figure 2. It was observed that photocurrent 
showed a linear increasing behavior with the increase in 
light intensity whereas photopotential increase in 
logarithmic manner.  

Current – voltage (i-V) characteristics of the cell 

The open circuit voltage (Voc 1091.0 mV) and short circuit 
current (isc 197.0 µA) of the photogalvanic cell were 
measured under the continuous illumination of light, with 
the help of digital pH meter (keeping the circuit open) and a 
micro ammeter (keeping the circuit closed), respectively. 
The external parameters (photopotential and photocurrent) 
of the photogalvanic cell in between this two extreme values 
(Vpp and ipp) were recorded with the help of a carbon pot (log 
407 K) connected in the circuit of micro ammeter, through 
which an external load applied on it (Figure 3). A point in 
the i-V curve, called power point (pp), was determined 
where the   product of current and potential was maximum 
and the Fill-factor (ff) was calculated as 0.33 and conversion 
efficiency (η) of the cell was determined as 0.6613%  using 
the following relationship  
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where Vpp, ipp and A are photopotential at power point, 
photocurrent at power point and electrode area, respectively.  

 

 

 

 

 

 

 

 

 

Figure 2. Variation of photocurrent and log V with light intensity 

 

 

 

 

 

 

 

 

 

Figure 3. Current - potential (i-V) curve of the cell 

 

 

 

 

 

 

 

 

Figure 4.  Time - power curve of the cell 

Storage capacity (performance) of the cell 

The performance of the photogalvanic cells containing the 
Tween 60 – Xylidine ponceau - ascorbic acid system was 
studied by applying the desired external load necessary to 
have the potential and the current corresponding to power 
point, after removing the source of illumination till the 
output (power) its half value at the power point in the dark. 
The performance of the cell was determined in terms of t1/2 

i.e. time required in fall of the output (power) to its half 
value at power point in dark. It was observed that cell can be 
used in the dark for 110.0 minutes (Figure 4). 

Mechanism  

The mechanism is photocurrent given in the photogalvanic 
cell may be proposed as follow: 

In illuminated chamber 

On irradiation, dye molecule get excited 

 

 

The excited dye molecule accept an electron from 
reductant and convert into semi or luco form of dye, and the 
reductant into its excited state state form 

 

 

At platinum electrode 

The semi or luco form of dye loses an electron and 
converted into original dye molecule 

 

 

Dark chamber 

At counter electrode (SCE) 

 

 

Finally luco/semi form of dye and oxidized form of 
reductant combine to give original dye and reductant 
molecule 

 

 

where Dye, Dye*, Dye-, R and R+ represents the dye, 
excited form of dye, reduced form of dye, reductant and 
oxidized form of reductant, respectively. 

pp pp
(1)

oc sc

V i
ff

V i


pp pp
100 (2)

10.4 A

V i
 



*Dye Dye (3)
h



* - +Dye + R Dye + R (4)→

Dye Dye (5)e  

Dye Dye (6)e  

Dye Dye (7)R R   
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CHARACTERIZATION OF  WATER/n-PROPANOL/NONIONIC 
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Keywords: nonionic surfactants, phase behaviour, hydrodynamic diameter, emulsification of substrate, hydration of alkynes 

Water/n-propanol/nonionic surfactant /phenylacetylene micellar systems were formulated and used for the hydration of phenylacetylene. 

The ratio (w/w) of n-propanol/surfactant equals 2/1. The surfactants were sucrose laurate (L1695) and Marlipal 24/70 (M2470). The 

extent of the micellar region as function of temperature was determined. The particle hydrodynamic diameters of the oil-in-water micellar 

systems measured using dynamic light scattering and were found to decrease with temperature for sucrose laureate and to increase for 

Marlipal 24/70 based systems. In the diluted region microemulsion systems were observed. Highly efficient hydration of phenylacetylene 

was performed in these microemulsions. The reaction results indicate that hydration of phenylacetylene is more efficient when sucrose 

laurate was used for the formulation of the microemulsions.   
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Introduction 

In our previous studies, we have demonstrated that 
applying a three phase emulsion (or microemulsion)-solid 
state-transport method (EST) system can be applied 
successfully for catalytic hydrogenation, hydroformylation 
and carbon-carbon coupling of hydrophobic substrates in 
aqueous microemulsions.1-5 Hydration of alkynes usually 
still involve either toxic mercury derivatives or some other 
environmentally disfavoured late metal compounds.6 Ultra-
low palladium catalysts was used for phenylacetylene semi 
hydrogenation.7 Hydration of phenylacetylene using 
Brönsted acidic ionic liquids in the absence of Nobel metal 
catalyst/sulphuric acid was reported.8 A possible mechanism 
of hydration of phenylacetylene in near-critical water was 
also proposed.9 A new method for the hydration of alkynes 
that is expected to reduce the hazards associated with 
industrially important processes and to convert the 
conventional methods into environmentally favoured 
syntheses was reported.10 Internal and aliphatic acetylenes 
were hydrated by treatment of their microemulsions with 
0.33 M mineral acid between 80 and 140 °C. The products 
are easily isolated from the reaction mixtures by phase 
separation.10 In this study we continue our efforts to 
formulate new microemulsions composed of water/n-

propanol/nonionic surfactant /phenylacetylene to be used as 
a reaction media for the hydration of phenylacetylene. The 
nonionic surfactants used were sucrose laurate (L1695) with 
a hydroxylated head group and Marlipal 24/70 (M2470) 
with an ethoxylated head group. The objective is to study the 
effect of the surfactants head group on the phenylacetylene 
hydration in oil-in-water microemulsions.   

Experimental  

Phenylacetylene (PAC), Sucrose laurate (L1695) was 
obtained from Mitsubishi-Kasei Food Corp. (Mie, Japan). 
Marlipal 24/70 (M2470) was obtained from Sasol Company 
(Hamburg, Germany).  All the components were used as 
supplied without further purification. Triply distilled water 
was used for all experiments. 

Sample preparation for pseudo ternary phase diagram at 

constant temperature  

The phase behaviour of a four-component system is 
described in pseudo ternary phase diagrams in which the 
weight ratio of surfactant/cosurfactant is fixed. The 
determination of the phase behaviour was performed in a 
thermo stated bath (T   0.1 K). Ten weighted samples 
composed of mixtures of (surfactant + cosurfactant) and 
oil were prepared in culture tubes sealed with Viton-lined 
screw caps at predetermined weight ratios of 
oil/surfactant/cosurfactant. The mixtures were titrated 
with water and were equilibrated during a time interval 
of up to 24 h. The different phases were determined 
visually and optically using crossed polarizer’s method. 
Appearance of turbidity was considered as an indication 
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for phase separation. The phase behaviour was 
determined only after sharp interfaces had become 
visible. Every sample that remained transparent and 
homogeneous after vigorous vortexing was considered as 
belonging to the one phase region in the phase 
diagram.11,12 

Dynamic light scattering 

Particle size measurements were performed using 
Zetasizer Nano S (ZEN 1600) for the measurements of size 
and molecular weight of dispersed particles and molecules in 
solution by Malvern Instruments Ltd. (Worcestershire, 
United Kingdom).  The equipment includes a 4 mW, 633 nm 
He-Ne laser. Size measurement range between 0.6 nm to 6 
m, size measurement angle equals 173º, concentration 
range for size measurement was between 0.1 ppm (0.00001 
vol %) – 40 wt %, molecular weight range between 103 to 
107 

Da and temperature measurement range between 275 K 
to 363 K. 1.5 ml micellar sample was introduced in a 
disposable polystyrene cuvettes and measured at 
temperatures range between 273 and 323 K by steps of 5 K. 
The particle hydrodynamic diameter is calculated from the 
translational diffusion coefficient (D) using the Stokes-
Einstein relationship: 

    dH = kBT/6D      (1) 

where dH is the hydrodynamic diameter, kB is 
Boltzmann’s constant, T is the absolute temperature and  is 
the solvent viscosity. The results are averages of 3 
experiments.  

Emulsification of the substrates 

Typically, a mixture of triply distilled water (TDW, 89.3 
wt. %), and a suitable surfactant (3.3 wt. %) was stirred at 
room temperature. Then, the substrate (0.8 wt.%) was added 
drop wise under vigorous stirring. The emulsion, so formed, 
was titrated with n-propanol until a clear transparent mixture 
was obtained (usually 6.6 wt.%). A calculated amount of the 
desired acid was added to the microemulsion in order to 
obtain a 0.33 M microemulsion.  

General procedure for the hydration of alkynes 

The above microemulsion of the substrate was placed in 
either an autoclave or in a pressure vessel and heated with 
stirring to the desired temperature for the required length of 
time. The reaction vessel was cooled to room temperature 
and the microemulsion was treated with NaCl (2 g) which 
caused phase separation. The aqueous phase was extracted 
with Et2O (2×15 mL) and the combined organic phases were 
neutralized with aqueous NaHCO3, dried (MgSO4), 
concentrated and chromatographed on silica gel. The 
products were then analyzed by 

1
H NMR, MS, and GC in 

the usual manner and compared with authentic samples.  

Results and Discussion  

Phase behavior 

Figures 1 and 2 present the phase behaviours of water/ 
sucrose laurate /n-propanol/ phenylacetylene and water/ 
Marlipal 24/70 /n-propanol/ phenylacetylene systems at 298 
K. The ratio (w/w) of n-propanol/ surfactant equals 2/1. As 
shown in the Figure, the phase behaviour indicates the 
appearance of transparent micellar region after the first 
addition of water. Similar findings on the behaviour of 
sucrose ester surfactants in the presence of other cyclic oils 
were reported.12-14 The area of the one phase region  AT (%), 
varies slightly with temperature for Marlipal 24/70. The 
phase behaviour of the system based on sucrose laurate 
shows temperature independency.  Similar behaviours of the 
dependence of the phase behaviour on temperature of 
nonionic surfactants were reported elsewhere.14-17  

Figure 1. Pseudoternary phase diagram of the water/n-propanol/ 
sucrose laurate/phenylacetylene system at 298 K. The mixing ratio 
(w/w) of n-propanol/ sucrose laurate equals 2/1.  The one phase 
region is designated by 1, and the multiple phase regions are 
designated by (M). N80 is the dilution line where the weight 
ratio of (sucrose laurate + propanol)/ phenylacetylene equals 4/1. 

Figure 2. Pseudoternary phase diagram of the water/n-propanol/ 
Marlipal 24/70 /phenylacetylene system at 298 K. The mixing ratio 
(w/w) of n-propanol/ Marlipal 24/70 equals 2/1. The one phase 
region is designated by 1, and the multiple phase regions are 
designated by (M). N80 is the dilution line where the weight 
ratio of (Marlipal 24/70  + propanol)/ phenylacetylene equals 4/1. 
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Diffusion properties 

The hydrodynamic diameter (dH) of the oil-in-water 
micellar systems were measured for  water volume fractions 
equal 0.90 and 0.95. The variation in the values of the (dH) 
for the sucrose laurate based system decreased as function of 
temperature (from 298 to 323 K) as shown in Figure 3.  
Similar behaviour of the hydrodynamic radius of sucrose 
laurate based systems was reported elsewhere.14,18,19  

Figure 3. Variation of the particle hydrodynamic diameter as 
function of temperature for water/n-propanol/ sucrose laurate/phe-
nylacetylene oil-in-water nanoemulsions along N80 dilution line. 

 

 

 

 

 

 

 

Figure 4. Variation of the particle hydrodynamic diameter as 
function of temperature for water/n-propanol/ Marlipal 24/70 / 
phenylacetylene oil-in-water nanoemulsions along N80 dilution 
line. 

Figure 4 presents the variation of the hydrodynamic 
diameter of the oil-in-water micellar system as function of 
temperature for the ethoxylated Marlipal based system at 0.9 
and 0.95 water volume fractions. The hydrodynamic 
diameters increase with increasing temperature.  The values 
of the hydrodynamic diameter indicates that the micellar 
systems formed are microemulsions. These systems will be 
used as alternative reaction media for the hydration of 
phenylacetylene.   

Hydration of phenylacetylene 

Highly efficient hydration of alkynes have been performed 
in water upon addition of a suitable surfactant that 
solubilises the substrate. From previous studies, it had been 
showed that hydration of alkynes depends on the ionic 
nature of the surfactants.

10
 In this report we introduced two 

different types of surfactants, both are non-ionic but they are 
different in structures. Some representative results 
summarized in Table 1 indicate that hydration of 
phenylacetylene is more efficient upon the addition of 
sucrose laurate.     

 

Table 1.  Dependence of the hydration of phenylacetylene on the 
nature of the surfactants. a 

 

 

[a]
  

Reaction conditions as described in section 2 except that all 
experiments were performed for only 3 h at 140 °C.   

[b] Average of at least two experiments that did not differ by more 
than ± 3 %. 

Conclusion  

New microemulsions were developed  for performing 
hydration reactions of phenylacetylene  that will lead to a 
significant reduction in the vast amount of organic solvents 
and toxic agents used currently in organic syntheses, and 
consequently increase the safety and diminish the cost of 
chemical processes. Determination of the particle size 
diameters of the diluted oil-in-water micellar systems 
enables the distinction of the diluted micellar systems as 
microemulsions. Since the particle size of the micellar 
system is an important parameter in determining the yield of 
hydration reaction of phenylacetylene, the results presented 
in this study recommend performing these reactions at water 
volume fractions above 0.90 or at surfactant contents slightly 
above the critical micelle concentration and at high 
temperatures.  
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A FACILE GREEN SYNTHESIS PROCESS OF 3-SUBSTITUTED-

3-HYDROXYINDOLIN-2-ONES AND THEIR IN VITRO 

ANTIOXIDANT AND ANTIMICROBIAL POTENTIAL 

 

Anshu Dandia[a]*, Deepti Saini[a], Dinesh Kumar Saini[b] and Manas 
Mathur[c] 

 

Keywords: substituted indole-2,3-diones, substituted aryl ketones, aqueous medium, antioxidant, antibacterial and antifungal activity. 

