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Colloidal silver nanoparticles were prepared by a conventional reduction of Ag+ ions with NaBH4 and with a novel approach using tannic 

acid (tannin) as reducing agent of Ag+ ions. The formation of colloidal silver was followed by electronic absorption spectroscopy 

monitoring the growth of the surface-plasmon resonance band of the nanoparticles. Colloidal silver in tannin is more stable than that 

prepared with NaBH4 because tannin exerts also a protective colloid function permitting to reach much higher colloidal silver concentration 

than in the case of NaBH4. Colloidal silver nanoparticles are readily reactive with ozone producing oxidized silver nanoparticles composed 

by the mixed oxide Ag2O2 formulated as AgIAgIIIO2. If the ozonization is conducted in gentle conditions the oxidized silver nanoparticles 

remain as colloidal suspension for a certain time. If instead mechanical shaking is applied, the particles coagulate immediately and separate 

from the liquid medium as a precipitate. 
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Introduction 

Metal nanoparticles sols such as silver and gold 
nanoparticles in water and in other media are known since 
long time as silver and gold colloids.1-6 These colloidal 
solutions are characterized by their color which today we 
know as due to surface plasmon resonance whose origin is 
attributed to the collective oscillation of the free conduction 
electrons induced by an interacting electromagnetic field 
form incident photon radiation.7 Another feature of these 
solutions regards  the Tyndall effect which consists in the 
light scattering caused by the dispersed metal nanoparticles.6 
In recent times, the interest on nanomaterials and their 
applications has re-awakened the attention on metal 
nanoparticles colloidal dispersion.8-10 

The simplest way to produce a silver lyosol is by 
electrosputtering, a technique involving the submerged 
electric arc between two silver electrodes submerged into 
distilled water. The arc vaporizes the electrodes and the 
metal vapour is quenched under the form of nanoclusters 
inside the liquid medium surrounding the electrodes.6 The 
method is general and can be applied also to other metals 
other than silver. However the lyosol prepared in this way 
suffers from a certain instability because of the lack of a 
stabilizing electrolyte or other agent which must be added 
purposely. Also in recent times variants of the 
electrosputtering have been proposed involving water-
submerged spark discharge11,12 as well as the submerged arc 
discharge.13  

A less common method for the preparation of silver 
nanoparticles dispersion regards the use of high intensity 

ultrasonic waves in order to fragmentate and disperse the 
metal particles.14 An approach which is not new, since was 
reported in literature since long time.15 

The advent of the radiation chemistry led to the 
radiolytic reduction in solution of metal salts into colloidal 
solutions.16-18 This approach is currently in use for the 
production of metal nanoparticles dispersions.19,20 

Photolysis21 and laser ablation are other approaches using 
electromagnetic radiation to produce metal nanoparticle 
dispersions in liquids.22 

The preferred method for the production of metal 
colloidal solution in general and silver colloids in particular 
was and remains the chemical approach.6-10,23-26 Such a 
method consists in the addition of Ag+ ions to a solution of a 
reducing agent taking care to work at high dilution. A 
number of reducing agents are known as effective in the 
reduction of silver in a colloidal state. Tolaymat et al.8 have 
even made a complete statistics of the various methods used 
and among the chemical reduction the preferred approach 
regards the use of NaBH4 as the reducing agent followed by 
citrate, amines, formaldehyde and aldehydes, ascorbic acid, 
sugars and polysaccharides and hydrogen. The advantage of 
the chemical reduction of silver regards the fact that the 
reducing agent acts also as a stabilizer of the colloid. It is for 
example the case of citric acid and citrates or sugars and 
polysaccharides.8 A typical use of citrate reduction of Ag+ 
ions regards the preparation of silver nanoparticles useful 
for surface enhanced Raman scattering application.27 

Tannic acid, known also as gallotannic acid and tannin 
is extracted from different plant sources or from plant galls 
and its chemical structure is a mixture of molecules of 
pentadigalloyglucose and pentagalloylglucose.28,29 It forms 
colloidal solutions in water and it is a reducing agent used to 
treat leather and also in medicine as astringent.28,29 Tannic 
acid is not toxic and could be suitably combined with 
colloidal silver to stabilize the resulting lyosol. In this work 
we will show that tannic acid from renewable sources is an 
effective reducing agent of Ag+ solutions forming colloidal 
silver nanoparticles which are stabilized by the tannin. 
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Experimental 

Materials and Equipment 

Silver nitrate (AgNO3) and sodium borohydride NaBH4 
were analytical grades from Sigma-Aldrich. Tannic acid was 
obtained from Rhiedel de Haen. The electronic absorption 
spectra were recorded on a Shimadzu UV 2450 
spectrophotometer. 

Colloidal silver from AgNO3 reduction with NaBH4 

Reference colloidal silver solutions were prepared 
following the procedure reported in ref.24 A solution of 
NaBH4 2.38x10-3 M was prepared and, separately, another 
solution of AgNO3 1.32x10-3 M. Then, 2 to 8 ml of the 
AgNO3 solution were added to 40 ml of NaBH4 under 
stirring. After the addition, the stirring was stopped and the 
electronic absorption spectra of the resulting yellow 
solutions were recorded. The following solutions were 
prepared: 

#1: [Ag]colloidal = 8.25x10-5 M = 8.9 mg L-1    Stable 

#2: [Ag]colloidal = 1.20x10-4 M = 12.9 mg L-1    Stable 

#3: [Ag]colloidal = 1.72x10-4 M = 18.6 mg L-1    Unstable 

#4: [Ag]colloidal = 2.64x10-4 M = 28.5 mg L-1    Unstable 

The first two appeared indefinitely stable while the last 
two start to become turbid few hours after preparation and 
then become completely grey with evident silver 
sedimentation after 1 day from preparation. 

Ozone treatment of the colloidal silver #2 

An assay of 20 ml of solution #2 was transferred into a 
500 ml flask. The flask was evacuated and the was filled 
with a mixture of O3 and O2 with the former 5% by mol in 
the gas phase. The colloidal solution was shaken in ozone 
and immediately it was bleached from the starting yellow 
color becoming slightly grey and turbid because of the 
resulting argentic oxide precipitation. In another test, 20 ml 
of solution #2 in 500 ml flask with O3/O2 was not shaken at 
all but just rolled up on the internal surface of the flask. 
Ozone reacted immediately with the silver particles causing 
a discoloration from yellow to water-white but this time 
there was no separation of oxidized silver because the 
solution was not shaken. However, on standing, after several 
hours, Ag2O2 separated from the aqueous phase also in this 
case. 

Colloidal silver from AgNO3 and tannic acid 

Tannic acid (35 mg) was dissolved in 150 ml of distilled 
water. From this stock solution 20 ml were diluted with 
distilled water to a final volume of 60 ml. Then K2CO3 (30 
mg) were added to the 60 ml of tannic acid solution. The 
addition of potassium carbonate causes a slight darkening of 
the solution. To the 60 ml of tannic acid, the solution of 
silver nitrate 1.32x10-3 M was added. After the addition of 

each ml of silver nitrate under stirring the spectrum of the 
solution was recorded. The following table reports the 
concentration of colloidal silver [Ag] present in the tannic 
acid solution after the gradual addition of silver. A gradual 
darkening of the solution was observed as function of the 
amount of silver added. The solution became brown and 
gradually dark-brown. 

Table 1. Colloidal silver concentration in tannic acid solution 

Entry [Ag], mol L-1 [Ag], mg L-1 

#5 1.63x10-5 1.8 

#6 3.22x10-5 3.5 

#7 4.77x10-5 5.1 

#8 7.76x10-5 8.4 

#9 1.06x10-4 11.5 

#10 1.33x10-4 14.4 

#11 1.60x10-4 17.2 

#12 1.85x10-4 19.9 

#13 2.08x10-4 22.5 

#14 2.42x10-4 26.1 

Ozone treatment of the colloidal silver #14 in tannic acid 

The solution #14 of colloidal silver in tannic acid is stable 
and dark-brown. To run the ozonolysis experiment, 30 ml of 
the solution #14 was diluted with 30 ml of distilled water. 
The resulting solution was charged into a 500 ml flask 
which was evacuated and the O3/O2 mixture was added into 
the flask which was shaken. This operation causes the 
immediate discoloration of the solution from brown to 
transparent but it appeared light turbid and grey for the 
separation of oxidized silver: Ag2O2. The same ozonolysis 
experiment was repeated again with a new diluted sample of 
#14 avoiding, this time, to shake the solution but just rolling 
the solution on the walls of the flask filled with the O3/O2 
mixture. Also in this case the discoloration of the solution 
was complete without oxidized silver particles separation. 
Consequently the solution was water-white and not light 
grey as in the previous case when it was shaken. However, 
on standing, after several hours, Ag2O2 separated from the 
aqueous phase also in this case. 

Results and Discussion 

Colloidal silver from AgNO3 reduction with NaBH4 

The reduction of AgNO3 with NaBH4 is the most popular 
approach for the preparation of silver nanoparticles.8,24 We 
have repeated this preparation to use it as a reference for our 
study on the action of tannic acid as reducing and stabilizing 
agent for silver nanoparticles. The electronic absorption 
spectra of Fig. 1 show the surface-plasmon resonance 
feature of the yellow solutions #3 and #4 prepared by the 
reduction of Ag+ with NaBH4. The thick black and red 
curves were recorded respectively on solutions #3 and #4 
immediately after preparation. The peaks are located 
respectively at 392.5 and 389.6 nm. Similar spectra were 
obtained from solutions #1 and #2 not shown in Fig. 1 with 
the surface-plasmon resonance peaks again at about 393 nm. 
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Figure 1. Electronic absorption spectra showing the surface-
plasmon resonance of silver nanoparticles obtained by reduction of 
Ag+ with NaBH4. The thick black and red curves were recorded 
respectively on solutions #3 and #4 immediately after preparation. 
The peaks are located respectively at 392.5 and 389.6 nm. The two 
solutions are unstable and after few hours from the preparation 
appear cloudy because of the separation of silver in larger particles. 
The two thin black and red curves refer to these aged #3 and #4 
solutions. Note the growth of the baseline from 400 to 600 nm due 
to intense light scattering. Note also the alteration of the surface-
plasmon resonance spectra which appear blue shifted to 370 nm 
and irregularly broadened. 

However, the two solutions #1 and #2 having an 
[Ag]colloidal of 83 and 120 μmol L-1 respectively are 
indefinitely stable while the two solutions #3 and #4 
[Ag]colloidal of 172 and 264 μmol L-1 respectively are unstable 
and after few hours from the preparation appear cloudy 
because of the separation of silver in larger particles. The 
two thin black and red curves shown in Fig. 1 were taken 
after the “ageing” of the #3 and #4 solutions respectively, 
when silver started to separate under the form of 
macroscopic particles and to precipitate. The evidence of 
silver separation from the solution is clearly suggested by 
the growth of the baseline of Fig. 1 (thin black and red lines) 
in the spectral range comprised from 400 to 600 nm due to 
intense light scattering. Note also the alteration of the 
surface-plasmon resonance spectra which appear blue 
shifted to 370 nm and irregularly broadened when silver 
clusters start to precipitate from the formerly colloidal 
suspension. 