Potassium carbonate catalyzed synthesis of 3-substituted-3-hydroxyindolin-2-ones (A-E) by treating substituted indole-2,3-diones with 

substituted aryl ketones in aqueous medium under sonication with an object to develop potent antioxidant, antibacterial and antifungal 

agents of synthetic origin. It is revealed from the antioxidant screening results that the Compound A (3-hydroxy-3-[2-oxo-2-(4-chloro-

phenyl)ethyl]indolin-2-one) and Compound E (5-Methyl-3-hydroxy-3-[2-oxo-2-(4-fluoro-phenyl)ethyl]indolin-2-one) manifested 

profound DPPH•, ABTS•+ and NO radical scavenging activity. Compound C elicited the potent inhibitory action against all the bacterial 

pathogens. Compound A (3-hydroxy-3-[2-oxo-2-(4-chloro-phenyl)ethyl]indolin-2-one) and Compound C (5-Methyl-3-hydroxy-3-[2-oxo-

2-(4-chloro-phenyl)ethyl]indolin-2-one) have showed equivalent activity comparable to standard drug Ampicillin against Pseudomonas 

aurigonosa. The advantages of this green method utilizing potassium carbonate as an inexpensive, safe, and efficient basic catalyst are high 

efficiency, mild reaction conditions, convenient operation and environmentally benign conditions. 
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INTRODUCTION 

After the discovery of the involvement of free radicals in 
oxidative tissue injury and diseases, the rapid development 
began in the area of free radical biology and medicine. Free 
radicals are produced as a result of normal biochemical 
reactions in the body. The human body uses an inherent 
antioxidant system to neutralize the excessive level of free 
radicals. In general, the cell is able to maintain an 
appropriate balance between oxidants and antioxidants 
under normal conditions. The imbalance between production 
of free radicals and the available antioxidant defence leads 
to a widely accepted phenomenon called oxidative stress, 
which is responsible for cellular and metabolic injury and 
accelerating aging, cancer, myocardial infarction, arthritis, 
cardiovascular diseases, neurodegenerative diseases and 
inflammation.1 Around the world, life annoying contagious 
diseases caused by multi-drug-resistant pathogenic bacteria 
(Gram-positive/Gram-negative) increased at an alarming 
level. The presence and growth of pathogenic 
microorganisms (bacteria, mould, viruses, fungi) in food 
may cause its spoilage and results in a reduction in its 
quality and quantity.2 This microbial contamination still 
poses important public health and economic concerns for 
human society.   

Owing to various disorders caused by free radicals and 
increased microbial resistance, new classes of antioxidant 
and antimicrobial agents with novel mechanisms are today’s 
need to fight against various disorders caused by free 
radicals and multi drug-resistant infections. 

The indole nucleus, a common and important structural 
functionality of a variety of both natural and unnatural 
products, is probably the most well-known heterocycles. 
Isatins are versatile substrates because they can be used for 
the synthesis of a large variety of heterocyclic compounds as 
raw materials for drug synthesis. Oxindole derivatives are 
known to possess a variety of biological activities.3 In 
particular, the 3-substituted-3-hydroxyindolin-2-ones, a 
class of compounds bearing the indole skeletal structure, are 
found in several biologically active alkaloids and 
pharmacological agents (Figure 1; Table 1).4 

In context of this program, we have previously reported 
the synthesis of hydroxy derivatives and conversion of these 
into biodynamic heterocycles,5 numerous methodologies 
have been developed and continue to be explored for the 
construction of this structure.6 However, some of these 
methods suffer from certain drawbacks such as hazardous 
organic solvents, high cost, long reaction time, less 
selectivity and excess amount of base, unsatisfactory yields, 
cumbersome product isolation procedures, and 
environmental pollution. Therefore, there is still need for 
versatile, simple, and environmentally friendly processes for 
the synthesis of 3-substituted-3-hydroxyindolin-2-ones 
derivatives. Use of potassium carbonate as catalyst has 
inherent advantages including operational simplicity, low 
cost, and suitability in industrial applications.7 An increasing 
number of examples are available in the literature where 
potassium carbonate alone has been used as a catalyst during 
organic transformations.8 
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Table 1. List of Compound Names, Bioactivity, Mode of Action 

Entry Natural Product Target and mode of action IC50 

1 Maremycin A-D4a Cytotoxicity Mouse fibroblasts L-929 Human Leukemia K562 50 μg mL-1 

2 Paratunamide A-D4b Cytotoxicity human epidermoid carcinoma KB cells 6 μg mL-1 

3 Spiroepoxyindoles4c Anti-fungal, anti-tubercular anti-cancer - 

4 TMC-95 A-D4d Reversible (non-covalent) inhibitors of  20S proteasome 5.4 nM 

5 Convolutamydine A-E4e Inhibit differentiation of promyelocytic leukemia cells HL-60 12.5-25 μg mL-1 

6 Spirotetrahydrofuryloxindole4f Anti-cancer 16-32 μM  

7 Spiroisoxazolidynyloxindole4g anti-cancer, anti-tubercular 2-4 μM, 15-30 % 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Examples of biologically active 3-substituted-3-
hydroxyindolin-2-ones 

An important technique that is widely used today in 
organic synthesis and has a profound impact on the way 
chemist approach organic and parallel synthesis, is 
“Ultrasonication”, based on cavitation effects leading to 
mass transfer improvement. The benefits of this technology 
are reduction in reaction times, improved yields and 
suppression of side products, relative to traditional thermal 
heating.9 Numerous examples under this condition for 
constructing the heterocycles with interesting properties 
have been reported in the literature.10  

Considering the above points and in view of our quest for 
developing green protocols for heterocyclic frameworks,11 
herein, we report a greener, simple and efficient method for 
the synthesis of 3-substituted-3-hydroxyindolin-2-ones 
derivatives in water under ultrasonic irradiation by K2CO3 
and their evaluation for antioxidant and antimicrobial 
potential.  

However, to the best of our knowledge there is no report 
available in the literature describing the antioxidant potential 
of 3-substituted-3-hydroxyindolin-2-ones compounds, but 
compound A have been reported for its synthetic origin6a 
and also for anticonvulsant activity6e while compound B,6a 
and compound E5c have been reported for their synthetic 
origin. 

RESULTS AND DISCUSSION 

In order to study the present reaction in water with 
contemporary technique as ultrasound irradiation, we carried 
out the reaction of isatin 1 and 4-chloro acetophenone 2 as a 
model substrate in various catalysts and results are shown in 
Table 2. 

 

 

 

Model reaction: Synthesis of 3-hydroxy-3-[2-oxo-2-(4-chloro-
phenyl)ethyl]indolin-2-one (A) 

It was found that when the reaction was carried out 
without use of any catalyst, no product formation was 
detected confirming the necessity of a catalyst for the said 
conversion (Table 2, entry 1). Further, some bases such as 
sodium acetate, potassium acetate, and ammonium acetate 
can catalyze this reaction with low yields in longer time 
duration (Table 2, entry 2-4). Afterwards, evaluation of 
alkali metal carbonates such as sodium carbonate, potassium 
carbonate and cesium carbonate as catalyst was tried out as 
these catalysts find extensive use in synthetic organic 
chemistry.12 Therefore, the synthesis of 3-hydroxy-3-[2-oxo-
2-(4-Chloro-phenyl) ethyl]indolin-2-one (A)  was carried 
out in aqueous medium under ultrasonic irradiation  using 
these catalysts (Table 2, entry 5, 7 and 9). It was noticeable 
that a mixture of isatin 1 and 4-chloro acetophenone 2 in the 
presence of catalytic amount of potassium carbonate 
afforded (A) in satisfactory yields (69%) while with sodium 
carbonate and cesium carbonate, the product was formed in 
60% and 55% yields respectively. 

Further, optimization of the catalyst loading was done by 
using different concentration of potassium carbonate in the 
model reaction. It was found that increasing the amount of 
potassium carbonate from 10 to 20 and 25 mol%, the yields 
increased from 69% to 78% and 80%, respectively (Table 2, 
entries 9-11). Further increase in amount of catalyst does not 
seem to affect the overall yields of the product. Using 20 
mol% of potassium carbonate in water under sonication is 
sufficient to push this reaction forward. More amount of the 
additive did not substantially improve the yield (entry 10 
was considered to be better as almost same yield was 
obtained in case of entry 11 with longer reaction time).   

In order to verify the effect of ultrasound irradiation on 
this reaction, the model reaction was also carried out in the 
absence of ultrasound under conventional manners both in 
stirring and refluxing conditions using water as a solvent 
(Table 2, entry 12, 13). As shown in Table 2, under 
refluxing conditions with high speed stirring, no reaction 
was observed at same time but a mixture of products was 
obtained after a prolonged reaction time. Thus, ultrasonic 
irradiation was found to have beneficial effect on the 
synthesis of 3-hydroxy-3-substituted indolin-2-one (A-E) 
derivatives which was superior to the traditional method 
with respect to yield, reaction time, particularly while 
considering the basic green chemistry concept. 
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Under the optimized reaction condition, we have 
synthesized 3-substituted-3-hydroxyindolin-2-ones by 
reaction of various aryl ketones and substituted isatins 
(Table 3) in good yields for screening them for antioxidant 
and antimicrobial potential. Compounds A-E are stable 
solids whose structures were established by IR, 1H, 13C 
NMR and mass spectroscopy and elemental analysis. 

Table 2 Optimization of reaction condition for model reaction 
generating A 

No. Catalyst Condition Time Yield,% 

1 no catalyst ultrasound 8 h Traces 

2 AcONa ultrasound 5 h 30 

3 AcOK ultrasound 4 h 45 

4 AcONH4 ultrasound 6 h 40 

5 Na2CO3 ultrasound 2 h 55 

6 Na2CO3 rt, stirring 4 h 35 

7 Cs2CO3 ultrasound 1 h 60 

8 Cs2CO3 rt, stirring 3 h 42 

9 K2CO3 

10 mol % 

ultrasound 38 min 69 

10 K2CO3  

20 mol % 

ultrasound 35 min 78 

11 K2CO3  

25 mol % 

ultrasound 40 min 80 

12 K2CO3 

20 mol % 

rt, stirring 1 h mixture of 

products 

13 K2CO3 

(20 mol %) 

refluxing 1 h mixture of 

products 

 

 
 
 
 
 
 

Scheme 1 Pathway for the synthesis of 3-substituted 3-
hydroxyoxindole derivatives (A-E) 

Table 3 Synthesis of 3-substituted 3-hydroxyoxindole (A-E) 
catalyzed by K2CO3 

Entry R R1 Time, min M.p.,˚C Yield, % 

A H Cl 35 194 78 % 

B H Br 37 192 79 % 

C Me Cl 39 195 74 % 

D Me Br 40 191 76 % 

E Me F 36 177 70 % 

Antioxidant Activity 

The antioxidant activities of oxindoles were determined as 
an index of pharmacological usefulness. Three model 
systems were used namely DPPH•, ABTS•+ and NO 
scavenging activity. In the assessment of antioxidant activity, 
only synthetic relevant free radicals were used. The 
synthetic nitrogen-centered DPPH•, ABTS•+ and NO radicals 
were used as indicator compounds in testing hydrogen 
transfer capacity that are related to the antioxidant activity. 
The antioxidant properties were expressed as EC50 values. 
EC50 is defined as the concentration of substrate that 
scavenges 50 percent free radicals. A lower value of EC50 

indicates the greater antioxidant activity of a test substance. 
In results, we have found correlation between substitution in 
indole ring at 5th position and substitution of phenacyl ring 
at 4th position. Overall, all compounds have good DPPH• and 
NO scavenging activity whereas, all compounds have 
showed least ABTS•+ scavenging activity.  

DPPH radical scavenging activity 

Although the DPPH radical scavenging abilities of all the 
spiroindoline derivatives were significantly lower than those 
of ascorbic acid (409.75±0.288) µg ml-1, but the Compound 
A (3-hydroxy-3-[2-oxo-2-(4-chlorophenyl)ethyl]indolin-2-
one) and Compound E (5-methyl-3-hydroxy-3-[2-oxo-2-(4-
fluorophenyl)ethyl]indolin-2-one) have highest DPPH 
radical scavenging activity as compared to other compounds. 
All compounds have –OH and –NH group in their structure, 
the difference in their structure is the -H, -CH3 (electron 
donating group) in indole ring at 5th position and Cl, Br and 
F (electron withdrawing group) in phenacyl ring at 4th 
position. The exact reason of activity of synthesized 
compounds is yet not clear, but it was anticipated that 
compound A possessing H at 5th position of indole ring and 
Cl substitution at 4th position of phenacyl ring showed good 
activity compared to all compounds. Compound E and 
Compound B incorporating  -CH3 and H at 5th position of 
indole ring respectively with F and Br substitution at 4th 
position of phenacyl ring showed moderate activity, while 
compound C and compound D showed least activity, both 
compound have -CH3

 group, an electron donating group and 
moderate electron withdrawing group Cl, Br substitution at 
4th position of phenacyl ring showed least activity compared 
to all compounds. (The results are shown in Table 4 and 
Figure 2). 

ABTS radical scavenging activity 

Among the tested compounds in ABTS assay all 
compounds showed least activity, but when compared the 
activity results of all compounds, Compound A possessing 
H at 5th position of indole ring and Cl substitution at 4th 
position of phenacyl ring showed good activity compared to 
all other compounds. Compound E has H at 5th position of 
indole ring and Cl substitution at 4th position of phenacyl 
ring showed good activity. Compounds B, C. D with -H, 
and -CH3,  electron donating groups, in indole ring and p-Cl, 
p-Br,  moderate electron withdrawing groups, in phenacyl 
ring showed least activity. (The results are shown in Table 4 
and Figure 3). 

Nitric Oxide scavenging activity 

Among the tested compounds, in NO assay, compound E 
(5-methyl-3-hydroxy-3-[2-oxo-2-(4-fluorophenyl)ethyl]ind-
olin-2-one) showed good activity. Combination of without 
any substitution in indole ring with p-Cl and p-Br 
substitution in phenacyl ring i.e. compound A and 
compound B showed moderate activity. The incorporation 
of CH3 group at 5th position in indole ring with p-Cl and p-
Br substitution in phenacyl ring gives least activity. (The 
results are shown in Table 4 and Figure 4). 
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Table 4 EC50 values of synthesized compounds. 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. DPPH● scavenging activity (% inhibition) of synthesized 
compounds 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. ABTS•+ scavenging activity (% inhibition) of 
synthesized compounds 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure  4 NO scavenging activity (% inhibition) of synthesized 
compounds 

 

Antimicrobial activity 

The synthesized compounds A-E were evaluated for their 
in vitro antibacterial activity against four bacterial strains 
Klebsiella pneumoniae, Staphylococcus aureus, 
Pseudomonas aeruginosa, Escherichia coli and in vitro 
antifungal activity against four fungal strains Aspergillus 
niger, Alternaria flavus, Rhizopuss stonifer and Alternaria 
alternaria by agar well diffusion method, using Ampicillin 
and Clotrimazole as standard for antibacterial and antifungal 
activities, respectively. 

Antibacterial activity for 3-substituted-3-hydroxyindolin-2-

ones derivatives 

Antibacterial activity of the synthesized five compounds 
against human bacterial pathogens as determined by agar 
well diffusion method with Ampicillin as reference control 
was investigated. Antimicrobial results revealed that the 
maximum antibacterial activity was observed for compound 
C against Staphylococcus aureus and Pseudomonas 
aeruginosa. Compound A showed good antibacterial 
activity against Escherichia coli, Staphylococcus aureus, 
and Pseudomonas aeruginosa. Compound B and Compound 
D exhibited moderate activity against all tested antibacterial 
pathogens. Compound E did not show any activity against 
Escherichia coli. Compounds C, D, and E have not any 
antibacterial activity against Klebsiella pneumonia. The 
structure activity relationship demonstrates that 3-
substituted-3-hydroxyindolin-2-ones derivatives A (R=H, 
R1=Cl) and C (R=CH3, R1=Cl) showed good to moderate 
activity. From overall antibacterial activity results (Table 5), 
it was observed that compound C was the effective 
inhibitors against all the bacterial pathogens accept 
Klebsiella pneumonia and has shown equivalent activity 
comparable to standard drug Ampicillin against 
Pseudomonas aurigonosa but the activity of compound A 
was at par in case of Pseudomonas aurigonosa. 

Antifungal activity for 3-substituted-3-hydroxyindolin-2-ones 

derivatives 

The results of antifungal activity of synthesized 
compounds A-E revealed that only compound B showed 
moderate activity against Alternaria flavus and Alternaria 
alternaria. When the antifungal activity observed for all the 
compounds against Aspergillus niger Compound B does not 
show any resistance against this strain and compounds A, C,  

Compound R R1 
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Table 5. Effect of 3-hydroxy-3-phenacyl oxindoles derivatives (A-E) on the growth of some bacterial strains and fungicides 

Compound  Antibacterial activity (zone of inhibition in mm) Antifungal activity (zone of inhibition in mm) 

E. coli P.aurigonosa S. aureus K.pneumonia A. niger A. flavus R. stonifer A.alternaria 

A 

(AI) 

B 

(AI) 

C 

(AI) 

D 

(AI) 

E 

(AI) 

Ampicillin 

Clotrimazole 

19.33±1.69 

(0.698) 

19.91±0.87 

(0.719) 

12.00±0.77 

(0.433) 

18.66±0.87 

(0.674) 

NA 

 

27.66±0.38 

- 

19.00±1.00 

(0.926) 

13.21±1.69 

(0.644) 

20±0.33 

(0.975) 

17.55±0.91 

(0.856) 

12±0.45 

(0.585) 

20.50±0.70 

- 

19.83±1.11 

(0.743) 

16.28±0.73 

(0.610) 

21.08±0.67 

(0.790) 

14.22±0.35 

(0.533) 

15.00±1.00 

(0.562) 

26.66±0.94 

- 

10.23±0.31 

(0.406) 

18.45±0.33 

(0.33) 

NA 

 

NA 

 

NA 

 

25.16±0.23 

- 

10±0.99 

(0.357) 

NA 

 

11.66±0.51 

(0.416) 

13.31±0.71 

(0.698) 

8.88±0.32 

(0.317) 

- 

28.66±0.00 

NA 

 

18.00±0.98 

(0.666) 

14.78±0.67 

(0.547) 

12.21±0.55 

(0.452) 

11.21±0.31 

(0.415) 

- 

27.00±0.43 

NA 

 

NA 

 

NA 

 

10.08±1.09 

(0.555) 

NA 

 

- 

18.16±0.70 

10.44±0.07 

(0.413) 

18.23±0.22 

(0.722) 

11.22±31 

(0.444) 

12.45±0.64 

(0.493) 

7.77±0.29 

(0.307) 

- 

25.23±0.83 

Mean± SE, NA= No activity, AI= activity index, 

 

D, and E showed least activity against this strain when 
compared to reference strain i.e. Clotrimazole. When all the 
synthesized compounds were tested against A. flavus, 
compound A did not show any resistance against this fungal 
pathogen and compound B showed moderate activity while 
compounds C, D, and E showed least activity, while only 
compound D showed least resistance against Rhizopuss 
stonifer while  other compounds A, B, C, E did  not show 
any resistance. With Alternaria alternaria, only compound 
B showed moderate activity  while compounds A, C, D, E 
showed least resistance. The results of antifungal activity are 
shown in Table 5. 

From the results of antimicrobial activities, it is revealed 
that the majority of the synthesized compounds having –
CH3, an electron donating group in the indole ring and p-Cl, 
an withdrawing group substitution exhibited the maximum 
growth inhibitory activity. However, none of the compounds 
exhibited zone of inhibition more than that of the standards. 

EXPERIMENTAL SECTION 

The melting points of synthesized compounds were 
determined in open capillary tubes using Toshniwal 
apparatus. The purity of compounds was checked on thin 
layers of silica gelG–coatedglass plates with benzene 
ethylacetate (7:3) as eluent using iodine vapors as 
visualizing agents. 1H and 13C NMR spectra were recorded 
in CDCl3 + DMSO-d6 using tetramethylsilane (TMS) as an 
internal standard on a Bruker spectrophotometer at 400 and 
100 MHz respectively. Mass spectrum of representative 
compound was recorded on a Jeol SX-102 spectrometer at 
70eV. Infrared (IR) spectra were recorded on a Shimadzu 
Fourier transform (FT)–IR 8400S spectrophotometer using 
KBr pellets.  

Sonication was carried out with the help of a standard 
ultrasonic irradiation instrument SonaprosPR-1000 MP 
(Oscar Ultrasonics Pvt. Ltd.) operating at 750W and 
generating 23-KHz output frequency. It has the following 
characteristics: Standard Titanium horn with a diameter of 6 

mm/12mm, replaceable flat stain less steel tip, and digital 
thermometer to determine temperature. The glass reactor 
was designed and made from borosil glass. 

General procedure for the synthesis of 3-hydroxy-3-substituted 

phenacyl indolin-2-one derivatives (A-E) 

An equimolar mixture of isatin (2mmol, .294gm), p-Cl 
acetophenone (2mmol, .309gm) and K2CO3 (20mol%, .055 
gm) in 5ml water was introduced in a 20-mL, heavy-walled, 
pear shaped, two necked flask with non standard taper outer 
joint. The flask was attached to a 12mm tip diameter probe, 
and the reaction mixture was sonicated at ambient 
temperature for the specified period at 50% power of the 
processor and 230W output in a 4-s pulse mode. At the end 
of the reaction period, thin-layer chromatography (TLC) 
was checked, and the flask was detached from the probe. 
The contents were transferred to a beaker. The formed solid 
was filtered off, washed thoroughly with warm water 
(2×20ml), and then dried to obtain crude products which 
were purified by crystallization from ethanol to give 3-
hydroxy-3-substituted phenacyl indolin-2-one derivatives, 
giving satisfactory spectral and elemental analysis.  

Synthesis of A6a.  Yellow crystalline solid; Yield: 78%; 
IR (KBr, ν cm1): 1640 (CONH), 1760 (COCH2), 3200 (NH), 
3350 (OH). 1H NMR (CDCl3+DMSO-d6) δ: 3.56 (d, J = 
17.4 Hz, 1H), 4.06 (d, J = 17.4 Hz, 1H), 6.10 (brs, 1H),  
6.79–7.91 (m, 8H, ArH), 10.30 (brs, 1H, NH); 13C 
NMR(CDCl3+DMSO-d6) δ: 44.2 (COCH2), 71.6 (Spiro C), 
119.7, 121.9, 127.1, 128.0, 129.8, 133.2, 137.2, 141.2 
(Aromatic C), 176.9 (CONH), 193.6 (COCH2). Anal. Calcd 
for C16H12ClNO3: C, 63.69; H, 4.01; N, 4.64. Found: C, 
63.67; H, 4.07; N, 4.68;  Mass (m/z): 301 (M+). 

Synthesis of B6a. Yellow crystalline solid; Yield: 79%; IR 
(KBr, ν cm1) 1620 (CONH), 1720 (COCH2), 3200 (NH), 
3380 (OH). 1H NMR (CDCl3+DMSO-d6) δ: 3.55 (d, J = 
17.4, 1H), 4.05 (d, J = 17.4 Hz, 1H), 6.09 (brs, 1H), 6.63–
7.60 (m, 8H, ArH), 10.61 (brs, 1H, NH); 13C NMR 
(CDCl3+DMSO-d6) δ/ppm: 45.1 (COCH2), 73.0(Spiro C), 
109.4, 121.2, 123.7, 127.6, 128.9, 129.9, 131.6, 131.8, 
135.2, 142.9 (Aromatic C), 178.2 (CONH), 195.8 (COCH2). 
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Anal. Calcd for C16H12BrNO3: C, 55.51; H, 3.49; N, 4.05. 
Found: C, 55.57; H, 3.52; N, 4.08;  MS (m/z): 345 (M+). 

Synthesis of C. Yellow crystalline solid; Yield: 74%; IR 
(KBr, ν cm1): 1650 (CONH), 1720 (COCH2), 3200 (NH), 
3340 (OH); 1H NMR (CDCl3+DMSO- d6) δ: 2.12 (s, 3H,-
CH3), 3.54 (d, J = 17.4 Hz, 1H), 3.99 (d, J = 17.4 Hz, 1H), 
6.05 (s, 1H,-OH), 6.67-7.82 (m, 7H,-Ar-H), 10.23 (s, 1H,-
NH); 13C NMR (CDCl3+DMSO- d6) δ: 21.9 (CH3), 46.2 
(COCH2), 72.6 (Spiro C), 120.7, 121.9, 127.1, 128.3, 129.0, 
129.8, 133.2, 137.2, 141.2 (Aromatic C), 176.7 (CONH), 
193.8 (COCH2). Anal. Calcd for C17H14ClNO3: C, 64.70; H, 
4.50; N, 4.48. Found: C, 64.67; H, 4.47; N, 4.44; Mass 
(m/z): 315 (M+). 

Synthesis of D. Yellow crystalline solid; Yield: 76%; IR 
(KBr, ν cm1): 1640  (CONH) , 1700 (COCH2),3200  (NH), 
3340  (OH); 1H NMR (CDCl3+DMSO-d6) δ: 2.14 (s, 3H,-
CH3), 3.58 (d, J = 17.4 Hz, 1H), 4.09 (d, J = 17.4 Hz, 1H), 
6.08 (s, 1H,-OH), 6.77-7.78 (m, 7H,-Ar-H), 10.23 (s, 1H,-
NH); 13C NMR (CDCl3+DMSO- d6) δ: 21.6 (CH3), 47.5 
(COCH2), 72.7 (Spiro C), 120.8, 121.4, 127.8, 128.5, 129.5, 
130.2, 133.8, 139.1 (Aromatic C), 176.4 (CONH), 192.9 
(COCH2). Anal. Calcd for C17H14BrNO3: C, 56.70; H, 3.92; 
N, 3..89. Found: C, 56.67; H, 3.90; N, 3.84; Mass (m/z): 359 
(M+). 

Synthesis of E5c. Yellow crystalline solid; (Yield: 70%); 
IR (KBr, ν cm1): 1650 (CONH), 1780 (COCH2), 3210 (NH), 
3360 (OH); 1H NMR (CDCl3+DMSO- d6) δ: 
(CDCl3+DMSO-d6) δ: 2.24 (s, 3H,-CH3), 3.51 (d, J = 17.4 
Hz, 1H), 3.96 (d, J = 17.4 Hz, 1H), 5.80 (s, 1H,-OH), 6.67-
7.82 (m, 7H,-Ar-H), 10.27 (s, 1H,-NH);  13C NMR 
(CDCl3+DMSO- d6) δ: 21.2 (CH3), 47.9 (COCH2), 72.9 
(Spiro C), 115.8, 120.8, 127.7, 128.3, 130.0, 133.2, 133.8, 
139.1, 166.5 (Aromatic C), 176.1 (CONH), 190.9 (COCH2).  
Anal. Calcd for C16H12FNO3: C, 68.22; H, 4.71; N, 4.68. 
Found: C, 68.26; H, 4.72; N, 4.71;Mass (m/z): 299 (M+). 

Antioxidant activity 

Antioxidant activities of test compounds were measured 
by estimating DPPH● and ABTS+● scavenging activity in 
vitro using ascorbic acid as reference compound. All 
experiments were made in triplicate and results of the 
present study were expressed as mean ± SE. 