Action of O3 on colloidal silver solution prepared from Ag+ and 

NaBH4 

Metallic silver is reactive with ozone forming argentic  
oxide30 which is known to be a mixed Ag(I) and Ag(III) 
oxide31,32 AgIAgIIIO2 = Ag2O2 according to: 

2Ag + 2O3  Ag2O2 + 2O2       (1) 

Ag2O2 is a black and insoluble compound.30-32 When 
ozone is added to the colloidal silver nanoparticles its 
reaction with metallic silver according to the above 
mentioned reaction (1) leads to the immediate destruction of 
the surface-plasmon resonance band at 393 nm as shown in 
Fig. 2.  

This is completely in line with the theoretical expectation 
since that band is due to the interaction between the 
conduction band electrons of the metal with the incident 
electromagnetic radiation. Since the metal is oxidized to the 
oxide Ag2O2, the conduction band electrons are no more 
available to interact with the electromagnetic radiation with 
the consequent disappearance of the band at 393 nm.  

Figure 2. Electronic absorption spectra of the colloidal silver 
solution #2 showing the surface-plasmon resonance feature at 393 
nm (thick violet curve). The thin red line is the resulting spectrum 
after the addition of O3 under mechanical shaking. The band at 393 
nm is lost and a broad light scattering can be observed by the high 
baseline between 300 and 600 nm due to the separation of large 
oxidized silver particles. The thin green curve shows the product 
derived from the addition of O3 to solution #2 without shaking: the 
band at 393 nm is lost but the oxidized silver particles do not 
aggregate and do not precipitate remaining in the colloidal state. 

Fig. 2 shows the spectrum of colloidal silver solution #2 
before the ozone treatment with the band at 393 nm and 
after the ozone treatment, when that band disappeared and 
only a small and broad band at 265 nm can be observed. Fig. 
2 documents also the addition of ozone to colloidal silver 
solution #2 under shaking, then the oxidized silver particles 
aggregate in larger particles and precipitate forming a turbid 
solution as testified by the increase of the baseline of the 
spectrum (red curve of Fig. 2) due to extensive light 
scattering caused by the separating solid particles. If instead 
O3 is reacted gently with colloidal silver solution #2 
avoiding mechanical shaking, then the colloidal silver 
particles are oxidized but remain in colloidal suspension as 
shown by the green curve of Fig. 2 where no increase in the 
baseline is observed after the disappearance of the 393 nm 
band suggesting the absence of any aggregation and 
precipitation of the ozone-oxidized silver particles for a 
certain time. 

Colloidal silver from AgNO3 reduction with tannic acid 

Tannic acid or tannin is a essentially an hydroxylated 
polyphenol. Fig. 3 shows the electronic absorption spectrum 
of tannic acid solution (thick black line) which is 
characterized by an absorption maximum at 210 nm 
followed by the benzenoid band at 275 nm. In basic solution, 
after the addition of potassium carbonate, the benzenoid 
band of tannin appears at 323 nm (thick red line). As 
detailed in the experimental, silver ions were added to the 
alkalinized tannin solution and the spectra were taken 
immediately after each Ag+ addition and displayed in Fig. 3.  

The growth of the colloidal silver band at about 410 nm 
(Fig. 3, see arrow pointing upward) is accompanied by the 
reduction of the intensity of the band at 323 nm due to the 
tannin (Fig. 3, see arrow pointing downward). The 
absorbance data at 410 and 323 nm are plotted in Fig. 4 and 
show the linear response to the Ag+ addition.  

The consequence of the Ag+ reduction with tannic acid 
(which is a polyphenol molecule) is the growth of a new 
band at about 410 nm which is assigned to the surface-
plasmon resonance of the silver nanoparticles. 
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Figure 3.  Electronic absorption spectra of pure tannic acid (thick 
black curve), tannic acid in presence of K2CO3 (thick red curve). 
The addition of silver ions to the tannic acid solution causes a 
gradual reduction of the band at 323 nm (as indicated by the arrow 
pointing downward) and the increase of a new band at about 413 
nm due to the surface-plasmon resonance of the silver 
nanoparticles formed by the reduction of Ag+ (as indicated by the 
arrow pointing upward). 

Figure 4. The addition of Ag+ to the alkalinized tannin solution 
causes a linear grow of the absorbance at about 410 nm due to the 
formation of metallic silver nanoparticles. At the same time, to the 
growth of the band at 410 nm corresponds the reduction of the 
absorbance at 323 nm due to the tannin. Note that the slope of 
[Ag]410nm ≈ -2[tannin]323nm.  

It is curious to note that the slope of [Ag]410nm≈-
2[tannin]323nm suggesting a possible stoichiometry between 
silver reduction and amount of tannin oxidized.  

From the absorbance and [Ag]410nm concentration data of 
Fig. 4 using the Lambert and Beer law: 

ε = A/bC       (2) 

it is possible to calculate the molar extinction coefficient 
(in L mol-1 cm-1) of the surface-plasmon resonance band of 
colloidal silver in tannin, being b = 1 cm the optical 
pathlength and C the concentration in mol L-1 of colloidal 
silver. All the experimental data of Fig. 4 lead to an ε = 
15886 L mol-1 cm-1 (± 5.6%). 

Another feature of the reaction between Ag+ and tannin 
regards the red shift of the surface-plasmon resonance band 
of the resulting colloidal silver. In fact, after the first silver 
addition the band of colloidal silver appears at 404 nm and 
is gradually shifted by the continuous silver ions addition to 
about 414 nm. These experimental data are shown in Fig. 5 
and can be fitted with the power law: 

λ = 397.1[Ag]0.0077     (3) 

where λ is the position of the surface-plasmon resonance 
transition peak and [Ag] is the amount in (μmol L-1) of the 
silver ions added (assuming a compete conversion to 
colloidal metallic silver). Eq.3 implies that the limiting 
value of the maximum absorption of the surface-plasmon 
resonance is about 397 nm for the system silver/tannin and 
then it is red shifted by the continuous addition of silver.  

Figure 5. The addition of Ag+ to tannin causes a gradual red shift 
of the surface-plasmon resonance of the resulting colloidal silver. 
This phenomenon is due to the growth of the dimension of the 
colloidal particles as function of the silver addition.  

This phenomenon is due to the growth of the dimensions 
of the colloidal particles as function of the silver addition 
and it is well known and has been observed also in other 
cases of colloidal silver systems.16,20 After all, the 
continuous addition of Ag+ causes an increase in the 
dimensions of the colloidal particles which is reflected in the 
red shift of the surface-plasmon resonance band. Fig 5 
shows that large part of the experimental values are 
comprised between 410 and 413 nm so that the spherical 
particles of colloidal silver may have a diameter comprised 
between 10-20 nm.20 

The threshold of colloidal instability in the system formed 
from the reduction of Ag+ with NaBH4 lies above 120 μmol 
L-1 or above 13 mg L-1 of silver. In the case of silver colloid 
prepared by the action of tannin on Ag+, we have reached a 
concentration of colloidal silver of 242 μmol L-1 
corresponding to 26 mg L-1 of silver, the double of the 
previous system without finding a threshold of instability 
which, evidently lies at higher concentrations. This implies 
that tannin is not only an effective reducing agent for the 
production of colloidal silver but it is also a powerful 
stabilizer of the colloidal silver, in other words it works also 
as a protective colloid. 

Action of O3 on colloidal silver solution prepared from Ag+ and 

tannin 

Ozone was used to oxidize the colloidal silver particles to 
Ag2O2. In principle, the surface oxidation should  improve 
the interaction between the colloid and the aqueous phase 
enhancing its stability. However, mechanical shaking of the 
solutions led to the separation of silver or Ag2O2 from the 
solution. Furthermore, tannin is a protective colloid towards 
colloidal silver. However, as shown in Fig. 6 the addition of 
O3 with mechanical shaking to silver colloid produced from 
Ag+ and tannin causes not only the disappearance of the 
surface-plasmon resonance band at about 413 nm but the 
separation of oxidized silver particles (grey line with high 
baseline and broad peak at about 400 nm). Instead the 
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ozonolysis of the silver colloid without shaking leads only to 
the bleaching of the surface-plasmon resonance band but not 
to the coagulation and separation of the resulting oxidized 

silver particles (red and pink lines). 

Figure 6. Electronic absorption spectrum of colloidal silver in 
tannin (blue curve). The addition of O3 with mechanical shaking 
causes not only the disappearance of the surface-plasmon 
resonance band at about 413 nm but the separation of oxidized 
silver particles (grey line with high baseline and broad peak at 
about 400 nm). Instead the ozonolysis of the silver colloid without 
shaking leads only to the bleaching of the surface-plasmon 
resonance band but not to the coagulation and separation of the 
resulting oxidized silver particles (red and pink lines). 

Conclusions 

Tannic acid (tannin) an extract from plants and gall nuts is 
an almost non-toxic (LD100 = 6.0 g kg-1 per os, mice)29 
reducing agent from renewable sources. It is effective in the 
reduction of Ag+ ions yielding colloidal silver solutions 
which are very stable even after very long storage time at 
relatively high silver concentration. A concentration of 242 
μmol L-1 corresponding to 26 mg L-1 of silver is completely 
stable for months and probably higher colloidal siver 
concentrations can be reached without problems. On the 
contrary, colloidal silver prepared by a conventional 
reducing agent like NaBH4  is already unstable at 
concentrations above 120 μmol L-1 corresponding to 13 mg 
L-1. It is evident that tannin is not only a reducing agent but 
it exerts also a protective colloidal function against the 
colloidal silver particles which are maintained in the 
colloidal state even at relatively high concentrations. This 
aspect may be important in the potential use of colloidal 
silver stabilized with tannin as medicine or as disinfectant 
and sterilant. The colloidal silver prepared with tannin 
exhibits the typical surface-plasmon resonance band at about 
413 nm with a molar extinction coefficient of 15886 L mol-1 
cm-1. A dependence of the surface-plasmon resonance band 
position in the electronic spectrum with the amount of 
colloidal silver has been found also in the case of colloidal 
silver prepared with tannin, as observed also in other 
systems. The exposure of colloidal silver particles to ozone 
leads to a quick bleaching of the surface-plasmon resonance 
band and the solution turns from yellow to water-white. The 
reason of this is due to the high reactivity of silver with 
ozone which leads to the formation of Ag2O2.30-32 
Consequently, the colloidal silver nanoparticles are 
converted into oxidized silver nanoparticles once exposed to 
ozone. If the ozonolysis is conducted in gentle conditions 
without shaking, the oxidized silver nanoparticles remain in 
the colloidal suspension for a while. Thus, it is quite easy to 
prepare a colloidal solution of oxidized silver nanoparticles: 

it is only necessary to expose to ozone the colloidal silver 
particles. If instead the action of ozone on colloidal particles 
is conducted by shaking the solution with the gas, then the 
oxidized silver nanoparticles immediately coagulate together 
and separate from the solution as a dark-grey precipitate. 
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CHROMIUM ADSORPTION KINETICS FROM AQUEOUS 

METAL SOLUTIONS USING CHITOSAN 

Uzma Nadeem 

Keywords: chitosan; intraparticle diffusion rate model; adsorption; chromium(VI); hazardous; wastewater 

The paper discusses the kinetics of chromium(VI) ions adsorption from aqueous solutions using chitosan at 25 oC and pH 5. The 

intraparticle diffusion rate constants (Kid and Ci) determined for chitosan are 0.487 mg g-1 min-1(1/2) and 11.66 mg g-1 respectively . The 

results shows that the intraparticle diffusion model fits the sorption of chromium(VI) with higher coefficient of determination (R2), thereby 

indicating the intraparticle diffusion may be rate limiting step for chromium(VI) adsorption. The results from this study indicate that 

chitosan is a good adsorbent for the removal of chromium(VI) from wastewater. 
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Introduction 

Heavy metal ions are toxic pollutants, some of these are 
cumulative poisons capable of being assimilated, stored and 
concentrated by organisms that are exposed to low 
concentration of these substances for long period or 
repeatedly for short period.1 The anthropogenic sources of 
heavy metals include waste from the electroplating and 
metal finishing industries, metallurgical industries, tannery 
operations, chemical manufacturing, mine drainage, battery 
manufacturing, leachates from landfills and contaminated 
groundwater from hazardous waste sites.2,3 The use of 
chromate and dichromate in metal plating and as corrosion 
control agents in cooling waters is quite extensive. It is well 
known that chromium(VI) is toxic to living systems and 
must be removed from wastewater before it can be 
discharged. Current treatment for the removal of 
chromium(VI) involves acid catalyzed chemical reduction to 
chromium(III). The chromium(III) is then precipitated as 
hydroxide at alkaline conditions using either caustic or 
lime.4 Unfortunately this method is expensive and require 
the use of contaminating products for desorption of metals 
for cleaning up of the inorganic matrix. Physico-chemical 
methods presently in use have several disadvantages such as 
unpredictable metal ion removal, high reagent requirements, 
formation of sludge and its disposal in addition to high 
installation and operational costs.5 Natural materials that are 
available in large quantities or certain waste from 
agricultural operations may have potential to be used as low 
cost adsorbents, as they represent unused resources, widely 
available and are environmental friendly.6 In recent years 
studies on polymers, which bind metal ions, have increased 
significantly. Studies on the polymer metal complexes are of 
great practical importance. Complexing ability of polymers 
is used in nuclear chemistry, electrochemistry, 
hydrometallurgy and environmental protection. Of particular 
significance among many methods of metal ion separation is 
one which combines two processes: complexing of polymer 
with metal ions and ultra-filtration of the complexes though 
membranes of appropriate selectivity. Chitosan is a natural 
product derived from chitin, a polysaccharide found in outer 
skeleton of crustacean shells, shell fish like shrimp, prawn, 
crab etc., and also obtained from fungal sources. Chitin is 

the second most bountiful natural polysaccharide after 
cellulose on earth. Chitosan is a linear polymer of (1-4) 
linked 2-amino-2-deoxy--D-glucopyranose and is easily 
derived by N-deacetylation, to a varying extent that is 
characterized by the degree of deacetylation (DDA) and is 
consequently a copolymer of N-acetylglucosamine and 
glucosamine units.7,8 Chitosan forms chelates with metal 
ions by releasing hydrogen ions.9 Chitosan has undoubtedly 
been one of the most popular adsorbents for the removal of 
metal ions from aqueous solution and is widely used in 
waste treatment applications.10-13 Chitin and its de-acetylated 
derivatives, chitosan, have unique properties, which make 
them useful for a variety of applications.14-16 The traditional 
source of chitin is selfish waste from shrimps, Antarctic krill, 
crab and lobster processing.17,18 Chitosan is a natural, 
cationic, hydrophilic, nontoxic, biocompatible and 
biodegradable polysaccharide suitable for application in 
biosorption of heavy metal. Chitosan is slightly soluble at 
low pH and poses problems for developing commercial 
applications. It is also soft and has a tendency to 
agglomerate or form a gel in aqueous solution.14 Low pH 
would favour protonation of the amino sites resulting in a 
reversal of charge and would greatly diminish the metal 
chelating ability of chitin and chitosan. This suggests that a 
neutral pH more of the metal ions should be adsorbed by 
chitosan. The amino sugars of chitin and chitosan are the 
major effective binding sites for metal ions, forming stable 
complexes by co-ordination.19 The nitrogen electrons 
present in the amino and N-acetylamino groups can 
establish dative bonds with transition metal ions. Some 
hydroxyl groups in these biopolymers may function as 
donor. Hence, deprotonated hydroxyl groups can be 
involved in the co-ordination with metal ions.20 

In this study, chitosan is used to remove chromium(VI) 
from wastewater. A kinetic study was carried out for 
chromium(VI) removal from aqueous metal solution by 
using chitosan. 

Experimental 

Adsorbent and reagents 

Chitosan (India Sea Food, Kochi M.W. 107), Potassium 
dichromate (K2Cr2O7) (Qualigens, India), hydrochloric acid 
(HCL) (Merck, Limited, Mumbai, India), Sodium hydroxide 
(NaOH) (Thomas baker (Chemicals) Pvt. Limited, Mumbai, 
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India], demonized water. All the reagents used were of good 
quality grade. Standard stock solution (1000 mg L-1) of 
chromium(VI) was prepared by dissolving salt of K2Cr2O7 in 
deionized water and required concentration of 
chromium(VI) ions was prepared by diluting stock solution 
with deionized water.  

Kinetics of metal sorption 

Kinetic sorption studies for chromium(VI) were carried 
out for chitosan at pH 5, temperature 25 oC for initial 
concentration 10 mg L-1. 300 mL of standard solution of 
metal was transferred into various 500 mL flask. The fixed 
amount of chitosan (1.0 g) was weighed into the flasks and 
agitated in a shaker for the different contact time (5, 10, 15, 
20, 30, 40, 100, 160 and 180 min.). After each agitation time, 
the content of each flask was centrifuged and the residual 
concentration of metal in supernatant solution was analyzed 
using atomic absorption spectrophotometer (ECIL-4141). 
Blank solutions were also prepared and analyzed. 

Data analysis 

The amount of chromium(VI) adsorbed (at) in mg L-1 
from each metal solution by chitosan at time t was 
calculated by using the following equation: 

The percentage of metal removed (% R) from the aqueous 
solutions by the chitosan was calculated using equation: 

where, Co and Ct are the initial metal ion concentration and 
metal ion concentration at time t respectively in mg L-1.    

Adsorption dynamic 

Adsorption kinetics of chromium(VI) on chitosan was 
evaluated using the intraparticle diffusion model.21,22 Weber-
Morris found that in many adsorption cases, solute uptake 
varies almost proportionally with t1/2 rather than with the 
contact time t.  

where,  

kid  (mg g-1 min –1 (1/2) ) = measure of diffusion coefficient. 

Ci = intraparticle diffusion constant i.e. intercept of the 
line (mgg-1). It is directly proportional to the boundary 
layer thickness.  

The plots of qt~t1/2  gave a straight line are shown in Fig. 1  
and is not going through the origin represents that the 
adsorption kinetics may be controlled by film diffusion and 
intraparticle diffusion simultaneously.  

Results and discussion  

Sorption kinetics 

Kinetics of metal sorption governs the rate, which 
determines the residence time and it is one of the important 
characteristics defining the efficiency of an adsorbent.23 
Sorption kinetics can be controlled by several independent 
processes that could act in series or in parallel, such as bulk 
diffusion, external mass transfer (film diffusion), chemical 
reaction (chemisorptions) and intraparticle diffusion.24 From 
the Fig. 1, it can be determined that the adsorption of  metal 
was quite rapid initially, however the adsorption rate 
becomes slower with passage of time up to 100 min. The 
initial faster rate of removal of metal ions may be due to the 
availability of the uncovered surface area of the adsorbent, 
since adsorbent kinetics depends on the surface area of the 
adsorbent.25  

Figure 1.  Effect of contact time on % removal of chromium(VI) 
by chitosan 

Kinetic modeling 

Kinetic equations have developed to explain the transport 
of metals onto various adsorbents. These equations include 
the pseudo –first order equation26, the pseudo second order 
equation27, the Elovich equation28 and the intraparticle 
diffusion model.22 These kinetic models are only concerned 
with the effect of the observable parameters on the over all 
rate of sorption.29 However for this study the intraparticle 
diffusion model was chosen to analyse the rate of sorption 
of chromium(VI) on chitosan. 

Table 1.  Intraparticle diffusion model rate constant (Eq.3) for 
chromium(VI) using chitosan as adsorbent at 25 oC  

Figure-2 presents the intraparticle diffusion kinetic model 
for chromium(VI) ions. Linear regression (R2) is frequently 
used to determine the best fitting kinetic model for metal 
sorption. In this study kinetic of chromium(VI) ions was 
evaluated using the intraparticle diffusion model. The 
coefficient of determination (R2) was used as the fitting 
parameter. 

Kinetic model 
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Figure 2.  Intraparticle diffusion kinetic model for chromium(VI) 
ions 

Table 1 represents the values of the parameters calculated 
from the linearized form of the intraparticle diffusion model 
equation. The R2 values for chromium(VI) ions can be stated 
that sorption of chromium(VI) on chitosan, to a certain 
extent and can be explained by using the intraparticle 
diffusion model. It therefore, means that for sorption of 
chromium(VI), intraparticle diffusion may be the rate-
limiting step since it obeys the intraparticle diffusion model. 
It has been reported that sorption of chromium(VI) follows 
the intraparticle diffusion model.30 

Conclusion 

This study indicated that chitosan is a good adsorbent for 
removal of chromium(VI) from aqueous solutions. The 
kinetics of the adsorption of metal was rapid in the initial 
stage followed by slow rate. The adsorption data showed 
that the applicability of the intraparticle diffusion model for 
chromium removal.  
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In this study, the removal of thionine dye from aqueous solutions using low-cost materials as adsorbent by a batch system was investigated. 

Experiments were carried out as a function of contact time, initial concentration, pH and temperature. The equilibrium adsorption of 

thionine dye on rice husk adsorbent was analyzed by Langmuir, Freundlich and Temkin models. The results indicate that the Langmuir 

model provides the best correlation of the experimental data. Various thermodynamic parameters such as enthalpy H°, entropy S° and 

free energy G° were evaluated. Thermodynamic parameters values revealed that the adsorption of thionine onto rice husk is endothermic, 

spontaneous, with an increased randomness in nature. The results revealed that the thionine is considerably adsorbed on rice husk and it 

could be an economical method for the removal of thionine from aqueous systems. 
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Introduction 

To remove dyes and other colored contaminants from 
wastewaters, several physical, chemical, physico-chemical 
and biological such as coagulation and flocculation, 
membrane separation, different advance oxidation processes, 
ozonations, electro-coagulation, and adsorption.1-5 Among 
these methods, adsorption currently appears to offer the best 
potential for overall treatment methods have been 
developed.6  

Adsorption is one of the promising alternative techniques 
used for the removal of dyes from water and wastewater,7 
and activated carbon is the most widely used adsorbent.8 
However, the production of activated carbon is complex and 
expensive, making this technology economically inefficient. 
Accordingly, the critical challenge of applying the 
adsorption method to dye removal is finding a low-cost 
adsorbent that is profoundly available with a high removal 
capacity so adsorption can successfully compete with other 
dye removal techniques. This is the driving force behind 
further studies attempting to find an efficient low-cost 
adsorbent. Waste materials have recently been viewed as 
potential low-cost adsorbents, and many reports have been 
published showing their ability to adsorb various 
contaminants including dyes.7-15 Rice husk, an agricultural 
waste, is proposed as a no-cost and profoundly accessible 
potential dye adsorbent. 