DPPH● scavenging activity 

Ability of test compound to scavenge the stable free 
radical DPPH● was measured by the method of Mensor et 
al.13 Absorbance was recorded at 517 nm in a UV-Vis 
double beam spectrophotometer. The percent inhibition 
(in %) was calculated by using the following formula.  

 

 

where  

AC = absorption of control, and  

AA = absorption of test. 

ABTS radical scavenging activity 

ABTS+● scavenging activity of synthesized compounds 
were measured by the method of Re et al.14 

Nitric oxide scavenging activity 

The interaction of test compounds with nitric oxide (NO) 
was assessed by the nitrite detection method. Sodium 
nitropruside (5 mM) in phosphate buffer spontaneously 
generates NO in an aqueous solution.15 NO interacts with 
oxygen and produces nitrite ions, which can be estimated by 
use of Greiss reagent.      

Antimicrobial activity 

Antibacterial and Antifungal activity of synthesized 
compounds were studied.  

Microorganisms Used 

Clinical laboratory bacterial isolates of Klebsiella 
pneumoniae, Staphylococcus aureus, Pseudomonas 
aeruginosa, Escherichia coli and fungal isolates viz.  
Aspergillus niger, A. flavus, Rhizopuss stonifer and 
Alternaria alternaria were collected from the stock cultures 
of Microbiology Laboratory, SMS Medical College, Jaipur 
India. 

Culture and Maintenance of Bacteria 

Pure cultures of E. coli, P. aerugonosia.  S. aureus and K. 
pnemonae obtained from S.M.S. Medical College, Jaipur, 
India were used as indicator organisms. These bacteria were 
grown in Nutrient agar medium (prepared by autoclaving 
8% Nutrient agar of Difeco-Laboratories, Detroit, USA, in 
distilled water at 15 lbs psi for 25-30 min) and incubated at 
37°C for 48 hrs. Each bacterial culture was further 
maintained on the same medium after every 48 h of 
transferring. 

A fresh suspension of test organism in saline solution was 
prepared from a freshly grown agar slant before every 
antimicrobial assay. 

Determination of Antibacterial Assay 

In vitro antibacterial activity of the synthesized 
compounds were studied against gram positive and gram 
negative bacterial strains by the agar well diffusion 
method.16 Mueller Hinton agar no. 2 (Hi Media, India) was 
used as the bacteriological medium. The compounds’ were 
diluted in 100% dimethylsulphoxide (DMSO) at the 
concentrations of 5 mg/mL. The Mueller Hinton agar was 
melted and cooled to 48-50ºC and a standardized inoculum 
(1.5×108 CFU/mL, 0.5 McFarland) was then added 
aseptically to the molten agar and poured into sterile petri 
dishes to give a solid plate. Wells were prepared in the 
seeded agar plates. The test compound (100 μL) was 
introduced in the well (the wells were made through cork 
borer vertically to Petri plate up to 10 mm). The plates were 
incubated overnight at 37ºC. The antimicrobial spectrum of 

*100
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the extract was determined for the bacterial species in terms 
of zone sizes around each well. The diameters of zone of 
inhibition produced by the agent were compared with those 
produced by the commercial control antibiotics, 
streptomycin. For each bacterial strain controls were 
maintained where pure solvents were used instead of the 
synthetic compound. The control zones were subtracted 
from the test zones and the resulting zone diameter was 
measured with antibiotic zone reader in mm (the diameter is 
taken through the centre point of zone of inhibition and a 
zone of inhibition was calculated after adding the sample 
which can be visualized on the surface of the plate 
inoculated with bacteria and fungi). The experiment was 
performed three times to minimize the error and the mean 
values were presented. 

Determination of Antifungal assay 

Antifungal activity of the synthesized compounds were 
investigated by agar well diffusion method.17 Fungus 
colonies were subcultured onto Sabouraud’s dextrose agar, 
SDA (Merck, Germany) and respectively incubated at 37°C 
for 24 h and 25°C for 2-5 days.  Suspensions of fungal 
spores were prepared in sterile PBS and adjusted to a 
concentration of 106 cells/mL. Dipping a sterile swab into 
the fungal suspension and rolled on the surface of the agar 
medium. The plates were dried at room temperature for 15 
min. Wells of 10 mm in diameter and about 7 mm apart 
were punctured in the culture media using sterile glass tube. 
0.1 mL of several dilutions of fresh extracts was 
administered to fullness for each well. Plates were incubated 
at 37°C. After incubation of 24 h bioactivities were 
determined by measuring the diameter of inhibition zone in 
mm. All experiments were made in triplicate and means 
were calculated. 

CONCLUSION 

We describe herein potassium carbonate catalysed highly 
efficient, green protocol for the synthesis of 3-substituted-3-
hydroxyindolin-2-ones derivatives by the reaction of 
substituted indole-2, 3-diones and substituted aryl ketones in 
aqueous medium under ultrasound irradiation in excellent 
yields. The present methodology offered several advantages, 
such as simple procedure, lowcost, easywork-up, short 
reaction times, and milder conditions.We have also 
developed a novel and potent antioxidant and antimicrobial 
agents of synthetic origin. All desired products, showed 
good activities. Compound A (3-hydroxy-3-[2-oxo-2-(4-
chloro-phenyl)ethyl]indolin-2-one) and Compound E (5-
methyl-3-hydroxy-3-[2-oxo-2-(4-fluorophenyl)ethyl]indo-
lin-2-one) have highest DPPH•, ABTS•+ and NO radical 
scavenging activity as compared to other compounds. 
Compound C (5-methyl-3-hydroxy-3-[2-oxo-2-(4-chloro-
phenyl)ethyl]indolin-2-one) was the effective inhibitors 
against all the bacterial pathogens. Compound A (3-
hydroxy-3-[2-oxo-2-(4-Chloro-phenyl)ethyl]indolin-2-one) 
and Compound C (5-methyl-3-hydroxy-3-[2-oxo-2-(4-
chloro-phenyl)ethyl]indolin-2-one) showed equivalent 
activity comparable to standard drug Ampicillin against 
Pseudomonas aurigonosa. 
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Pyrolysis of virgin and discarded polystyrene, polyethylene, and polyethyleneterephthalate was done by the means of thermo-gravimetric 

technique. Activation energy was measured by fitting the experimental data to the nth order model. Results have shown that discarded 

polymers had less activation energy values than those of the virgin polymers. Consequently, energy required for the pyrolysis of discarded 

polymers must be much less than what is required for virgin polymers. The nth order model has been modified by introducing a new factor 

which is called degradation index, di. The degradation index, di, accounts for the degradation history of the material. di ranges from 0 to 1 

and when it approaches 0 it implies that degradation is anticipated to be severe. When di approaches 1 it implies that polymeric material is 

virgin.  The approach given by current research, i.e. accounting for actual activation energy for discarded polymers, may be crucial for 

saving energy when recycling plastics materials by pyrolysis. 
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Introduction 

In quest to resolve polymeric waste problem, researchers 
have been attempting to find efficient, scientific, and 
technological sound solutions to reduce amounts of 
polymeric waste that end up in landfills. Pyrolysis is one of 
the methods of recycling polymeric waste into value added 
products such as lubricants, liquid fuels, and combustible 
gases.  Pyrolysis is an endothermic process where polymers , 
mainly in form of plastics, are subject to enormous heat in 
the absence of oxygen. During the course of pyrolysis 
reaction, polymeric materials can undergo chemical 
decomposition which leads to the formation of small 
molecules. Temperature, pressure, and heating time are the 
most important parameters that control the pyrolysis 
reaction. Catalysts and solvents may be used to increase the 
rate of reaction and decrease the operating temperature of 
the pyrolysis process. At relatively high temperature, e.g. 
greater than 600 ºC, gases with low molecular weight such 
as methane can evolve while at lower temperature range, e.g. 
less than 400 ºC, and when the pressure inside the pyrolysis 
reactor increases, materials may decompose to viscous 
fluids and carbon black. Various polymers may be recycled 
by the means of pyrolysis; high density polyethylene 
(HDPE), polystyrene (PS), and polyethyleneterephthalate 
(PET), polypropylene (PP), and polyvinyl chloride (PVC) to 
name some. However some of these polymers such as 
HDPE wastes require very high temperature in order to 
efficiently recycle them by pyrolysis, and in spite of this fact 
some unwanted by products such as the low quality wax 
may be produced.1,2 Dynamic thermo gravimetric analysis 

(TGA) is a suitable technique to study the thermal 
degradation of polymers and determine the kinetic 
parameters such as activation energy, reaction order, and 
frequency factor. 

Several models are available in the literature for studying 
the kinetics of pyrolysis for polymers.3-9 The origin of these 
mathematical models was based on a multiplication of two 
fundamental relations; Arrhenius equation and mass loss 
function; i.e.: 

 

 

 

where α is the fraction of mass loss. K(T), and F(α) are 
given by the following relations respectively: 

 

 

 

 

where A0 (min-1) is Arrhenius equation constant or the 
frequency factor, E is the activation energy (kJ mol-1), and n 
is the order of reaction.  

Several researches have been conducted in the past to 
calculate the activation energy of the pyrolysis for most of 
commodity polymers such as HDPE, PS, and PET using 
thermal techniques.10-16 Despite the relatively adequate 
available publications that dealt with calculating activation 
energy for polymers, most of the studies used virgin 
polymers and less attention has been made to quantitatively 
determine activation energy for discarded polymers. Most 
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importantly and to the best knowledge of the authors of this 
research, no single study has done a comparative 
investigation of the activation energy of virgin and 
discarded polymers. Discarded polymers are susceptible to 
different kinds of degradations. One form of degradation 
that may occur in recycled polymers is the thermo-oxidative 
degradation where polymeric materials are exposed to harsh 
weather including high temperature and humidity.17  

Hypothesis and model development 

Because pyrolysis process consumes high energy for 
converting plastic wastes, the aim of this work was to 
calculate the activation energies (using nth order kinetic 
model) of the discarded polymers and compare them with 
those of the virgin polymers in order to provide adequate 
energy needed for the pyrolysis of recycling process. It is 
fairly logic to postulate that discarded plastics which were 
subject to some kinds of degradation may not require as 
high energy as that needed to pyrolysis virgin plastics. 
Therefore it might be necessary that nth order model be 
modified by introducing a factor that accounts for 
degradation effect. 

Combining equations 1 to 3 and taking the linear form 
would lead to the following relation 

 

 

Rearranging Equation 4 after introducing heating rate, β = 
dT/dt, gives us the following relation 

 

 

 

However, activation energy, E in Equation 5 needs to be 
modified in order to be utilized for discarded plastics. 
Equation 5 may then be rewritten as  

 

 

 

where Eact is the actual activation energy and equals  di × E, 
where di , degradation index, is a correction factor which 
indicates the degradation history of the plastic material. This 
factor, di, may be quantitatively correlated to some forms of 
detection of degradation in polymeric materials such as 
reduction in molecular weight or carbonyl group index in 
Fourier transform infrared (FT-IR).  di may range from 0 to 
1, and when di=1, Eact = E which is the activation energy for 
virgin material.  

Materials and methods 

Materials used 

Polymers tested in this study were categorized into the 
following groups:  

Group I was the virgin polymers; high density 
polyethylene (HDPE), general purpose polystyrene (PS), 
and polyethyleneterephthalate (PET). All these polymers 
were supplied in pellet form by Saudi basic industries 
corporation (SABIC) in Saudi Arabia. Throughout the text 
of this research, materials of this group will be referred as 
HDPE-V, PS-V, and PET-V. 

Group II was the virgin polymers that used in group I after 
subjected to sunlight during summer period for three months 
in open air where the average temperature was about 46.5° 
C and average humidity was 35.13%. Throughout the text of 
this research, materials of this group will be referred as 
HDPE-D1, PS-D1, and PET-D1. 

Group III was some discarded polymer articles of the 
same kind of those used in group I with unknown 
degradation history. Samples; in form of bottles, dishes and 
cutlery, were collected from remote areas near Riyadh, 
Saudi Arabia where the environment is extremely harsh. 
Throughout the text of this research, materials of this group 
will be referred as HDPE-D2, PS-D2, and PET-D2. 

Sample preparation and testing 

All materials used in this study, i.e. groups I to III, were 
ground into small particles ~ less than 0.5 mm in size using 
a plastic granulator type IKA MF 10 equipped with a sieve 
of size 0.5 mm.  Degradation assessment was done by using 
a Bruker Alpha FTIR. Pyrolysis of all samples was carried 
out by a Perkin-Elmer thermo-gravimetric analyzer (TGA) 
type TGA-7. Samples ranging from 10-15 μg were heated 
inside the TGA furnace from 25º C to 700º C under a 
continuous purging of helium. 

Results and discussions 

FTIR degradation analysis 

It is important to clarify in the beginning of this section 
that the aim of current study was not to discuss in extensive 
details the FTIR analyses of the virgin and discarded 
polymeric materials used by this study. This has already 
been investigated thoroughly in the past. The objective of 
presenting FTIR results here was rather to prove the 
occurrence of degradation for the polymers of interest. 
Figures 1-3 show the FTIR spectra for all materials used in 
this study. One can see that there is a clear contrast in the 
absorption capacities of the main bands for the virgin 
polymers in comparison with those of the discarded 
polymers. The contrast is more pronounced when comparing 
virgin polymers, i.e. group I, with discarded polymers in 
group III where the polymeric materials were believed to be 
subjected to harsh degradation environment.  
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Figure 1. FTIR spectra showing the absorption by virgin and 
discarded HDPE samples 

 

 

 

 

 

 

 

 

Figure 2. FTIR spectra showing the absorption by virgin and 
discarded PS samples. 

 

 

 

 

 

 

 

 

Figure 3. FTIR spectra showing the absorption by virgin and 
discarded PET samples.  