Rice husk is agricultural waste, accounting for about one 
fifth of the annual gross rice, 545 million metric tons, of the 
world. Rice husk contains abundant floristic fiber, protein 
and some functional groups such as carboxyl, hydroxyl and 

amidogen,16 which make the adsorption processes possible 
and it has been successfully used to remove colored 
components17 or metal ions.18 

Due to the biological and chemical stability of dyestuffs in 
a number of conventional water treatment methods, 
adsorption is considered as an attractive and favorable 
alternate for the removal of dyes and other chemicals from 
wastewater streams.19-23 For an efficient adsorption process, 
rapid removal of the pollutants as well as a high ultimate 
adsorption capacity of the adsorbent is needed.  

The main purpose of the present study is the removal of 
thionine onto rice husk adsorbent from aqueous solutions 
under different experimental conditions. The effects of 
solution pH, dye concentration, contact time and solution 
temperature were studied for thionine removal. The 
equilibrium sorption behavior of the adsorbents has been 
studied using the adsorption isotherm technique. 
Experimental data have been fitted to various isotherm 
equations to determine the best isotherm to correlate the 
experimental data. Thermodynamics of the adsorption 
process have been studied and the changes in Gibbs free 
energy, enthalpy and the entropy have been determined. 

Experimental  

Adsorbent 

The milled rice husk was obtained from rice farms in the 
north of Iran, Guilan, Iran and was used as an adsorbent. 
The milled rice husk sieved through the sieves, 50-80 mesh 
size particles. Then rice husk in above particle size rinsed 
with distilled water to remove dust and soluble impurities 
and was then dried at 70 C

 for 12 hours in an oven before 
use (The heat treatment of rice husk was carried out for 
removing any volatiles such as moisture). The dried husks 
were stored in a desiccator until used.  
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Adsorbate  

Thionine acetate was product of Sigma-Aldrich and was 
used as received without further purification (Fig. 1).  

 

 

 

 

Figure 1. Chemical structure of thionine 

A stock solution of dye was prepared by dissolving 0.025 
g of it in 50 mL of double distilled water. Working solutions 
of different concentrations (10–50 mg L-1) were prepared by 
further dilutions. The concentration of the dye thionine was 
determined using a UV-vis spectrophotometer (Janway 
6100) at a wavelength corresponding to the maximum 
absorbance of the dye. Calibration curve was plotted based 
on the absorbance versus concentration of the dye solution 
at the maximum wavelength of the dye using Beer’s law. A 
Metrohm pH meter (model 827) with a combined double 
junction glass electrode was used for showing pH values. 
pH adjustments were carried out using dilute NaOH and 
HCl solutions.  

Adsorption Experiment 

Adsorption experiments were conducted by varying pH, 
contact time, adsorbent dose, temperature, and adsorbate 
concentration. The experiments were carried out in 250 mL 
Erlenmeyer flasks and the total volume of the reaction 
mixture was kept at 100 mL. The pH of the solution was 
maintained at a desired value by adding 0.1 M NaOH or 
HCl. The flasks were shaken for the required time period in 
a water bath shaker. For the thermodynamic study, the 
experiment was performed using 0.20 g rice husk added to 
100 mL of thionine solution in 250 mL flasks at the different 
temperature. The flasks were shaken at 120 rpm for 60 min 
at pH 6. The initial thionine concentration used in this study 
was 20 mg L-1. A mixture of 0.2 g of rice husks with 100 
mL thionine solutions of 20 mg L-1 concentrations was 
shaken at 120 rpm for 60 min at 25 °C. The initial pH of the 
solution was adjusted to 6. All experiments were performed 
in duplicate. The filtrate samples were analyzed for the 
determination of the final concentration of thionine by using 
an UV–vis spectrophotometer (Janway 6100) set at a 
wavelength of 598 nm, maximum absorbance. The thionine 
concentration retained in the adsorbent phase was calculated 
according to: 

where  

C0 and Ce are the initial and the equilibrium 
concentrations (mg L-1) of thionine solution, 
respectively; V is the volume (L), and W is the weight 
(g) of the adsorbent. 

Results and discussions 

Effect of pH 

The effect of pH on the removal efficiency of thionine 
was studied at different pH ranging from 2.0 to 12.0 and 
results are shown in Fig. 2. It can be seen that adsorption of 
thionine was minimum at solution pH 2 and increased with 
pH up to 6.0 and then remained nearly constant over the 
initial pH ranges of 6–12. The observed low absorption rate 
of thionine on the rice husk at pH < 6 may be because the 
surface charge becomes positively charged, thus making 
(H+) ions compete effectively with dye cations causing a 
decrease in the amount of dye adsorbed. To decrease in 
acidity of the solution, the functional groups on the 
adsorbent surface become deprotonated resulting in an 
increase in the negative charge density on the adsorbent 
surface and facilitate the binding of dye cation.  

Figure 2. Effects of pH on thionine dye removal at various 
concentrations (absorbent dosage: 0.20 g; contact time: 120 min; 
temperature: 25ºC).  

 

The increase in dye removal capacity at higher pH may 
also be attributed to the reduction of H+ ions which compete 
with dye cations at lower pH for appropriate sites on the 
adsorbent surface. However with increasing pH, this 
competition weakens and dye cations replace H+ ions bound 
to the adsorbent surface resulting in the increased dye 
uptake. 

Effect of Adsorbent Dose 

Fig. 3 shows the effect of adsorbent dose (rice husk) on 
the removal of thionine (C0=20 mg L-1)) at 25 °C. It can be 
seen that the thionine removal increases with increase rice 
husk up to 0.40 g, thereafter remained fairly constant despite 
an increase in the amount of the rice husk to 0.4 g. At the 
equilibrium time, the % removal increased from 34.67 to 
80% for an increase in rice husk dose from 0.05 to 0.40 g. 
The increase in % removal was due to the increase of the 
available sorption surface and availability of more 
adsorption sites. 
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Table 1: Thermodynamic parameters for the adsorption of thionine onto rice husk 

Initial thionine concn. 

(mg L-1) 
H°, kJ mol-1  S°, J mol-1 K-1  G°, kJ mol-1 

 15 °C  25 °C  35 °C  45 °C 

20 21.940 86.711 -3.319 -4.073 -4.794 -5.607 

 

Table 2. Isotherm models constants and correlation coefficients for adsorption thionine onto rice husk. 

Adsorbent Langmuir Isotherm Freundlich isotherm Temkin isotherm  
a(mg g-1) B(L mg-1) R2 KF n R2 A(L g-1) B R2 

Rice Husk 8.67 0.55 0.99 2.85 2.22 0.94 5.19 3.11 0.96 

Effect of contact time on dye removal 

Adsorption of thionine was measured at given contact 
times for the different initial thionine concentrations from 
10 to 20 mg L-1. From Fig. 4, the plot reveals that the 
percent thionine removal is higher at the beginning; this is 
probably due to a larger surface area of the rice husk being 
available at the beginning for the adsorption of thionine. As 
the surface adsorption sites become exhausted, the uptake 
rate is controlled by the rate at which the adsorbate is 
transported from the exterior to the interior sites of the 
adsorbent particles. Most of the maximum percent thionine 
removal was attained after about 90 min of shaking time at 
different concentrations. The increasing contact time 
increased the thionine adsorption and it remained constant 
after equilibrium was reached in 40 min for different initial 
concentrations. 

Figure 3. Effects of contact time of the dye removal at various 
concentrations (adsorbent dosage: 0.2 g; pH: 7.0; temperature: 25 
ºC). 

Effect of initial dye concentration  

The effect of the initial concentration in the range of 5 to 
30 mg L-1on adsorption was investigated and is shown in Fig. 
5. It is evident from this figure that the percentage thionine 
removal decreased with the increase in initial concentration 
of thionine The initial dye concentration provides the 
necessary driving force to overcome the resistances to the 
mass transfer of thionine between the aqueous phase and the 
solid phase. The increase in initial dye concentration also 
enhances the interaction between thionine and rice husk. 
Therefore, an increase in the initial concentration of the 
enhances the adsorption uptake of the. This is due to the 
increase in the driving  

force of the concentration gradient produced by the increase 
in the initial thionine concentration. While the percentage 
thionine removal was found to be 89.59% for a 5 mg L-1 
initial concentration, this value was 59.10% for 30 mg L-1. 

Figure 4. Influence of rice husk dosage on thionine removal under 
different solution concentration (contact time: 120 min; pH: 7.0; 
temperature: 25ºC). 

Thermodynamic studies 

The thermodynamic parameters such as Gibbs free energy 
change (G°), enthalpy (H°) and entropy (S°) were 
calculated using the following equations.24 

 

 

  

where KC is the distribution coefficient for adsorption and is 
determined as: 

 

 

where 

CAe is the equilibrium dye concentration on the 
adsorbent (mg L−1) and  

Ce is the equilibrium dye concentration in solution 
(mg L−1). 
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Figure 5. Effect of initial concentration thionine on its sorption 
onto rice husk (absorbent dosage: 0.20 g; contact time: 120 min; 
temperature: 25 ºC). 

In order to explain and confirm the mechanism of thionine 
adsorption onto rice husk, the thermodynamics of adsorption 
were evaluated using G°, H° and S°, given by Eqs. (2) 
and 3). As seen in Table 1, the value of G° for all tested 
temperatures was calculated to be negative, which suggests 
that the adsorption of thionine onto rice husk is spontaneous 
and indicates that rice husk has a high affinity for the 
adsorption of thionine from solution under experimental 
conditions.25 Values of G° between −20 and 0 kJ mol-1 
indicate a physical adsorption process;26 thus, the results of 
thermodynamic investigation reconfirmed the hypothesis of 
physicosorption of thionine onto rice husk. Furthermore, the 
values of H° and S° in the present experiment were 21.94 
J mol-1 and 86.71 J mol-1 K-1), respectively. A positive value 
of H°proves the adsorption phenomenon is endothermic.27 
Also, the positive value of S° (86.71 J mol−1 K−1) reflects 
the affinity of the treated rice husk for thionine and an 
increased randomness at the solid-solution interface during 
adsorption.28, 29 

Adsorption isotherms 

The adsorption isotherm indicates how the adsorbed 
molecules distribute between the liquid phase and the solid 
phase when the adsorption process reaches an equilibrium 
state. The analysis of the isotherm data by fitting them to 
different isotherm models is an important step in finding a 
suitable model that can be used for design purpose. The 
adsorption capacity of this system was investigated with the 
Freundlich, Langmuir and Temkin adsorption isotherms. 
The thionine sorption isotherm followed the linearized 
Freundlich model, as shown in Fig. 6. The relation between 
the thionine uptake capacity qe  (mg g-1) of adsorbent and 
the residual thionine concentration Ce (mg L-1) at 
equilibrium is given by 

 

where the intercept, lnKF, is a measure of adsorbent capacity, 
and the slope 1/n is the sorption intensity.  

The isotherm data fit the Freundlich model well (R2=0.94). 
The values of the constants KF  and 1/n were calculated to be 
2.85 and 0.45, respectively. Since the value of 1/n is less 
than 1, it indicates a favorable adsorption. The Freundlich 
isotherm is more widely used, but provides no information 
on the monolayer adsorption capacity, in contrast to the 
Langmuir model. 

Figure 6. Freundlich adsorption isotherm thionine-rice husk 
system. 

The Langmuir equation relates the solid phase adsorbate 
concentration (qe) or uptake to the equilibrium liquid 
concentration (Ce) as follows: 

 

 

 

where a and b are the Langmuir constants, representing the 
maximum adsorption capacity for the solid phase loading 
and the energy constant can be seen from Fig. 7. The 
isotherm data fits the Langmuir equation more poorly 
(R2=0.99) than the Freundlich and Temkin equations. The 
values of a and b were determined from Fig. 7 to be 8.67 mg 
g-1 and 0.55 L mg-1, respectively. 

Figure 7. Langmuir adsorption isotherm thionine-rice husk system. 
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Figure 8. Temkin adsorption isotherm thionine-rice husk system. 

The Temkin isotherm has been used in the following 
form: 

 

 

where  

B=RT/b,  

T is the absolute temperature in Kelvin and  

R is the universal gas constant (8.314 J mol−1 K−1).  

A is the equilibrium binding constant and  

B is corresponding to the heat of sorption. 

The sorption data can be analyzed according to Eq. (7). 
Therefore, a plot of qe versus ln Ce  enables one to determine 
the constants A and B. The values of the Temkin constants 
A and B were determined from Fig. 8 and were found to be 
5.19 L g-1 and 1.88, respectively. The correlation coefficient 
of 0.96 obtained showed that adsorption of thionine also 
followed the Temkin model. 

The Langmuir isotherm is obeyed better than the 
Freundlich and Temkin isotherms, as is evident from the 
values of the regression coefficients. The resulting values of 
the parameters KF, n, a, b, A, B, R2, for all the experiments in 
solutions with pH equal to 6.0 for maximum removal of 
thionine are presented in Table 2. 

Conclusion 

The results of this study indicate that the rice husk 
adsorbent can be successfully used for the adsorption of 
thionine dye from aqueous solutions. Adsorption is a strong 
choice for removal of dye from wastewater. The adsorption 
of thionine on rice husk reached equilibrium in 40 minutes. 
The equilibrium sorption data fitted the Langmuir isotherm 
model better than the Freundlich and Temkin models. The 
negative values of G° and positive H° obtained indicated 
that the thionine dye adsorption process is a spontaneous 
and an endothermic. Rice husk showed high adsorption 
capacities and it can be successfully used for treatment of 
thionine containing wastewater. Since this method involves 
less capital cost and is highly efficient, it is practically 
feasible for developing countries.  

 
The results of this investigation will be useful for the 

removal of cationic dyes from industrial effluents. 
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Introduction 

Chromatographic techniques have been developed and 
successfully applied for the analysis of a considerable of 
number of organic and inorganic compounds present at trace 
level in sometimes complicated accompanying matrices. 
The rapid development of new chromatographic 
instrumentation and separation strategies resulted in the 
increase of the number of chromatographic technologies 
with higher separation capacity. Because of their 
considerable importance in human health care a high 
number of synthetic and natural compounds were 
investigated for possible anticancer activity. The different 
character of synthetic and natural products made necessary 
the separated discussion of the chromatographic techniques 
apployed for the investigation.  

Chromatographic investigation of synthetic 
anticancer drugs 

Liquid chromatography (LC) of synthetic anticancer 
drugs: Because of their high separation capacity various 
liquid chromatographic (LC) methods such as normal and 
reversed phase performance liquid chromatography (RP-
HPLC), ultra performance liquid chromatography (UPLC), 
size exclusion chromatography (SEC), gel permeation 
chromatography (GPC) have been frequently employed for 
the analysis of synthetic anticancer drugs and for their 
formulation. The oxidative damage to guanine nucleosides 
following combination chemotherapy with 5-fluorouracil 
and oxiplatin has been recently investigated using UPLC. It 
was established that chemotherapy increases the 
concentration of metabolites. It was further established, that 
smoking, sex, and age exerts a marked influence on the 
oxidative damage.1  

The analytical methods used for the determination of 
metallodrugs in biological samples have been recently 
collected and critically evaluated. Future trends have also 
been discussed in detail.2 The stability of 5-fluorouracil a 
widely used chemotherapeutic agent has been investigated 
under various conditions using HPLC and infrared 
spectroscopy (IR). HPLC measurements were carried out on 
a C18 reversed phase column the mobile phase consisted of 

40 mM KH2PO4. Analyted were detected at 260 nm. The 
relationship between the detector response and the 
concentration of the analyte was linear between 20  and 550 
µg mL-1. The coefficient of correlation was 0.9995. The 
relative RSD values of intra-day and inter-day were >0.2% 
and >1%. Investigations indicated that the decomposition 
rate of the analyte was higher in alkaline then in acidic 
conditions. UV radiation exerts a minimal influence on the 
stability of the drug.3 The effect of adryamycin treatment on 
the mouse splenic protein levels was studied in detail using 
reversed-phase liquid-chromatography-tandem mass 
spectrometry. The measurements indicated that the drug 
exerts a marked effect of the protein levels.4 The application 
of thermochemotherapy mediated by a new solar planet-
structured magnetic nanocomposites has been recently 
reported. Docetaxel (an anticancer drug) was encapsulated 
and the efficacy of encapsulation and the drug release was 
followed by HPLC. It was stated that the method can be 
employed as an effective mediator for magnetic 
thermochemotherapy.5 A new, specific and sensitive LC-
MS/MS analytical method was developed for the 
simultaneous determination of eleven thiopurine nucleotides. 
Synthetic products such as eleven mono-, di- and 
triphosphates of thioguanosine, methylthioinosine,  
methylthioinosine, thioinosine, and methylthioguanosine. It 
was further established that the RSD value was below 8%,  
the recovery varied between 92% and 107%. It was further 
found that the method can be successfully employed for the 
better understanding of thiopurine metabolism.6  

The behaviour of the anticancer drug doxorubicin (DOX) 
and it loaded form with poly(alkylcyanoacrylate) 
nanoparticles was studied by using HPLC technology. The 
method made possible the extraction of Dox and its 
metabolites by liquid-liquid extraction. The efficacy of 
extraction of total Dox (free Dox and Dox associated with 
nanoparticles) was 71 and 78 %. It was concluded from the 
data, that the within-day and between day precisions of the 
method were 97.1 – 102.9%  and 97.3 – 101.7%. It was 
further suggested that the method is suitable for the 
determination the pharmakokinetic and biodistribution of 
DOX associated with nanopaticles.7 Both SEC and HPLC 
were employed for the development and characterization of 
a niosomal formulation of doxorubicin aimed at brain 
targeting. Loaded and unloaded niosomes were separated by 
SEC. It was stated that niosomal formulations improve 
doxorubicin brain delivery.8 Doxorubicin-loaded Fe3O4 
magnetic nanoparticles were prepared and modified with 
biocompatible copolymers. The anticancer drug doxorubicin 
hydrochloride was encapsulated into poly (D,L-lactic co-
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glycolic acid) poly(ethylene glycol) (PLGA-PEG). The 
copolymers were characterized with 1H NMR spectroscopy, 
gel permeation chromatography, Fourier transform infrared 
spectroscopy, differential scanning calorimetry, X-ray 
powder diffraction, scanning electron microscopy and 
vibrating sample magnetometry. The drug encapsulation 
efficacy were 69.5%, 73% and 78% for PLGA, PEG(2000), 
PLGA, PED(3000) and PLGY PEG(4000), respectively. It 
was proposed that these nanoparticles can be employed for 
biomedical investigations.9 A LC/MS/MS method was 
developed and successfully applied for the determination of 
doxorubicin and its primary metabolite (doxorubicinol) in 
cultured human leukemia cells. Solid phase extraction was 
employed for the clean up and enrichment of analytes. The 
calibration range was 5.00-1000 mg mL-1 and 0.50-50 ng 
mL-1 for doxorubicin and its metabolite, respectively. It was 
established that the anticancer drug and its primary 
metabolite can be simultaneously determined by 
LC/MS/MS.1 

A new type of alendronate conjugated amphiphilic 
hyperbranched polymer based on Boltom H-40 and 
poly(ethylene glycol) for bone targeted drug delivery was 
synthesized. The star copolymer was investigated by FTIR 
and GPC. The investigations indicated that this type of 
micelles are highly promising bone-targeted drug carriers 
for skeletal metastases.11 Dendron-like poly(-
benzyloxycarbonyl-L-lysine)/linear PEO block copolymers 
were synthesized and their behaviour under various 
conditions was investigated. The physicochemical 
characteristics were investigated by FTIR, 1H-NMR, GPC, 
differential scanning calorimetry, polarized, optical 
microscopy, and wide range X-ray.12  

A new type of cyclodextrin-overhanging hyperbranched 
core-couble-shell miktoarm architectures were developed. 
The polymers were characterized by 1H-NMR, FTIR, 
SEC.13 Affinity chromatography was employed for the 
determination of the effect of spectrin  II and  II tetramers 
on the platinum anticancer drug resistance in ovarian serous 
adenocarcinoma. The measurements indicated that proteins 
Spectrin  II and  II may contribute to drug resistance.14 
The effect of sodium thiosulphate on the metabolism of 
cisplatin in human plasma has been investigated by using 
size exclusion chromatography coupled to an inductively 
coupled plasma atomic emission spectrometer. It was 
established that the results can be used to develop feasible 
strategies to reduce the side effects of Pt-based anticancer 
drugs in patients.15  

Biocompatible amphiphilic block copolymers with various 
molecular weight were synthesized and applied for the 
development of anticancer drug nanocarriers. The new 
copolymers were characterized by nuclear magnetic 
resonance and gel permeation chromatography. It was 
established that the new copolymers can be employed for 
the development of drug delivery systems with various 
molecular weight and with drug various drug loading 
capacity.16 The anticancer drug methotrexate (MTX) was 
incorporated in layered ceramic nanoparticles of layered 
double hydroxides (LDHs). The nanoassemblies showed 
marked elevated chemical and thermal stability as 
detemined with HPLC measurements. It was assumed that 
the high cellular uptake may be due to the enhanced drug 
efficacy.17 Pharmacokinetics of the peptide mediated 
delivery on the anticancer drug ellipticine has been  

investigated in detail. The complex of the amino acid 
pairing peptide (EAK16II) with the hydrophobic anticancer 
agent ellipticine was prepared and the pharmacokinetics 
parameters were determined by HPLC. The measurements 
indicated that EAK prolongs the residence time of the drug 
and increases the bioavailability.18 The synthesis and 
characterization of poly(ethylene glycol)-b-poly(epsilon-
caprolactone) copolymers with functional side groups on the 
polyester block was reported. The new polymers were 
characterized with differential scanning calorimetry, 1H 
NMR, GPC, fluorescence spectroscopy, transmission 
electron microscopy, and dynamic light scattering. The 
weak drug entrapment efficacy and drug-loading ability of 
these copolymers were established.19  

The oral bioavailability and gender-related 
pharmacokinetics of celastrol, an anti-inflammatory and 
antitumor agent was investigated by LC/MS/MS. The 
measurements indicated that the LC/MS/MS method was 
selective, and precise. It was further found that formulation 
markedly increased the bioavailability, and female rats 
showed significantly better absorption then males.20 Surface 
modification of paclitaxel-loaded polymeric nanoparticles 
was achieved and the in vitro cellular behaviour and in vivo 
pharmacokinetics was studied in detail. Samples were 
analysed with atomic force microscopy, dynamic light 
scattering, and cell confocal microscopy. It was concluded 
from the results that the surface modification of polymeric 
nanoparticles results in modified pharmacokinetik 
behavior.21  