It is also clear to notice that in the polyolefin's polymers, 
i.e. HDPE and PS, where the polymerization is done by 
addition or chain growth mechanism the absorption of infra 
red light is greater for discarded materials, i.e. HDPE-D1, 
HDPE-D2, PS-D1, and PS-D2. The prolonged exposure to 
sever temperature and sunlight may develop new chemical 
bonds within polymer chain in the presence of oxygen 
where some chemical groups such as the carbonyl may be 
present. This interpretation is consistent with that of other 
studies reported in the literature.18,19 In contrast, the 
condensation or step growth polymer, i.e. PET, shows 

opposite FTIR behaviour in comparison with that of HDPE 
and PS. Here as seen in Figure 3, absorption capacities of 
main bands in PET tend to decrease upon increasing 
degradation history. Here one can conclude that the increase 
or decrease in capacities of FTIR absorption for the main 
bands of polymers used by this study with the virgin ones as 
references indicated the occurrence of degradation. 

Pyrolysis analysis 

The data of weight loss versus pyrolysis temperature as 
done by TGA were manipulated to get corresponding data 
needed to plot 1/T versus ln (βdα /dT) – n ln(1-α) as given in 
Equation 5. Heating rate β = 10º C/min and n=1 were used 
for all calculations related to such data. Figure 4 shows the 
relationship between ln[(βdα/dT)/(1-α)] and the reciprocal 
temperature for the experimental data of pyrolysis of virgin 
and discarded polystyrene.  

 

 

 

 

 

 

 

Figure 4. 1/T vs.  ln [(βdα /dT)/ (1-α)] for virgin and discarded PS. 
Solid lines show the fitting of experimental data to linear models. 

Solid lines represent fitting of the experimental data to 
suitable linear models where activation energies, E, and 
frequency factors, A0, may be easily calculated. These 
values, E and A0 are tabulated in Table 1. 

Table 1. Values of activation energies and frequency factors for 
virgin and discarded PS. 

R² Frequency fac-

tor lnA0, min-1 

Activation energy,  

E, kJ mol-1 
Material 

0.9909 20.353 116.86 PS-V 

0.9972 19.383 106.93 PS-D1 

0.9889 18.957 103.14 PS-D2 

Similarly Figures 5-6 and Tables 2-3 show the 
relationship between ln [(βdα/dT)/(1-α)] and 1/T and values 
of E and  A0 for HDPE and PET respectively. 

Table 2. Values of activation energies and frequency factors for 
virgin and discarded HDPE. 

R² Frequency fac- 

tor lnA0, min-1 

 

Activation energy, 

E, kJ mol-1 
Material 

0.9253 21.947 176.010 HDPE-V 

0.9877 20.801 133.498 HDPE-D1 

0.9774 19.233 117.419 HDPE-D2  
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Table 3. Values of activation energies and frequency factors for 
virgin and discarded PET. 

R² Frequency fac-

tor, lnA0, min-1 

 

Activation energy,  

E, kJ mol-1 
Material 

0.9784 37.366 235.62 PET-V 

0.9624 34.97 207.51 PET-D1 

0.9821 20.42 113.96 PET-D2 

Tables 1-3 clearly show that the values of activation 
energy tend to decrease when the material has a degradation 
history. This is clearly seen in the group III materials were it 
is anticipated that degradation history was extremely severe.  

 

 

 

 

 

 

 

 

Figure 5. 1/T vs. ln[(βdα/dT)/(1-α)] for virgin and discarded HDPE. 
Solid lines show the fitting of experimental data to linear models. 

 

 

 

 

 

 

 

 

Figure 6. 1/T vs.  ln[(βdα/dT)/(1-α)] for virgin and discarded PET. 
Solid lines show the fitting of experimental data to linear models. 

With the exception of PET-D2 in Table 3, A0 has an 
average value of 19 min-1 for PS, 20 min-1 for HDPE, and  
36 min-1 for PET. This suggests that when discarded 
polymers are to be processed by pyrolysis, the activation 
energy must be less than that of the virgin polymers of same 
kinds. This may imply that energy can be saved when 
processing discarded polymers by pyrolysis. This is also 
supported by the TGA scans (not shown here) of virgin and 
degraded polymers of same type were degraded polymers 
tended to decompose at lower temperature values. 
Activation energy E is an important parameter in the nth 

order relation that is routinely used to fit TGA data. The 
reduction in activation energy for the discarded polymers in 
comparison with that of the virgin ones is proportionally 
related to the degradation history of the material. Here, as 
given in Equation 6, the degradation index di , suggested by 
current study represents the degradation history of the 
material. The calculation of di for all materials used in this 
study is given in Table 4.  

Table 4. Degradation index calculations 

Degradation index, di Activation energy 

E, kJ mol-1 

Material 

1 116.86 PS-V 
0.92 106.93 PS-D1 

0.88 103.14 PS-D2 

1 176.01 HDPE-V 

0.76 133.498 HDPE-D1 

0.67 117.419 HDPE-D2 

1 235.62 PET-V 

0.88 207.51 PET-D1 

0.48 113.96 PET-D2 

This degradation index may be correlated to some 
quantitative measurements that asses the degradation in 
polymeric materials such as the reduction in molecular 
weight or area under the curves of FTIR spectra. By 
knowing di, one may be able to estimate, using equation 6, 
the actual activation energy needed to pyrolysis discarded 
polymers. The modified correlation, equation 6, which is 
suggested by authors of current study, allows calculating 
actual activation energy which is required to pyrolysis 
discarded polymers by introducing a new factor, i.e. di  
ranging from 0 to 1 that accounts for degradation history. 
This strategy is crucial in saving energy by providing only 
actual activation energy for the pyrolysis of discarded 
polymers. The reader now should realize that pyrolysis of 
discarded polymers would require less activation energy 
than that of the virgin polymers, therefore one needs to 
calculate actual activation energy for such materials and 
hence overall energy may be saved.  

Conclusions     

Since the pyrolysis of discarded polymers would require 
less activation energy than that of the virgin polymers, one 
needs to calculate actual activation energy for such materials 
and hence overall energy may be saved. A new factor, di, 
which is called degradation index, has been suggested by 
authors of current study as a correction factor in the nth order 
relation. This new correction factor accounts for degradation 
history of polymeric materials. The new term, actual 
activation energy (Eact), introduced by this study was used to 
modify nth order model as given in equation 6.   Eact  = di × E 
where di may vary from 0 to 1 depending on the degradation 
history of the material. When di = 1,  Eact  = E which is the 
activation energy for virgin material.  
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MINERAL ELEMENT CONTENT AND ANTIOXIDANT 

CAPACITY OF SOME LATVIAN BERRIES 

Andrejs Skesters[a], Dénes Kleiner[b], Anna Blázovics[b], Zoltán May[c], Dóra 
Kurucz[b], Alise Silova[a], Klára Szentmihályi[c] 

 

Keywords: mineral elements, free radical scavenging capacity, hydrogen-donating ability, berries 

Berries are widely used nowadays in prevention and in adjuvant therapy of different diseases because of their valuable bioactive agents, 

antioxidant, anti-tumor and anti-inflammatory properties. It has been observed that berries are used very frequently but without medical 

control. The main aim of our study was to determine the element content and antioxidant activities in some Latvian varieties of berries (e.g. 

blueberry, Vaccinium corymbossum L., bilberry, Vaccinium myrtillus L. and red berry, Vaccinium vitis-idaea L.). Element content was 

measured by ICP-OES. Total antioxidant activity was determined by chemiluminometry and hydrogen-donating ability was measured by 

spectrophotometry. The berries under examination contain elements in relatively low concentrations and the consumption of these kind of 

berries is also poor, although they might be good sources for some essential elements; such as blueberry for Mo, bilberry for Li, Mn, Mo 

and red berry for Cr, Li, Mn, Mo. On the other hand, they have good antioxidant properties, especially bilberry. Beneficial antioxidant 

capacities and moderate metal ion concentrations support that berries can complete a diverse diet, and they may be a good supplement in 

some metal-accumulating disorders. 
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Introduction 

Berries contain valuable bioactive agents as unsaturated 
fatty acids, vitamin C, phenolic compounds such as 
polyphenols and anthocyanins. 1,2 Berries are frequently 
used in prevention and in adjuvant therapy of different 
diseases in our time since they are known to have several 
favorable effects because of their antioxidant, antitumor and 
anti-inflammatory properties. 3,4,5  

Berry fruits as foods products are widely available in the 
market in various forms (fresh fruits, dried or frozen fruits, 
jam, syrup, different food supplements, etc.) and as products 
(extracts, supplements) in drugstores and pharmacies, 
therefore people can consume a relatively large amount 
without any control from medical authorities. Since berries 
can be consumed almost every day, therefore a study on 
their quantity of essential and toxic metal ions is essential 
other than the bioactive agents (flavonoids, organic acids, 
polyphenols), as well as antioxidant effects in vitro and the 
investigation of absorption (availability). 

In the present article our aim was to evaluate the element 
content and antioxidant activities in some Latvian variety of 
berries.  

Experimental 

Materials  

Blueberry (Vaccinium corymbossum L.), bilberry 
(Vaccinium myrtillus L.) and red berry (Vaccinium vitis-
idaea L. var. vitis-idaea) were collected in the forests near 
Riga or bought in from the local markets in Riga, Latvia.  

Infuses were made by steeping of 5g berries in 50 mL 
water for a day at room temperature. After filtration the 
aqueous extracts were used for the antioxidant properties 
measurements. 

Luminol, microperoxidase, 30% hydrogen peroxide and 
2,2-diphenyl-1-picrylhydrazyl were obtained from Sigma-
Aldrich (St. Luis, USA). Methanol and Na2CO3 were 
obtained from Reanal-KER (Budapest, Hungary). Nitric 
acid originated from Carlo Elba by Reanal (Budapest, 
Hungary) and multielement ICP standard solution were 
bought from Molar Chemical (Budapest, Hungary). 

Measurement of elements 

Element concentrations (Al, As, B, Ba, Ca, Cd, Co, Cr, Cu, 
Fe, K, Mg, Mn, Ni, P, Pb, S, Si, Sn, Sr, Ti, V, Zn) in the 
berries were determined by inductively coupled plasma 
optical emission spectrometry (ICP-OES). Type of 
instrument: Spectro Genesis ICP-OES (Kleve, Germany). 
After digestion of the samples (0.5 g from drug) with a 
mixture of nitric acid and hydrogen peroxide (10 mL + 4 
mL) and dilution with de-ionized water to 25 mL, 
concentrations of elements were determined.6 

 

http://en.wikipedia.org/wiki/Vaccinium_myrtillus
http://en.wikipedia.org/wiki/Vaccinium_myrtillus
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Total scavenging capacity 

A chemiluminescence assay adopted to a Berthold Lumat 
9501 (Bad Wildbad, Germany) instrument applied for the 
determination of total scavenger capacity of the berries by 
the method of Blázovics et al. 7 The reaction mixture for 
standard background consisted of hydrogen peroxide (0.30 
mL, 104 dilution), microperoxidase (0.30 mL, 1 mmol L-1) 
as a catalyst and luminol (0.050 ml, 7x10-5 mol L-1 in pH 9.8 
Na2CO3 solution). The volumes of berry infuses were 0.05 
ml. The berry samples were added to luminol solution and 
mixed with vortex for 10 seconds before measuring. 
Scavenger capacities of the samples were expressed in the 
relative light unit (RLU%). The RLU% was calculated from 
the relative light intensity and the standard background. 

Hydrogen-donating ability 

Hydrogen donating ability was measured by Hatano et al.8 
Every 0.05 mL sample was diluted with 0.95 mL bidistilled 
water and 1.00 ml methanol. The samples were mixed with 
0.50 mL 2,2-diphenyl-1-picrylhydrazyl free radical’s 
methanolic solution (9 mg/100 mL). After 30 minutes, 
samples were measured with a Hitachi U-2000 
spectrophotometer (Tokyo, Japan) at 517 nm against their 
blinds. The inhibition % of the samples was expressed in the 
percentage of the control. 

Statistical analysis  

Means and standard deviations (SD) were calculated from 
the results obtained. One way analysis of variance 
(ANOVA) was used for comparing the means of the groups 
by Graph PAD software version 1.14 (1990). Significance 
was determined as P<0.05. 

Results 

The element concentrations observed in berries are shown 
in Table 1. The concentrations of As, Co, Pb and V were 
under the detection limits therefore these elements were not 
shown in the table. The berries generally contain low 
amounts of elements similarly to the results of other berries 
obtained by several authors and various berries of Rubus 
family.9,10,11,12  We noticed that almost all element 
concentrations were significantly different and red berry 
contains elements in the highest concentrations.  