LC/MS/MS technology was employed for the 
simultaneous determination of seven commonly used 
anticancer drugs. The anticancer agents included in the 
investigations were: cyclophosphamide, ifosfamide, 
irinotecan, eloposide, gemcitabine, carboplatin and 
permetrexet. The separation of analytes was carried out on a 
C18 column (2.1 mm x 100 mm), 3 mm particle size. 
Positive electrospray ionization was employed as the 
ionization source. Mobile phase consisted of acetone-water 
(0.1%  formic acid and 10 mM ammonium acetate). The 
flow rate ranged 0.1 – 0.25 mL min-1. Linear coefficients 
were  always over 0.992. The recovery ranged from 50 to 
81.0%. The method was successfully applied to samples 
from cancer patients.22 An LC-MS method and radiometric 
detection was developed for the study of the disposition, 
metabolism, and excretion of the orally active 
pandeacetylase inhibitor in cancer patients. Recovery of 
radioactivity in excreta was 87% (44 – 77%  in feces and 
29–51% in urine). Approximately 40 metabolites were 
detected, in was found that biotransformation begins at the 
hydroxamic acid side chain and ethyl-methyl indole moiety. 
It was further established that panobinostat and metabolites 
are excreted by both kidney and liver.23  

Liquid chromatography combined with electrospray 
ionization mass spectrometry was employed for the 
investigation of chronic doxorubin cardiotoxicity in rats. 
The measurements indicated that doxorubicin influences the 
cardiac cytochrom P450-mediated arachidonic acid 
metabolism.24  

Ultra performance liquid chromatography (UPLC) 
followed with electrospray ionization quadrupole time of 
flight mass spectrometry was applied for the investigation of 
the metabolites of the antitumor drug noscapine. The 
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method detected some new primary phase metabolites such 
as an N-demethylathed product, two hydroxylated 
derivatives, one bis-demethylated derivative. Several novel 
glucuronides have also been detected.25 A high performance 
liquid chromatographic method coupled with electrospray 
mass spectrometry (LC-ESMS) was developed for the 
investigation of the structural and functional diversity in 
DNA-targeted  hybrid anticancer drugs. It was stated that 
the new method can be successfully employed for the 
detemination of structure-activity relationships and for the 
identification of target compounds.26  

The structure of the new anticancer agent EAPB0203 and 
its metabolites were investigated in detail. Measurements 
were carried out using liquid chromatography-mass 
spectrometry and LC/MS/MS. The structures of the 
metabolites were identified by one and two dimensional H-
NMR.27 A new immunoassay method was developed for the 
determination of 5-fluorouracil (5-FU) in patients with 
gastric cancer. The results were compared with those 
obtained with the application of GC-MS. It was established 
that the results of the immunoassay method and GC/MS 
were comparable and can be employed simultaneously for 
the determination of 5-FU in the plasma of patients with 
gastric cancer. It was further established that the 
immunossay method is simpler and easier to carried out than 
the traditional GC/MS procedure.28  

Chiral chromatography combined with other 
physicochemical analytical procedures has been successfully 
applied for the investigation of the chemistry and 
pharmacology of Imexon and related cyanoaziridines. The 
measurements indicated that the activity of these new 
compounds was relatively low compared with the activity of 
the original compounds.29  

The interaction between of RAPTA-T, a new ruthenium-
based anticancer agent and human ovarian cells was 
investigated in detail. SEC has been employed for the 
determination of the distribution profile of metallodrug 
within the cancer cells. Multidimensional protein 
identification technology was employed for the elucidation 
of the cellular response mechanism. It was established that 
the investigation methods employed may help the 
elucidation of the interaction between the cancer cells and 
the anticancer drug.30 A combining data acquisition method 
followed with multi-period ion scan and high resolution 
characteristics extracted ion chromatograms were employed 
for in-vivo drug metabolites screening and identification of 
the metabolites of the potential antitumor agent 3,6,7-
trimethyloxyphenantroindolizine (CAT) in rat urine. It was 
established that the method is suitable for the detection of 21 
metabolites and for the identification or 9 metabolites in rat 
urine. Furthermore the method allowed the differentiation 
between N-oxidized and hydroxylated metabolites.31 A new 
type of folic acid conjugated amphiphilic 4-arm star-shaped  
PLGA-PEG-NH2 were synthesized and tested as nanocarrier 
for doxorubicin. The characteristics of the preparation were 
assessed by H-1 NMR, dynamic light scattering and GPC. It 
was established that the new nanocarrier can be successfully 
applied for the deliver of doxorubicine.32 The composition 
of the ethanolic extract of the chemopreventive Taiwanese 
mushroom Antrodia camphorata was investigated by HPLC. 
The measurements indicated that the triterpenoid rich 
fraction contained antileukemia components such as anticin, 
dehydroeburicoic acid, and zhankuic acid. It was found that 

the bioactive components decrease tumor weight and size 
without decreasing body weight. The preparation was 
proposed for the treatment of leukaemia.33  

Capillary elctrophoresis (CE) combined with laser-
induced fluoescence detection (LIF) has been employed for 
the study of the interaction of the antitumor agent ellipticine 
with DNA. The background electrolyte contained 20% 
dimethyl sulfoxide and 50 mM sodium acetate (pH 4.5). It 
was established that the peak of ellipticine decreased in the 
presence of DNA indicating the interaction of ellipticine 
with DNA.34  

A HPLC/MS method was developed for the determination 
of CM1, the active agent derived from the prodrug CA1P, in 
human plasma and urine, and of CAIP and three 
glucuronides CA1G1, CA1G2, and CA1DG in human urine 
were analysed. Plasma CA1was preconcentrated by solid 
phase extraction (SPE). Urine samples were investigated 
without extraction. The intra-day and inter-day accuracy and 
precision were lower then 15%. Mean recovery of CA1 
from plasma was 101% and 97% from urine. Mean urine 
recovery was of CA1P was 98%, CA1G1 96%, CA1G2 93% 
and CM1DG 93%.35 A new GnRH-based multifunctional 
drug delivery system containing daunorubicin and 
methotrexate was developed and the in vitro stability, 
degradation in human serum, and in the presence of rat liver 
homogenate was investigated by LC/MS. It was concluded 
from the results that multifunctional bioconjugate resulted in 
higher in vitro cytostatic effect than the monofunctional 
bioconjugate contain either methotrexate or daunorubicin.36  

Fluorinated, and pegylated polyaspartamide copolymers 
were synthesized to increase the solubility and efficacy of 
flutamide. The characteristics of copolymers were 
determined by SEC, pyrene colorimetric assay, light 
scattering analysis and scanning electron microscopy. The 
results indicated that the inclusion of flutamide in polymer 
matrices markedly modifyes the efficacy of the complexed 
bioactive compound.37 The characteristics of the newly 
synthesized anticancer agent, 7-(4-fluorobenzylamino)-1,3,-
4,8-tetrahydropyrrolo[4,3,2-d,e]quinolin-8(1H)-one (FBA-
TPQ) were investigated employing various physicochemical 
and biophysical investigation methods such as rapid 
resolution liquid chromatography, determination of FBA-
TPQ in plasma and tissue samples, stability in plasma, 
plasma protein binding, metabolism by S9 enzymes, plasma 
pharmacokinetics, and tissue  distribution. It was concluded 
from the data that FBA-TPQ is a potential therapeutic agent 
for pancreatic cancer.38  

The pharmakokinetics and antitumor activity of XMT-
1001, a new polymeric topoisomerase I inhibitor was 
investigated in mice bearing HT-29 human colon carcinoma 
xenografts. LS/MS method was employed for the 
determination of the chromatographic profile of the drug 
and its conjugate release products. It was established that the 
efficacy of drug was markedly modifyed by formulation.39  

An LC-MS/MS technology was developed and applied for 
the simultaneous determination of highly hydrophobic 
pyrimidine anticancer agents in human plasma and the 
efficacy of three derivatization reagents were compared. The 
anticancer agents included in the experiments were tegafur, 
5-fluorouracil and gimeracil. Derivatization agents 
employed were p-bromophenacyl bromide, dansyl chloride 
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and diazomethane. The experiments revealed that the p-
bromophenacyl was the best derivatization agent. The 
method was employed for the pharmakinetic study of 
tegafur, 5-fluorouracil and gimeracil in cancer patients.40 
The purification and characterization of lunasin, a peptide 
isolated from soy bean has been recently reported. The 
interest in lunasin is due to its marked anticancer and anti 
inflammatory actvity. A combined method was developed 
for the purification of lunasin from soybean. The method 
includes anion exchange chromatography, ultrafiltration and 
reversed-phase chromatography. It was stated that the 
procedure facilitates the development of lunasin as a 
potentional nutraceutical of therapeautic anticancer agent.41  

The safety and pharmacokinetics of -tocopheryloxy 
acetic acid (-TEA) was investigated using LC/MS 
technologies. The measurements were motivated by the 
antitumor activity of -TEA. According to the results -
TEA showed no toxic effect, the half life of orally 
administered alpha-TEA was 52 h. No clinical signs of 
toxicity was detected. No significant sex specific differences 
were established.42 

A novel LC-MS/MS procedure was developed for the 
quantification of E7080 (lenvatinib) and metabolites in 
various human biological matrices such as human plasma, 
whole blood, urine and faeces. Plasma, urine, and faeces 
samples were extracted with acetonitrile. Analyses were 
carried out on an octadecyl-silica column (50 mm x 2.1 mm). 
Analytes were separated using gradient elution consisting of 
water-acetonitrile mixtures and detected with API300 triple 
quadrupole mass spectrometer with turbo ion spray interface 
operating in positive ion mode. Cailbration curves were in 
each case linear, accuracy varied between ±20%. It was 
found that the method can be successfully employed for the 
analysis of E7080 and its metabolites in various human 
biological matrices.43  

A liquid chromatography-tandem mass spectrometry (LC-
MS/MS) analytical procedure was applied for the separation 
and quantitative determination of felotaxel (SHR110008) in 
tumor-bearing mice. Samples (plasma, urine, faeces, brain 
heart, liver, lung ) were extracted with ethyl acetate. 
Calibration curves were linear (r2=0.995). The accuracy and 
precision varied between 86.1–107.2 % and 1.1-9.2%. 
Recoveries ranged from 73.9 to 96.1 %.44  

A HPLC method was employed for the analysis of 
doxorubicin (Dox) loaded poly(alkyl cyanoacrylate, PACA) 
nanoparticles. The measurements indicated that Dox and its 
main metabolites doxorubicinol and doxorubicinon are well 
separated from the target compound. It was further 
established that recovery varied between 71 and 78%. The 
between –day and within-day precision of the method varied 
from 97.1 to 102.9% and from 97.3 to 1.02 %.45 Another 
LC-MS method was developed for the investigation of 
pharmacokinetics of  the anticancer drug CYC-116 in rat 
plasma. Analytes were separated on an octadecysilica 
column (150 x 04.6 mm, particle size, 5 µm) using isocratic 
separation mode. The flow rate was 0.8 mL min-1. Isocratic 
mobile phase consisted of acetonitrile-water-formic acid: 
23.5; 76.5; 0.1 v/v/v). Analytes were extracted by liquid-
liquid extraction using ethyl acetate. MS analysis was 
carried out employing a quadruple mass spectrometer. The 
calibration curve was linear in the concentration range 
investigated. The intra- and interday precisions were less 

then 11.8–6.6 %. It was stated that the method can be 
successfully applied for the study of the pharmacokinetik of 
CYC-116 in rats after oral administration.46  