The antioxidant properties of the berries are shown in 
Figure 1. and 2. The luminol/H2O2/OH•-system emits light 
in alkaline solution, meaning scavengers can attenuate the 
emission. RLU% of red berry and bilberry is lower than that 
of blueberry in most of the concentration range, so their 
scavenging capacity is better than that of blueberry (Fig. 1.). 
This kind of lower antioxidant activity can be observed in 
the hydrogen-donating ability as well (Fig. 2.), and the 
difference between red berry and bilberry is higher than 
their chemiluminescent data. Finally after observations it 
was concluded that these three types of berries have good 
antioxidant activity. 1,2,13,14 Bilberry shows the highest and 
blueberry the weakest properties. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Free radical scavenging capacity in different berries 
originated from Latvia 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Hydrogen-donating ability in Latvian blueberry, bilberry 
and red berry 

Discussion 

The berries under investigations contain elements in 
relatively low concentration. The consumption of these 
kinds of fruits is also unsatisfactory. Even after consuming 
100 g berry per day, the quantities of metal ions in berries 
do not cover the daily need. Nevertheless they may be good 
sources for some elements, since they contain some essential 
elements in higher quantity, which means 15% or higher 
rate of the Recommended Dietary Allowances (RDA) or 
Dietary Reference Intake (DRI). 15,16 

According to RDA parameters and taking into 
consideration consumption of 100 g sample of berries, the 
following berries are found to be good sources of: blueberry 
for molybdenum (37.4% of the daily need, RDA value: 50 
μg day-1/adult of 70 kg); bilberry for manganese (94.1 % of 
the daily need, RDA value: 2 mg day-1/adult of 70 kg), 
molybdenum (27.6 % of the daily need, RDA value: 50 μg 
day-1/adult of 70 kg) and red berry for chromium (15 % of 
the daily need, RDA value: 40 μg day-1/adult of 70 kg), 
manganese (101 % of the daily need, RDA  value:  2 mg 
day-1/adult of 70 kg), molybdenum (60 % of the daily need, 
RDA value: 50 μg day-1/adult of 70 kg). It should be also 
mentioned, that the Upper Level (UL) for manganese was 
11 mg day-1/adult earlier, nevertheless according to the 
EFSA,17 there is not enough data available for the correct 
determination of this value and there is no UL value at 
present which would establish red berry as a safe fruit.  
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Table 1. Element concentrations (mg kg-1 wet weight ± standard deviation, n=3) in different berries originated from Latvia 

  Blueberry Bilberry Red berry ANOVA 

 (P<0.05) 

Al  1.63 ± 0.28 3.06± 0.17 5.91± 1.08 Sign. 

B 1.53 ± 0.09 1.26± 0.11 2.55 ± 0.28 Sign 

Ba 0.228 ± 0.011 1.25 ± 0.07 1.46 ± 0.04 Sign. 

Ca   56.98 ± 2.35 160.4 ± 9.5 240.7 ± 16.8 Sign. 

Cd <0.01 0.013±0.017 <0.01  

Cr 0.038 ± 0.011 0.021 ± 0.003 0.060 ± 0.006 Sign. 

Cu  0.728 ± 0.111 0.309 ± 0.021 0.907 ± 0.120 Sign. 

Fe  2.36 ± 0.65 1.69 ± 0.06 3.25 ± 0.14 Sign. 

K 387.7 ± 70.1 482.4 ± 15.5 1005 ± 48 Sign. 

Li 0.00138 ± 0.00020 0.00196 ± 0.00032 0.00388 ± 0.00225 Non sign 

Mg  43.72± 9.42 53.12 ± 4.28 103.2 ± 6.12 Sign. 

Mn 0.684 ± 0.133 18.82 ± 0.49 20.29 ± 0.231 Sign. 

Mo 0.187 ± 0.071 0.138 ± 0.029 0.309 ± 0.022 Sign 

Na  6.17 ± 0.65 6.61 ± 1.02 9.76 ± 1.00 Sign. 

Ni  0.0235 ± 0.0051 0.0217 ± 0.0067 0.0387 ± 0.0059 Sign. 

P  72.51 ±-9.37 95.23± 4.09 166.4 ± 6.5 Sign. 

S  43.44 ± 8.07 51.03 ± 3.60 94.33 ± 4.97 Sign. 

Si 8.31 ± 0.69 5.11 ± 0.45 9.57 ± 2.32 Sign. 

Sn 0.482 ±  0.207 0.051 ± 0.027 0.279 ± 0.187 Sign. 

Sr  0.0623 ± 0.0066 0.0631 ± 0.0041 0.159 ± 0.0095 Sign 

Ti 0.0508 ± 0.0103 0.0471 ± 0.0085 0.0691 ± 0.0096 Sign 

Zn  0.637 ± 0.059 1.16 ± 0.17 2.19 ± 0.12 Sign. 

It has to be mentioned here as well that they may contain 
other toxic bioactive agents, like arbutin and derivates, 
therefore the precaution is needed.17 

The intake of non-essential elements is relatively low, 
instead of aluminum in the case of bilberry, which is 14.4-
19.0% (DRI value between: 3.1-4.1 mg day-1/adult of 70 kg), 
of boron in the case of blueberry and red berry which are 
15.9 and 26.6% (DRI value: 0.96 mg day-1/adult of 70 kg) 
and of lithium in the case of bilberry and red berry with 
intake of 19.6% and 38.8% (DRI value: 1 μg day-1/adult of 
70 kg). 

All of these three varieties of berries have good 
scavenging capacity and hydrogen-donating activity. The 
best properties are in bilberry sample, but to evaluate their 
difference, a wider study is needed. 

These fruits have good antioxidant properties that may be 
associated to their valuable compounds, like flavonoids, 
unsaturated fatty acids and vitamins which are very 
important in cellular signal transduction routes to rebuild the 
redox homeostasis in different diseases such as in various 
tumors, liver and bowel diseases as well as in simple flu. 
1,2,4,17,18,19, 20,21,22  The relatively low metal content and the 
high antioxidant activity suggest, that these fruits could be 
good supplements in metal accumulating disorders as well, 
like Wilson-disease, porphyria cutanea tarda, 
hemochromatosis and some metal-accumulating tumors. 23 
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APPLICATIONS OF GEORGIAN ZEOLITES FOR THE 

EXTRACTION OF USEFUL COMPONENTS FROM NATURAL 

AND WASTE WATERS 
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Present investigation reveals that Ni-modified Khekordzula clinoptilolyte is characterized by high adsorption capacity against hydrogen 

sulfide, and HNaX- modified Khekordzula clinoptilolyte has high adsorption capacity against potassium and ammonium ions. Therefore, 

present zeolites may be used for selective adsorption of hydrogen sulfide, potassium and ammonium ions. 
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Introduction 

Useful energy resources and fossil fuels are limited and 
declining day by day at a very fast rate. Therefore, in 
previous years this problem attracted the attention of 
researchers to solve this huge problem. 

Currently, the problem of searching of alternative energy 
sources is very important. One of the possible methods of 
obtaining of hydrogen (ecologically acceptable fuel) may be 
the use of the natural hydrogen sulfide from the 
hydrosulphurous water of the Black Sea. This water is rich 
in potassium ions and water of the rivers which flow into the 
Black Sea is rich in ammonium ions.  

One of the extraction methods of these valuable 
components from natural waters is sorption concentration. 
Ion-exchanging materials are facing the challenges to obtain 
these objectives. Georgia is rich in sedimentary natural 
zeolites, which belong to calcium- sodium- potassium 
clinoptilolytes, according to available data.1   

Some results of the trial experiments, conducted at the 
beginning of the investigations, with the aim of finding out 
adsorption possibilities of the above mentioned components 
on the native natural zeolites from different deposits of 
Georgia and also their modified forms, are the subject 
matter of the present investigation.   

The results of the chemical analysis of Georgian natural 
clinoptilolytes2 are shown in Table 1. A number of works3-6 
have been dedicated to the study of the adsorption properties 
of the natural and modified clinoptilolytes. Further, a step-
by-step extraction of useful components from the complex 
solutions has not been conducted so far. Purposefully 
adsorption of hydrogen sulfide, potassium and ammonium 
ions on Dzegvi and Khekordzula clinoptilolytes in natural 
water and synthesized solutions has been studied in present 
work. A comparative study has been done with Cation 
exchanger KY-2-8.   

Experimental 

The experiment was carried out in static conditions at the 
room temperature. Determination of the under test 
components in solutions was carried out by iodometric, 
spectrophotometric and atomic absorption methods. 
Sorption curves for natural waters and synthetic solutions 
were received.  

Results and Discussions 

Volume capacity of the given zeolites concerning tested 
ions has been established. The results of the experiment are 
given in the  Tables 2-4 and Figs. 1-3.  

 

 

 

 

 

Figure 1. Kinetics of adsorption of hydrogen sulfide on the 
clinoptilolyte from natural sulfur-containing water. 1-Dzegvi 
untreated; 2-HNaX-modified Khekordzula; 3-Ni-modified 
Khekordzula; 4- 2 M HCl-modified Khekordzula; 5-KY-2-8. 

 

 

 

 

 

 

Fig. 2. Kinetic of adsorption of potassium ions on the clinoptilolyte 
from synthesized solutions. 1-Dzegvi untreated; 2-HNaX-modified 
Khekordzula; 3-Ni-modified Khekordzula; 4- 2 M HCl-modified 
Khekordzula; 5-KY-2-8. 
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Table 1. Chemical composition of dehydrated clinoptilolytes of Georgia.  

Deposit Oxid components, weight % Molar ratio SiO2/Al2O3 

SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O  

Khekordzula 68.69 13.70 3.46 5.63 1.57 2.29 4.20 8.54 

Dzegvi 68.04 14.40 3.99 6.99 2.00 1.30 2.00 8.09 

 

Table 2. Volume capacity, equilibrium concentration and 
extraction efficiency of hydrogen sulfide recovery by zeolites from 
the natural sulfur-containing water (C0=22.1 mg L-1) after 48 hours 
of delay. 
 

It is revealed from the experimental results, Ni-modified 
Khekordzula clinoptilolyte and cationite Ky-2-8 are 
characterized by high adsorption capacity. Adsorption 
capacity of the Dzegvi untreated clinoptilolyte is relatively 
less as compared to the treated one. Although, all tested 
zeolites almost completely adsorb hydrogen sulfide after 48 
hours of delay.   

 

Table 3. Volume capacity, equilibrium concentration and 
extraction efficiency of the potassium ion removal by zeolites from 
synthesized solutions (C0=400.0 mg L-1) after 48 hours of delay.  

 

 

 

 

 

 

 

Figure 3. Kinetic of adsorption of the ammonium ions on the 
clinoptilolyte from synthesized solutions: 1-Dzegvi untreated; 2-
HNaX-modified Khekordzula; 3-Ni-modified Khekordzula; 4- 2 M 
HCl-modified Khekordzula; 

Table 4. Volume capacity, equilibrium concentration and 
extraction efficiency of ammonium ion removal by zeolites from 
synthesized solutions (C0=34.0 mg L-1) after 48 hours of delay  

Under sorption of ammonium ions from solutions with 
initial concentration 34.0 mg L-1, the highest adsorption 
capacity has Khekordzula clinoptilolytes, modified by 
HNaX and Ni, and also untreated clinoptilolyte from Dzegvi.   

Conclusion 

It is evident from the results of the investigators, Ni-
modified Khekordzula clinoptilolyte is characterized by 
high adsorption capacity against hydrogen sulfide, and 
HNaX-modified Khekordzula clinoptilolyte has high 
adsorption capacity against potassium and ammonium ions. 
Thus, above mentioned zeolites may be used for selective 
adsorption of hydrogen sulfide, potassium and ammonium 
ions.  
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Clinoptilolite Cp, mg L-1 a, mg g-1 E, % 

Dzegvi untreated 10.2 1.19 92.4 

HNaX- modified 

Khekordzula 

0.7 2.14 96.9 

Ni-modified Khekordzula 0.0 2.21 100.0 

2N HCl - modified 

Khekordzula 

0.02 2.19 99.2 

Ky-2-8 0.00 2.21 100.0 

Clinoptilolyte Cp,  mg L-1 a, mg L-1 E, % 

Dzegvi untreated 342.0 5.8 14.5 

HNaX- modified 

Khekordzula 

112.0 28.8 72.2 

Ni-modified Khekordzula 388.4 1.16 2.9 

2 M HCl - modified 

Khekordzula 

387.0 1.3 3.4 

Kу-2-8 200.0 20.0 50 

Clinoptilolyte Cp, mg L-1 a, mg g-1 E, % 

Dzegvi untreated 4.47 2.95 87.0 

HNaX- modified Khekordzula 3.06 3.1 91.1 

Ni-modified Khekordzula 3.4 3.06 90.0 

2 M HCl-modified 

Khekordzula 

11.9 2.21 65.0 
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NMR ANALYSIS AND HYDROLYSIS STUDIES OF 

GLYCYRRHIZIC ACID, A MAJOR CONSTITUENT OF 

GLYCYRRHIA GLABRA 
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Keywords: Glycyrrhiza glabra, Fabaceae, triterpene glycoside, 1D and 2D NMR spectral data, structure characterization, hydrolysis, 

sugar conformation 

From the commercial extract of the roots of Glycyrrhia glabra, a triterpene glycoside was isolated which was characterized as 18β-

glycyrrhetinic acid-3-O-β-D-glucuronopyranosyl-(1→2)-β-D-glucuronide; also known as Glycyrrhizic acid or Glycyrrhizin. The complete 
1H and 13C NMR assignments of Glycyrrhizin were achieved by the extensive 1D (1H and 13C), and 2D NMR (COSY, HMQC, and HMBC) 

as well as mass spectral data. Further, hydrolysis studies were performed on Glycyrrhizin to identify aglycone and sugar residues in its 

structure. Further, configuration of sugar moieties in the triterpene glycoside obtained during the course of acid hydrolysis studies were 

confirmed by preparing their corresponding thiocarbamoyl-thiazolidine carboxylate derivatives with L-cysteine methyl ester and O-tolyl 

isothiocyanate and in comparison of their retention times with standard sugars. 
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Introduction 

Glycyrrhiza glabra (Fabaceae) also known as Licorice is 
a well-known medicinal herb that grows in various parts of 
the world.1 It is one of the oldest and widely used herbs 
known since several thousand years ago both in western and 
eastern countries. From the ancient medical history of 
Ayurveda, Licorice has been used both as a medicine and 
also as a flavoring agent to disguise the unpleasant flavor of 
other medications. In the traditional system of medicine, the 
roots and rhizomes of G. glabra have various 
pharmaceuticals activities like antispasmodic, demulcent, 
pectoral, anti-inflammatory, antiulcer, expectorant, 
antimicrobial and anxiolytic activities.2-3 Varies species of 
Glycyrrhiza family has been shown to have great 
antioxidant, free radical scavenging and anticonvulsant 
activities. In some countries Licorice root is used in food 
and tobacco products.4 G. glabra root extract have been 
used for more than 60 years in Japan to treat chronic 
hepatitis, and also have therapeutic benefit against other 
viruses, expectorant, antitussive, mild laxative and anti-
aging activities.4-5 The main chemical constituents of G. 
glabra is composed of triterpene saponin, flavonoids, 
polysaccharides, pectin, simple sugars, amino acids, mineral 
salts and various other components. Its major bio-active 
constituent of root is a triterpenoid saponin, 18β-
glycyrrhetinic acid-3-O-β-D-glucuronopyranosyl-(1→2)-β-
D-glucuronide (1); also known as glycyrrhizic acid or 
glycyrrhizin. Glycyrrhizic acid (GA) is the most studied 
active constituent of licorice which is a sweet-tasting 
material and is about 50 times sweeter than sugar, making it 
a widely used as a sweetening additive in the food 
industry.6-7 

As a part of our continuing research to discover natural 
products, we have isolated several diterpene glycosides from 
the commercial extracts of the leaves of S. rebaudiana8-11 
and flavonoids from Hovenia dulcis.12 The structures of the 
isolated compounds were characterized on the basis of 
extensive 1D (1H and 13C) and 2D (COSY, HSQC and 
HMBC) NMR as well as high resolution mass spectroscopic 
data and chemical modifications. In this paper, we are 
describing the structural characterization of a triterpenoid 
saponin, glycyrrhizic acid (1) isolated from the commercial 
extract of the roots of G. glabra, which were achieved on 
the basis of 1D (1H and 13C) and 2D (COSY, HMQC and 
HMBC) NMR and high resolution mass spectroscopic (MS) 
data, as well as by comparison of the physical and spectral 
data of reported in literature. Further, configuration of sugar 
moieties in the triterpene glycoside 1 was confirmed by 
preparing their corresponding thiocarbamoyl-thiazolidine 
carboxylate derivative with L-cysteine methyl ester and O-
tolyl isothiocyanate in comparison of their retention times 
with standard sugars. 

 

 

 

 

 

 

 

 

 

Figure 1. Structure of Glycyrrhizic acid (1) 
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EXPERIMENTAL 

General Instrumentation Procedures 

IR spectral data was acquired using a Perkin Elmer 400 
Fourier Transform Infrared (FT-IR) Spectrometer with 
Universal attenuated total reflectance (UATR) polarization 
accessory. HPLC analysis was performed using a Dionex 
UPLC ultimate 3000 system (Sunnyvale, CA), including a 
quaternary pump, a temperature controlled column 
compartment, an auto sampler and a UV absorbance 
detector.  Phenomenex Luna C18 reversed-phase with guard 
column, 150x4.6 mm, 3µm (100A) were used for the 
characterization of glycyrrhizin (1). NMR spectra were 
acquired on Bruker Advance DRX 500 MHz or Varian 
INOVA 600 MHz instrument instruments using standard 
pulse sequences. The NMR spectra were performed in 
C5D5N; chemical shifts are given in  (ppm), and coupling 
constants are reported in Hz. MS and MS/MS data were 
generated with a Thermo LTQ-FTMS mass spectrometer 
(100,000 resolutions) equipped with a nanospray ionization 
source.  Samples were diluted with methanol and introduced 
via infusion using the onboard syringe. 

Isolation and Characterization 

Compound 1 was purified from the commercial aqueous 
alcoholic extract of G. glabra root by using the HPLC 
method as summarized below:  

A binary solvent system comprising distilled water with 
1% acetic acid (A) and 100 % acetonitrile (B) was used as 
mobile phase at a flow rate of 0.9 ml min-1 separations were 
performed using a linear gradient of increasing acetonitrile. 
Buffer B was increased from 15 % to 100 % in 25 min. The 
compounds were confirmed by the retention time and UV 
absorption at 254 nm. 

Using the above mentioned HPLC method, collected the 
peak eluting at tR 12.023 min over several rounds of 
injection of crude extract; dried the corresponding solution 
under nitrogen yielded a pure compound, which was 
characterized as 1. 

18β-glycyrrhetinic acid-3-O-β-D-glucuronopyranosyl-(1→2)-β-

D-glucuronide (Glycyrrhizic acid, 1)   

White powder; IR νmax: 3312, 2965, 1722, 1055, 910 cm-1; 
1H-NMR (600 MHz, C5D5N, δ ppm) and 13C-NMR (150 
MHz, C5D5N, δ ppm) spectroscopic data see Table 1; 
HRMS (M+H)+ m/z 823.4138 (calcd. for C42H63O16: 
823.4116); (M+Na)+ m/z 845.3954 (calcd. for C42H62O16Na: 
845.3936). 

Acid hydrolysis of 1  

To a solution of compound 1 (5 mg) in MeOH (3 ml) was 
added 25 ml of 10 % H2SO4 and the mixture was refluxed 
for 72 hours.  The reaction mixture was then extracted with 
ethyl acetate (EtOAc) (2 x 25 ml) to give an aqueous 
fraction containing sugars and an EtOAc fraction containing 
the aglycone part, which has been identified as 

glycyrrhetinic acid on the basis of comparison with the 
spectral data of the standard and co-TLC.6-7  The aqueous 
phase was concentrated and compared with standard sugars 
using the TLC systems EtOAc/n-butanol/water (2:7:1) and 
CH2Cl2/MeOH/water (10:6:1);13-15 the sugar was identified 
as glucose.   

Determination of sugar configuration in 1  

Compound 1 (3 mg) was hydrolyzed with 1 M HCl (10 
mL) for 1.5 h. After cooling, the mixture was passed 
through an Amberlite IRA400 column and the eluate was 
lyophilized. The residue was dissolved in pyridine (5 mL) 
and heated with L-cysteine methyl ester HCl (15 mg) at 60 
ºC for 1.5 h, and then O-tolyl isothiocyanate (100 L) was 
added to the mixture and heated at 60 ºC for an additional 
1.5 h. The reaction mixture was analyzed by HPLC: column 
Phenomenex Luna C18, 150 x 4.6 mm (5 u); 25 % 
acetonitrile-0.2 % TFA water, 1 mL min-1; UV detection at 
250 nm. The sugar was identified as D-glucuronic acid (tR, 
18.34 min) [authentic samples, D-glucuronic acid (tR, 18.17) 
and L-glucuronic acid (tR, 17.64 min)].16   

Results and Discussion 

Compound 1 was isolated as a colorless powder and its 
positive mode of ESI Time of Flight (TOF) mass spectrum 
indicated an [M+H]+ ion at m/z 823.4138 together with 
[M+Na]+ adduct ion at m/z 849.3954, respectively; which 
were in good agreement with the molecular formula 
C42H62O16. The chemical composition of 1 was further 
supported by the 13C NMR spectral data.  

The 1H NMR spectra of compound 1 showed the presence 
of seven methyl sinlgets at δ 0.79, 1.05, 1.21, 1.27, 1.37, 
1.42 and 1.44. Liebermann-Burchard reaction indicated 
compound 1 is having a terpenoid skeleton.17-18 The signal 
corresponding to the H-3 of the oxymethine proton in the 
terpene moiety of 1 was appeared as a doublet of doublets at 
δ 3.37. Compound 1 also showed a proton at δ 5.98 as a 
singlet suggesting the presence of a trisubstituted olefinic 
bond. Further, the down field shift value of the trisubstituted 
olefinic proton indicated the presence of a carbonyl group at 
C-11 position, which was supported by the carbonyl group 
resonating at δ 200.1. The above spectral data supported the 
presence of oleanane triterpene skeleton having a hydroxyl 
group at C-3 position with a double bond at C-12/C-13 with 
seven methyl groups. 

The presence of two sugar units in its structure was 
supported by the 1H NMR spectrum of 1 which showed the 
anomeric protons at δ 5.08, and 5.47 as doublets. Acid 
hydrolysis of 1 with 10 % H2SO4 afforded glycyrrhetinic 
acid6-7 and glucuronic acid13-15 which were identified by 
direct comparison with authentic samples by co-TLC.  The 
stereochemistry of the sugar was identified as D- glucuronic 
acid by preparing its corresponding thiocarbamoyl-
thiazolidine carboxylate derivatives with L-cysteine methyl 
ester and O-tolyl isothiocyanate, and in comparison of their 
retention times with the standard sugars as described in the 
literature.16 The large coupling constants observed for the 



NMR analysis and hydrolysis of glycyrrhizic acid          Section A-Research Paper 

Eur. Chem. Bull.,  2014, 3(1), 104-107    DOI: 10.17628/ecb.2014.3.104-107 106 

two anomeric protons of the glucose moieties at δ 5.08 (d, 
J=8.1 Hz), and 5.47 (d, J=8.4 Hz), suggested their β-
orientation as reported earlier.19-21 The 1H and 13C NMR 
values for all the protons and carbons were assigned on the 
basis of COSY, HMQC and HMBC correlations and were 
given in Table 1.   

Table 1. 1H and 13C NMR chemical shift values for Glycyrrhizic 
acid (1) recorded in C5D5N.a-c 

Position 1H NMR 13C NMR 

1 0.95 m, 3.05 dd (J = 8.1, 9.6) 39.9 

2 1.75 m, 2.04 m 27.1 

3 3.37 dd (J = 5.4, 11.6) 89.6 

4 - 40.5 

5 0.74 m 55.9 

6 1.46 m, 1.68 m 18.1 

7 1.48 m, 1.72 m 33.4 

8 - 43.9 

9 2.46 s 62.6 

10 - 37.7 

11 - 200.1 

12 5.98 s 129.2 

13 - 172.9 

14 - 46.1 

15 1.24 m, 2.12 m 27.2 

16 1.08 m, 2.15 m 27.3 

17 - 32.7 

18 2.14 m 49.2 

19 1.55 m, 2.34 m 42.2 

20 - 44.6 

21 1.53  m, 2.08 m 32.1 

22 1.30 m, 1.73 m 38.9 

23 1.21 s 28.6 

24 0.79 s 17.2 

25 1.27 s 17.3 

26 1.37 s 19.3 

27 1.42 s 24.1 

28 1.05 s 29.2 

29  179.7 

30 1.44 s 29.3 

Glucuronic Acid I (GlcA I) 

1′ 5.47 d (J = 8.4) 107.5 

2′ 4.68 dd (J = 8.2, 9.4) 85.1 

3′ 4.32 dd (J = 8.1, 9.6) 78.0 

4′ 4.45 t (J = 9.4) 78.9 

5′ 4.66 t (J = 9.6) 78.2 

6′  73.8 

Glucuronic Acid II (GlcA II) 

1′′ 5.08 d (J = 8.1) 105.6 

2′′ 4.64 dd (J = 8.4, 9.6) 78.3 

3′′ 4.30 dd (J = 8.2, 9.1) 78.1 

4′′ 4.38 t (J = 9.6) 77.3 

5′′ 4.64 t (J = 9.4) 73.5 

6′′  172.6 

a assignments made on the basis of COSY, HSQC and HMBC 
correlations; b Chemical shift values are in δ (ppm); c Coupling 
constants are in Hz.  

In the absence of eighth methyl group and the appearance 
of a carbonyl group resonating at δ 179.7 from the 13C NMR 
spectral data of 1 suggested the presence of an acid 
functional group. The presence of the carboxylic acid group 
was identified at C-29 position by the key COSY and 
HMBC correlations as shown in Figure 2.  

Based on the results from NMR spectral data and 
hydrolysis experiments, it was concluded that the structure 
of 1 has a oleanane triterpene aglycone moiety with an α,β-
unsaturated carbonyl group, a carboxylic acid group, seven 
methyl singlets and two β-D-glucuronyl units. Thus, the 
structure of 1 was assigned as the known compound 
glycyrrhizic acid. The physical and spectral data are 
consistent to the reported literature values of glycyrrhizic 
acid.6-7 

 

 

 

 

 

 

 

 

 

Figure 2. Key HMBC correlations of Glycyrrhizic acid (1) 

Conclusions 

We are herewith reporting the isolation and complete 1H 
and 13C NMR spectral assignments for 18β-glycyrrhetinic 
acid-3-O-β-D-glucuronopyranosyl-(1→2)-β-D-glucuronide 
(Glycyrrhizic acid, 1) that were made on the basis of 
extensive 1D and 2D NMR spectral data as well as high 
resolution mass spectral data.  

Further, acid hydrolysis of 1 furnished D-glucuronic acid 
suggesting the presence of only one sugar unit and its 
configuration was confirmed for the first time by preparing 
its corresponding thiocarbamoyl-thiazolidine carboxylate 
derivatives with L-cysteine methyl ester and O-tolyl 
isothiocyanate. 
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KINETICS OF DECOLORIZATION OF ALIZARIN RED S IN 

AQUEOUS MEDIA BY FENTON-LIKE MECHANISM 
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Keywords: Alizarin Red S; decolorization; kinetics; Fenton-like 

The decolorization kinetics of Alizarin Red S (ARS) in aqueous solution was studied using Fenton like reaction in dark environment. The 

effects of dye, iron(III) ions and hydrogen peroxide concentrations were investigated. The reaction was first order in ARS, H2O2 and zero 

order in iron(III) chloride. Increasing the hydrogen peroxide concentration (2-8 x10-3 mol dm-3) increases the rate constant from 1.05x10-3 to 

3.2 x 10-3 s-1
 
and excess of hydrogen peroxide shows no effect on the rate constant. Iron(III) ions concentration shows soft retardation effect 

on the degradation rate of ARS. Increasing the initial ARS concentration from 1 to 4x 10-4 mol dm-3 decreases the decolorization from 85 % 

to 55 % within 15 minutes. Increasing temperature in the range of 298-313 K increases the rate of degradation and no optimal value 

detected. In addition, the influence of inorganic additives such, carbonate, nitrate and chloride on the efficiency of dye removal were 

examined. 
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Introduction 

Textile dyeing process is significant source of 
environmental pollution. One of the most problems of textile 
waste water in addition to toxic and carcinogenic nature is 
color effluent. It does not reflect atheistic problem because it 
is visible pollutant but also depletes sunlight penetration 
which reduces the photosynthetic activity in aquatic plants, 
thereby having undesirable impact on their growth. Many 
physical, chemical and biological methods are used to 
remove the dyes from waste water.1-6  

This study is concerned with removal of Alizarin Red S 
from water. Alizarin Red S is widely used for dyeing textile 
materials.7-9 Alizarin Red S is (1,2–dihydroxy-9,10- 
anthraquinonesulfonic acid sodium salt). It is synthesized by 
sulfonation of Alizarin which is extracted from root of 
madder plant. Alizarin Red S is used as stain microscopy, 
acid-base indicator and in determination of fluorine. The 
removal of anthraquinone dyes like Alizarin Red S is crucial 
process from both economical and environmental points of 
view.10    

In recent years a great efforts has been done to remove 
Alizarin Red S using photocatalytic techniques.2,7-8 In the 
same time less attention was given to advanced oxidation 
process such as Fenton and Fenton like process which could 
be good option to treat and remove Alizarin Red S. Fenton’s 
reagent is an attractive reagent due to the fact that, iron is an 
abundant and non-toxic element, hydrogen peroxide is easy 
to handle and can be broken down to environmentally 
benign product and there is no need for special equipment.     