A LC/MS/MS procedure was developed for the 
simultaneous determination of eleven thiopurine nucleotides 
(mono-, di- and triphosphates of thioguanosine, 
methylthioinosine, methylthioguanosine, and thioinosine). 
Target compounds show marked anticancer and 
immunosuppressive activity. It was established that  the 
method facilitate the understanding of the thiopurine 
metabolism in one run.47  

The application of thermochemotherapy mediated by 
novel solar-planet structured magnetic nanocomposite for 
glioma treatment has been reported. The efficacy of the 
encapsulation of docetaxel and drug release was followed by 
HPLC. It was concluded from the results that this novel 
method can be successfully employed for the comprehensive 
treatment of glioma.48  

The stability of 5-fluorouracyl under different 
environmental conditions was investigated by using HPLC 
and infrared spectroscopy (IR). Analytes were separated on 
an octadecylsilica column using 40 mM KH2PO4 as mobile 
phase. Target compounds were detected at 260 nm. 
Significant linear correlation was found between the 
concentration of detector response and the amount of 
analytes in the samples (r2=0.9995). The R. S. D. values for 
intra-day and inter-day were <0.2% and <1%, respectively. 
The measurements indicated that the analyte is sensitive to 
oxidative conditions and stable when exposed to UV 
irradiation.49  

Another LC-MS/MS technique was developed and 
successfully employed for the simultaneous determination 
of doxorubicin and its metabolite in cultured human 
leukemia cells. Samples were enriched using solid phase 
extraction, the validated calibration ranges were 5.00 – 1000 
mg mL-1. The data indicated that the method is precise and 
can be applied for the simultaneous determination of the 
drug and its metabolite.50  

Niosomal formulations were developed, characterized and 
applied as potential brain targeted system. Light scattering 
and transmission electron microscopy were applied for the 
characterization of vesicles. SEC or dialysis was applied for 
the investigation of the physicochemical parameters of 
vesicles. It was concluded from the results that the method 
in suitable to improve the doxorubicin brain delivery.51 A 
novel  (NAG)-PEG-doxorubicin targeted conjugates were 
designed, developed, synthesized for its capacity as 
anticancer delivery agent. The product was characterized by 
1H.NMR, UV spectroscopy and HPLC. It was concluded 
from the results that the new products can be applied in 
targeted anticancer therapy.52 The in vivo performance and 
in vitro cytotoxicity of 10-hydroxycamptothecin (10-HCPT) 
was investigated in detail. The effect of 10-HCPT 
nanosuspernion and 10-HCPT solution was compared and 
critically evaluated. HPLC-FD was employed for the 
analysis of serum samples and tissue homogenizates. It was 
further found that 10-HCPT increases the cytotoxycity of 
the original anticancer agent. Increase the anti-tumor 
activity of poorly soluble bioactive compound.53 The 
solubility of paclitaxel (PTX) was improved by using 
various coprecipitation processess including poly (L-lactic 
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acid, PLLA). The components of the formulation were 
mixed and coprecipitated by a supercritical antisolvent 
(SAS) process using dichloromethane (DCM) and mixtures 
of DCM and ethanol, or DCM and dimethyl sulfoxide 
(DMSO). The end product was characterized by X-ray 
diffraction (XRD), scanning electron microscopy (SEM), 
laser diffraction, particle size analysis, and HPLC. The 
experimental conditions for the optimal system were: 
DCM/EtOH 50:50 %, 35 0C, 10-12 MPa, PLLA 
concentration, 5 g L-1; solution flow rate 0.5 ml min-1.54  

The anticancer applications of mesoporous materials 
functionalized with the natural betulinic acid (BA) has been 
investigated in detail. Dehydrated CMC-41 was 
functionalized with 3-chloropropyltriethoxysilane (CPTS) 
and 3-aminopropyltriethoxysilane (APTS). The end product 
was characterized by powder X-ray diffraction, X-ray 
fluorescence, nitrogen gas sorption, multinuclear MAS 
NMR spectroscopy, thermogravimetry, UV spectroscopy, 
IR, SEM, and HPLC.55  

The characteristic of methoxy stilbenes as potent, specific, 
untransported and cytotoxic inhibitory of breast cancer 
resistance protein has been studied in detail. It was 
established by HPLC and mass spectrometry titration that 
methoxystilbenes are not transported. It was further 
suggested that the methoxy derivatives of stilbene can be 
applied to influence drug-efflux activity.56 The light-
mediated release of the anticancer drug methotrexate was 
investigated employing three different analytical methods 
such as UV/vis spectrometry, 1H NMR spectroscopy and 
HPLC. The measurements indicated that the drug is released 
by the photochemical mechanism in an actively controled 
manner. It was further found that the release of methotrexate 
depended on the linker design, light wavelenght, exposure 
time, and the pH of the medium.57  

An octadecyl-silica column was applied for the separation 
and quantitative determination of some new benzimidazole 
derivatives with marked cytotoxic activity. The stability of 
the target compounds was investigated in aqueous solution 
of 0.2% dimethyl sulfoxide. The mobile phase of the HPLC 
measurements consisted of acetate buffer (pH 
4.5):acetonitrile. The flow rate was 1.0 mL min-1. The 
correlation coefficients were over r2 = 0.9995. The new 
method was proposed for the HPLC analysis and stability 
test of these novel benzimidazole derivatives.58  

During the study of the pharmacokinetics of the amino-
pairing peptide EAK16-II (EAK) it was established that 
EAK is suitable for the stabilization of EAK-EPT 
(ellipticine) complexes in vivo. The characteristics of the 
EAK-EPT complexes were investigated by transmission 
electron microscopy TEM), HPLC and zero potential 
measurements. EPT was extracted from rat plasma with 
dexamethasone sodium phosphate. The measurements found 
significant differences between EPT and EAK-EPT 
complexes indicating that EAK can be applied as a carrier to 
increase the biovailability of EPT.59  

The design and synthesis of photoactivatable metallodrugs 
has been recently published. The compounds included in the 
experiments were: inert (Ru(II) half sandwich compounds, 
[Ru([9]aneS(3)(bpy)(py)][PF6] ([9]aneS(3)=1,4,7-trithia-
cyclononane, bpy=2,2’-bipyridine, py=pyridine), 
[Ru([9]aneS(3))(en)(py)][PF6] (en=1,2-diaminoethane), and 

[Ru([9]aneN(3))(en)(dmso-S)][PF6], [9]aneN(3)=1,4,7-
triazacyclononane), is reported along with the X-ray crystal 
structure of [Ru([9]aneS(3)(bpy)(py)][PF6]. It was 
established that these complexes are promising for further 
investigation as potential photochemotheropeutic agents.60  

A new potential PET (positron emissin tomography) agent 
was synthesized for imaging steroid sulfatase (STS) in 
cancers. Solid phase extraction combined with HPLC was 
employed for the purification the target tracer.61 The murine 
pharmakokinetics, pharmacodynamics and metabolism of 
(3-(1H-indol-2-yl-phenyl)(1H-indol-2yl-methanone) (in-
dole-15). The concentration of indole-15 was determined by 
HPLC and LC/MS/MS. The investigation of metabolites 
indicated that the original compound undergoes extensive 
oxidative metabolism with following surfation. It has been 
proposed that indole-15 can be employed in clinical trials.62 
A specific and sensitive enzyme-linked immunosorbent 
assay (ELISA) was developed for the analysis of Vindesine 
(VDS) and the results were compared with those obtained 
by HPLC. Anti-VDS antibody was obtained by immunizing 
rabits with  VDS conjugated  with bovine serum albumin 
using N-[-4-(diazophenyl)ethyl]maleinimide. The enzyme 
marker was produced by coupling VDS with horse radish 
peroxidase using N-4-diazophenylmaleinimide. The method 
was highly specific the cross reactivity was 0.18% for 
vincristine and 0.11 % for vinblastine. It has been stated that 
the method can be successfully employed for the 
pharmacokinetics studies of (VDS).63 The mass balance, 
excretion and metabolism of the small molecule  flavonoid 
tumour vascular disrupting agent ASA404 was investigated 
using various chemical, physicochemical methods such as 
HPLC, liquid scintillation counting, mass spectrometry, 
glusulase. The mean recoveries were: urine, 59.9%; faeces, 
33.3%. It was found that the method is suitable for the 
detection and analysis of two new metabolites did not 
detected before.64  

A new HPLC method was developed for the study of new 
anticancer agents in intravenous solutions. Compounds 
included in the exteriments were the derivatives of 
daunorubicin containing various amidine group such as 
piperidine (DD-1), morpholine (DD-2, pyrrolidine (DD-3), 
or hexahydroazepine (DD-4) moiety. It was found that the 
environmental conditions exert marked effect on  the 
stability of the preparation.65 A TAT peptide fragment 
(YGRKKRQRRR) was conjugated to a platinum(IV) 
analogue of oxiplatin as a vehicle for membrane penetration. 
The mono- and difunctionalized conjugates were separated 
by preparative HPLC and characterized by analytical HPLC, 
ESI-MS, and H-1 NMR spectroscopy. The results indicated 
that the biological activity of conjugates was higher then 
that of the untargeted analogues.66 The influence of of 
miRNAS a regulator in some biological processes such as 
development, cellular differentiation, and carcinogenesis 
was investigated in detail. The promising anticancer drug 
3,6-dihydroxyflavone (3,6-DHF) was selected as model 
compound. HPLC was employed for the detection of the 
bioavailability of 3,6-DHF. Cell apoptosis was determined 
by flow cytometry or terminal deoxynucleotidyl transferase 
UTP nick end-labeling assay. The investigations indicated 
that the oral administration of 3,6-DHF suppressed the 
breast carcinogenesis inducated by 1-methyl-1-nitrosourea 
(MNU) in rats. It was further found that 3,6-DHF is a potent 
natural chemopreventive agent, and miR-34a and miR-21 
play a considerable role in MNU-induced breast 
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carcinogenesis.67 Long conjugated 2-nitrobenzyl-derivative 
caged anticancer prodrug with visible light regulated release 
was synthesized. Styryl conjugated 2-nitrobenzyl derivatives 
were introduced in the molecules as phototrigger to regulate 
the release of the anticancer drug chrorambucil. UV 
absorption, FT-IR and HPLC technologies were applied for 
the study of the regulated release of the parent molecule.68 

The efficacy of a non-hypercalcemic vitamin-D-2 derived 
anti cancer agent (MT19c) was investigated. The 
investigation indicated that the new compound makes 
possible of the future potential application of this 
compounds as anticarcinogen agent.69  

Reversed phase thin layer chromatography has also found 
applications in the chromatographic analysis of bioactive 
compounds. Stationary phases consisted of octadecyl silica  
and silica surface modified with cyano groups. Methanol-
water and acetonitrile-water mixtures served as stationary 
phases. Significant correlations were found between the 
lipophilicity determined with RP-TLC and calculated with 
principal component analysis. The chromatographic 
parameters of bioactive compounds included in the 
experiment were correlated with the biological activity of 
the analytes (quantitative structure-retention relationship and 
quantitative structure-activity relatiohship). The 
measurements indicated that the there is a significan 
correlation between the lipophilicity and molecular 
descriptors of phytol derivatives. It was assumed that the 
chromatographic behaviour of phytol derivatives may 
influence their penetration and partitioning over 
biomembranes.70  

Abbreviations 

APTS   3-aminopropyltriethoxysilane 

CA   Capillary electrophoresis 

CPTS 3-chloropropyltriethoxysilane 

DCM  dichloromethane 

DHF  3,6-dihydroxyflavone 

DMSO  dimethyl sulfoxide 

FTIR  Fourier transformed infrared spectroscopy 

GPC  gel permeation chromatography 

HPLC  high performance liquid chromatography 

MNU  1-methly-1-nitrosourea 

IR   infrared spectroscopy 

PET  positron emision tomography 

PLLA  poly-L-lactic acid 

PTX  paclitaxel 

LIF  Laser-induced fluorescence detection 

RP-HPLC LC-MS/MS reversed-phase high performance  

liquid chromatography-tandem mass spectro-
metry 

RSD  relative standard deviation 

SEM  scanning electron microscopy 

SEC  size exclusion chromatography 

SPE  solid phase extraction 

UPLC  ultra performance liquid chromatography 

XRD  X-ray diffraction 
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The title compound has been prepared in high yield from 9-benzyl-purine derivative  by reaction with diethoxymethyl acetate (DEMA). 