The main object of this study is to examine the effect of 
the major system parameters on the decolorization kinetics 
of Alizarin Red S dye. Such parameters are the pH, 
concentration of iron (III) ions, H2O2, dye and temperature 
of ambient. Also the study gave attention to the effect some 
inorganic electrolytes.       

Experimental 

Reagents and materials 

All chemicals were of pure grade and were used without 
further purification. Alizarin Red S purchased from LOBA 
Chemie PVT Mumbai: 400005 India (molecular formula, 
C14H7 O7Na S, Molecular weight = 342.26, max = 430 nm). 
The chemical structure and UV-vis spectrum of ARS is 
given in (Figure1). FeCl3, NaNO3 and Na2CO3 were 
purchased from Merck. Hydrogen peroxide solution (35 %) 
was of analytical grade. All solutions were prepared using 
bidistilled water. Stock solutions of dye (1 mM), FeCl3 (10 
mM) were prepared in 0.01 M of HCl. All experiments were 
performed at pH below 3. 

 

 

 

 

 

 

 

Figure 1. Chemical structure, UV-visible spectrum of ARS.  
[ARS] = 5 x 10-4 mol dm-3 

Kinetic experiments 

Kinetic experiments were conducted by mixing the 
solutions of dye and hydrogen peroxide and adjusting [H+] 
to the required value with NaOH/HCl using a Griffin pH-
meter fitted with a glass calomel electrode. The reaction 
initiated by adding FeCl3 to thermostated solution (dye + 
H2O2). The progress of the reaction was monitored at max = 
430 nm using a thermostated 292 Cecil spectrophotometer.  
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Results and Discussion 

Effect of pH 

Advanced oxidation processes are powerful alternative 
methods of wastewater treatment. This method based on the 
production of powerful oxidant, HO

.
 (E = 2.8 V versus 

NHE). These radical are capable to degrade recalcitrant 
organic compounds under mild experimental conditions.11 
The general mechanism of Fenton reaction12 is  

Fe2+ + H2O2  → Fe3+ + HO
.
  + HO-   (1) 

k = 76.5 mol-1 dm3 s-1 

Then, Fe3+ ions can be reduced by excess H2O2 to form 
Fe2+ ions and more HO

.
 Radicals. Second reaction is called 

Fenton-like13 allowing Fe2+ regeneration leading to catalytic 
mechanism (reactions, 2-4), 

Fe3+ + H2O2  FeOOH2+ 
+ H+        (2) 

Keq = 3.1 x 10
-3

     

FeOOH2+ → Fe2+ + HO2

.
     (3) 

k = 27x10-3 s-1 

Fe3+ + HO2

.
  → Fe2+ + O2 + H+     (4) 

k <  2x103 mol-1 dm3 s-1 

The perhydroxy radicals (HO2
.
) are unstable and 

converted to hydroxyl free radicals (HO
.
) as in reaction 5 

2HO2

.
→ 2HO

.
+ O2      (5) 

dye + HO
.
→ product       (6) 

As clear from equation (1) the amount of HO
.
 depends on 

the pH of solution. It was reported that the optimum pH 
value is 3.4, 6, 14-17  

It was difficult to study the effect of pH on the rate of 
decolorization of ARS since it is chemical indicator and 
spectrum changes completely by changing the pH, (Figure 
2). Consequently all experiments were performed at 
pH=2.87 

Effect of H2O2 concentration 

Decolorization reaction rate of ARS dye by Fenton-like 
process can be represented by equation 7 

Rate = k[H2O2][ARS][Fe
3+

]0            (7) 

Rate = kobs [ARS]       (8) 

 

 

 

 

 

 

 

 

Figure 2. Effect of pH on the absorption spectrum of ARS in 
aqueous solution.  [ARS]=  2x 10-4 mol dm-3 

kobs is obtained from the slope of plot of ln At( absorbance 
of ARS at time interval, t) versus time. Figure 3 showed that 
the decrease in dye concentration as function of time was 
dependent of hydrogen peroxide concentration. The data 
were in good agreement with pseudo first order kinetics 
model.18-19 Increasing the hydrogen peroxide concentration 
(2-8x10-3 mol dm-3) increases the rate constant from 
1.05x10-3 to 3.2x10-3 s-1, Table 1. Excess of hydrogen 
peroxide shows no effect on the rate constant. This 
attributed to production of less reactive radical (HO2

.) or 
consumption of HO. radicals by self-scavenging.4,6,11,20 Plot 
of ln kobs versus ln [H2O2] yields straight line with slope of 
unity indicates the reaction is first order in hydrogen 
peroxide.  

 

 

 

 

 

 

 

 

Figure 3. First order plots for the decolorization of ARS by 
Fenton-like reaction at various H2O2 concentrations. pH= 2.87, T = 
30 oC, [ARS] = 2x10-4 mol dm-3,  [Fe3+] = 2x10-4 mol dm-3 

Efficiency of decolorization was 90% within 15 minutes 
at 8x10-3 mol dm-3 of hydrogen peroxide. 

Effect of iron(III) chloride concentration 

Although no reaction was observed between ARS and 
hydrogen peroxide in absence of iron(III) ions, iron(III) ions 
concentration shows soft retardation effect on the 
degradation rate of ARS. Keeping temperature at 30 oC, 
[ARS]= 2x10-4 mol dm-3 and [H2O2] = 4 x 10-3 mol dm-3 

using different concentrations of iron(III) chloride namely, 
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2-6 x10-4 mol dm-3, the degradation rate dropped from 91% 
to 86% within 20 minutes by increasing the concentration 
from 2x10-4 to 6 x10-4 mol dm-3. This could be attributed to 
the increasing in [Fe3+] increases [Fe2+] which scavenging 
the HO..4,6,17 Alireza et al20 reported that increasing of 
iron(III) ions concentration increases the decolorization rate 
of brilliant blue and maximum rate was at [Fe3+] =2x10-4 
mol dm-3. 

Table 1. Observed first order rate constants of the decolorization of 
ARS by Fenton-like reagent at  temperature = 30 °C, pH=2.87 

Concentrations, mol dm-3 kobs x103 s-1 

[ARS ]x104
 
 H2O2x103

 
 [Fe3+]x104

 
 

1 4 4 2.05 

2 4 4 1.70 

3 4 4 1.15 

4 4 4 0.72 

2 2 2 1.05 

2 4 2 2.13 

2 6 2 2.75 

2 8 2 3.20 

2 10 2 3.20 

2 4 2 2.65 

2 4 4 2.70 

2 4 6 2.52 

The values of first order rate constant, kobs, are given in 
Table 1, no change with rise of iron(III) chloride 
concentrations indicates the reaction is zero order in 
iron(III) chloride. This could attribute to fast formation of 
very weak complex between iron(III) and ARS in step 
proceed the rate determining step. M. Tariq et al21 observed 
weak complex between Cu2+ and ARS and Cu2+ retarded the 
photodegradation of ARS.  

Effect of dye concentration 

The effect of initial dye concentration of aqueous solution 
of ARS on Fenton-like process was investigated since 
pollutant concentration is important parameter in wastewater 
treatment. Increasing the initial ARS concentration from 1 to 
4x 10-4 mol dm-3 decreases the decolorization from 85 % to 
55 % within 15 minutes.  Plotting ln At versus time, (Figure 
4) showed that drop of the rate of decolorization by 
increasing the dye concentration. This attributed to 
relatively lower of HO. results from the increasing of ARS 
concentration while concentration of H2O2 and iron(III) 
chloride remains the same. The obtained results was in good 
agreement with earlier reported.15-17  

Effect of Temperature 

The variation of the temperature in range of 298-313 K 
increases the rate of decolorization of ARS, (Figure 5). No 
optimal temperature in this study was detected as opposed to 
the literature reports22-23 in which 30 oC is stated as optimal 
temperature for Fenton oxidation. Another optimal 
temperature, 50 oC was reported on decolorization of some 
dyes by Fenton-like reaction.4 

The activation energy was calculated from Arrhenius plot 
and Eyring equation and was found to be 47.04 kJ mol-1.  

 

 

 

 

 

 

Figure 4. First order plots for the decolorization of ARS by 
Fenton-like reaction at various ARS concentrations. pH= 2.87, T = 
30 °C, [H2O2] = 4x10-3 mol dm-3,  [Fe3+] = 4x10-4 mol dm-3 

Effect of inorganic anions 

Inorganic anions occur naturally in wastewater (e.g. NO3
-
) 

or may be added to facilitate the dyeing (e.g. Cl
-
 and CO3

2-). 
The presence of inorganic anions in textile wastewaters 
plays an important role in the oxidation kinetics of different 
dyes. Inorganic anions may induce or reduce the rate of 
photooxidation. For example, formation of HO. radicals 
during the radiation of nitrate ion may induce the rate of 
photooxidation24-25 while scavenging of hydroxyl radicals by 
chloride and carbonate ions26-27 reduces the reaction rate.  

 

 

 

 

 

 

 

 

Figure 5. First order plots  for the decolrization of ARS by Fenton-
like reaction  at various temperatures. [ARS] =2x10-4 mol dm-3, 
[Fe3+] =2x10-4 mol dm-3, [H2O2] =2x10-3 mol dm-3, pH=2.87  

Effect of NaNO3 

Figure 6, shows pseudo first order decolorization of ARS 
at different concentrations of NaNO3. Addition of 5 g L-1 
NaNO3, rate constant increased from 1.95x10-3 s-1 (in 
absence of nitrate) to 2.53 x 10-3 s-1. Increasing the 
concentration of nitrate up to 20 g L-1 had no effect. 
According to that reported in literature24-25 increasing the 
rate was attributed to generation of HO. radicals by rapid 
protonation of  

–
O. as follow 

 NO3
- + h → NO3

-. →  NO2
-
  + O

-.     

O
-. + H2O  →  HO

-  + HO.    
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Figure 6. First order plots for decolorization of  ARS by Fenton-
like reaction at various NaNO3 concentrations. [ARS]=2x10-4 mol 
dm-3, [H2O2] = 2x10-3 mol dm-3, [Fe3+] =2x10-4 mol dm-3, T= 35 °C, 
pH= 2.87 

In this study the reason was not clear since the reaction 
occurred in absence of light. 

Effect of Na2CO3  

Different concentrations of Na2CO3 were used to study 
the effect of carbonate ions on the oxidation of Alizarin red 
S. Carbonate ions were present mainly as H2CO3, since the 
experiments were performed at pH ≤ 3. Presence of 
bicarbonate ions in the course of oxidation may decrease the 
decolorization rate due to scavenging of OH. by HCO3

- 

(HCO3
-
+HO.  CO3

-. + H2O). Production of CO3
-.  which is 

less reactive than hydroxyl radical27 lowered the levels of 
HO. during the course of the reaction hence decreasing the 
decolorization rate as shown in (Figure 7). It was observed 
that the decolorization rate constant (1.78 x 10-3 s-1) in the 
absence of carbonate ions decreased to 1.12 x 10-3 s-1 due to 
the presence of 8×10-3 mol dm-3 Na2CO3.  

 

 

 

 

 

 

Figure 7. First order plots for the degradation of ARS by Fenton-
like reaction at various Na2CO3 concentrations. [ARS] =2x10-4 mol 
dm-3, [H2O2] =2x10-3 mol dm-3, [Fe3+] = 2x10-4 mol dm-3, T=35 

o
C, 

pH=2.87 

Effect of NaCl 

In absence of chloride, the dye decolorization was 90% in 
20 minutes. The addition of 5 g L-1 to the dye solution 
caused 15% increase in decolorization in first 5 minutes 
after that the decolorization rate decreased in comparison in 

absence of chloride.  Figure 8 shows pseudo first order 
decolorization of ARS at different concentrations of NaCl.  
High chloride concentration had no effect on the rate of dye 
decolorization.  

 

 

 

 

 

 

 

 

Figure 8. First order plots for degradation of ARS by Fenton-like 
reaction at various NaCl concentrations. [ARS] =2x10-4 mol dm-3, 
[H2O2] = 2x10-3 mol dm-3, [Fe3+] =2x10-3

 
mol dm-3, T= 35 oC, pH = 

2.87 

Conclusion 

The decolorization kinetics of Alizarin Red S in aqueous 
solution was studied using Fenton like reaction in dark 
environment. The results showed that the Fenton like is 
powerful method for decolourization of ARS. The rate of 
decolorization is decreased by increasing the concentration 
of dye and addition of carbonate. The rate of decolorization 
is increased by increasing the concentration of hydrogen 
peroxide and addition of nitrate. The reaction was first order 
in ARS, H2O2 and zero order in ferric chloride.  
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