The structure of the tricyclic compound, 7-(2-chlorobenzyl-3H-1,2,4-triazolo[3,1-i]purine (2), was confirmed by X-ray analysis.  

Semiempirical calculations for predicting geometrical parameters are in excellent agreement with the X-ray crystal structure. 
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Introduction 

Fused triazoles have been found to exhibit a wide range of 
biological activites.1-3 Most of these compounds show 
significant in vivo antitumor and antiviral activity and, in 
addition, possess fluorescent properties which makes them 
of interest as biological probes.4-7  

As a class of compounds the s-triazolo[3,1-i]purines have 
been prepared from the corresponding 6-hydrazinopurines 
by reaction with diethoxymethyl acetate (DEMA).8-11 As 
part of our ongoing study of the use of 
diaminomaleodinitrile as a cheap starting material for a 
range of imidazole, purine, dihydropurine and pyrimidine 
derivatives. We have previously described the synthesis of 
some derivatives of 1-amino-9-aryl-(or benzyl)-6-
iminopurines.5-9 We decided to investigate the reaction of 1-
amino-9-benzyl-6-iminopurine (1) with cyclizing agent 
diethoxymethyl acetate to see whether this might provide a 
route to 7-(2-chlorobenzyl)-3H-1,2,4-triazolo[3,1-i]purine 

compound.  

 

 

Scheme 1. 

Results and Discussion 

1-Amino-9-(2-chlorobenzyl)-6-iminopurine (1) was 
prepared via a multistep synthesis from ethyl (Z)-N-(2-
amino-1,2-dicyanovinyl)formimidate,6-10 by a treatment with 
benzylamine in a 1:1 molar ratio in ethanol in the presence 
of a catalytic amount of anilinium hydrochloride to give the 
corresponding formamidine.  Cyclisation of the formamidine 
in the presence of a strong base, aqueous KOH solution, 
provided the corresponding 5-amino-1-benzyl-4-
cyanoimidazole, which are readily converted to 1-amino-9-
benzyl-6-iminopurine by treatment with HC(OEt)3 and 
Ac2O followed by reaction with hydrazine hydrate.11-15 

On heating 1 with an excess of diethoxymethyl acetate 
(DEMA), 7-benzyl-3H-1,2,4triazolo[3,1-i]purine 2 is 
obtained in good yield. Compound 2 was refluxed in 
diethoxymethyl acetate for 4-5 hours, after which time TLC 
showed that all starting material had been consumed. 
Removal of the solvent and addition of water to the residue 
followed by extraction with chloroform gave pure 
compound 2 in 87% yield as pale yellow crystal and after 
recrystallization from chloroform-hexane that was 
characterized fully. 

The microanalysis and mass spectra of  the isolated 
triazolopurine 2 was satisfactory. The 

1
H NMR spectra had 

some interesting features. The H-8 of the imidazole ring 
shifted to higher field at 8.78, with H-2 of the purine ring at  
8.90 ppm and H-5 at  9.82 ppm.  The 

13
C NMR spectra of 

the compound 2 had the expected number of bands, with  
the C-8 carbon having a chemical shift at  141.8, C-5 at 
147.7 and  C-2 at  158.9 ppm.  The infrared spectrum 
confirmed the presence of the C=N stretching vibration in 
the region of 1600-1680 cm

-1
. 

Crystals of compound 2 suitable for a single crystal X-ray 
structure determination was obtained and the results (Fig. 1.) 
confirmed the expected structure. As far as we are aware the 
X-ray structure of a 2 has not been reported previously.  
However, the structure is almost analogous to that 
established for 3-methyl-3H-1,2,4-triazolo[5,1-i]purine 
reported by Asano et al.16 

 

R=2-ClC6H4CH2-

1
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N
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Table 1. X-ray structure data, AM1 and PM3 computational stuadies of 7-(2-chlorobenzyl-3H-1,2,4-triazolo[3,1-i]purine (2).  

X-ray crystal structure Theoretical data X-ray crystal structure  Theoretical data 

Bond Angle (o) AM1 PM3 Bond Angle (o)  AM1 PM3 

C10-N1-C2 101.9(4) 103.22 103.4 N9-C9a-C10 132.9(4) 132.3 133.0 

N3-C2-N1 118.1(4) 114.6 110.8 C6a-C9a-C10 116.0(4) 117.2 116.9 

C2-N3-N4 100.8(4) 104.2 105.9 N1-C10-N4 109.8(4) 108.5 106.6 

C5-N4-N3 124.9(4) 129.6 127.6 N1-C10-C9a 136.4(4) 135.5 137.1 

C5-N4-C10 125.5.6(4) 121.0 123.3 N4-C10-C9a 113.7(4) 115.8 116.1 

N3-N4-C10 109.4(4) 109.2 108.9 N7-C11-C12 114.5(4) 117.1 115.7 

N6-C5-N4 121.3(4) 121.3(4) 120.4 C17-C12-C13 117.7(4) 118.5 118.5 

C5-N6-C6a 115.5(4) 116.0 117.9 C17-C12-C11 122.2(4) 123.1 123.7 

N6-C6a-N7 127.0(4) 129.3 128.7 C13-C12-C11 120.0(4) 119.2 120.1 

N6-C6a-C9a 127.8(5) 125.2 125.1 C14-C13-C12 121.6(5) 120.8 121.1 

N7-C6a-C9a 105.2(4) 105.4 106.0 C14-C13-C11 119.4(4) 118.3 118.6 

C6a-N7-C8 106.2(4) 105.8 107.1 C12-C13-C11 118.9(4) 120.8 120.2 

C6a-N7-C11 127.0(4) 126.9 127.2 C15-C14-C13 120.4(5) 119.7 119.5 

C8-N7-C11 126.7(5) 127.0 126.5 C14-C15-C16 119.4(5) 119.9 119.8 

N9-C8-N7 113.4(5) 113.5 112.9 C15-C16-C17  120.8(5) 120.2 120.4 

C8-N9-C9a 104.3(4) 104.8 107.7 C12-C17-C16 120.0(5) 120.7 120.4 

N9-C9a-C6a 110.9(4) 110.3 109.0 N9-C9a-C10 132.9(4) 132.3 133.0 

 

It can be seen from this that the C-N double bonds are 
localised between C8-N9, C9a-C6a, N6-C5 and N3-C2.  
The three rings from a plane with the 2-chlorobenzyl 
group bent out of the plane as anticipated.  From an 
examination of the 

1
H NMR chemical shifts of the three 

ring protons it is clear that the proton on C5 is the most 
highly deshieled (9.65 ppm) followed by the proton on 
C2 (8.72 ppm) with the proton on C8 being least deshield 
(8.61 ppm). 

 
Figure 1. X-ray structure of 7-(2-Chlorobenzyl)-3H-1,2,4-
triazolo[3,1-i]purine 2 with atomic numberings 

Computational studies 

The most promising semiempirical SCF-MO methods 
for predicting geometries and electronic properties were 
AM1 and PM3, as implemented in MOPAC program.14 
MOPAC 6.0 was used exclusively for the work presented 
herein. The geometry of the 7-(2-chlorobenzyl)-3H-1,2,4-
triazolo[3,1-i]purine 2 has been studied with using  

semiempirical molecular orbital methods. This compound 
has C1 point group and ΔH formation 194.489 kcal mol-1  
with dipolment 4.289 Debye. 

Table 2. X-ray structure data, AM1 and PM3 computational 
studies of 7-(2-chlorobenzyl-3H-1,2,4-triazolo[3,1-i]purine (2) 

X-ray crystal structure Theoretical data 

Bond Length (Ǻ) AM1 PM3 

 

C11-C13 1.754(5) 1.703 1.687 

N1-C10 1.326(6) 1.354  1.352 

N1-C2

  

1.357(7) 1.407 1.391 

C2-N3 1.314(7) 1.364 1.340 

N3-N4 1.378(6) 1.347 1.377 

N4-C5 1.368(7) 1.402 1.415 

N4-C10

  

1.384(6) 1.457 1.422 

C5-N6 1.292(7) 1.319 1.318 

N6-C6a 1.351(6) 1.387 1.388 

C6a-N7 1.366(6) 1.402 1.403 

C6a-C9a 1.387(6) 1.451 1.413 

N7-C8 1.371(7) 1.412 1.409 

N7-C11 1.461(6) 1.432 1.467 

C8-N9 1.305(7) 1.339 1.392 

N9-C9A 1.370(6)  1.393 1.392 

C9A-C10 1.419(6) 1.426 1.422 

C11-C12 1.513(7)  1.503 1.499 

C12-C17 1.390(7) 1.397 1.394 

C12-C13 1.393(6) 1.406 1.400 

C13-C14 1.373(7) 1.397 1.391 

C14-C15 1.366(8) 1.393 1.389 

C15-C16 1.375(9) 1.393 1.390 

C16-C17 1.395(8) 1.394 1.391 
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All calculations were performed using AM1 and PM3 
at high precision, and then the geometrical predictions 
have been compared with known X-ray crystal stucture 
for this compound and have been found to be in excellent 
agreement15-20.   For comparison the main calculated bond 
length and angles of the compound 2 were shown in 
Tables 1 and 2. 

Experimental 

All solvents purified and dried using established 
procedures. The 1H NMR spectra were recorded on 
Hitachi-Perkin-Elmer R24B (60 MHz) or Bruker XL 300 
(300 MHz) instruments (with J-values given in Hz), 13C 
NMR spectra (with DEPT 135) either on a Bruker WP 80 
or XL300 instrument, and IR spectra on a Shimadzu IR-
435 spectrophotometer. Mass spectra were recorded on a 
Kratos Concept instrument. The melting points were 
measured on an Electrothermal digital melting point 
apparatus and are uncorrected. The single crystal X-ray 
crystallography measurements were made on a Siemens 
R3m/v diffractometer with graphite-monochromated Mo-
Kα X-radiation.  The data were collected at a temperature 
-40± 1oC using the ω/2θ scanning technique to a 
maximum of 2 θvalue of 46.1o.  The structure was solved 
by direct methods using SHELXS-86 and DIRDIF.21-22 

1-Amino-9-(2-chlorobenzyl)-6-iminopurine (1)  

To a stirred solution of the 1-benzyl-4-cyano-5-
[(ethoxymethylene)amino]imidazole15 (0.30 g) in dry 
methanol (8-10 cm-3) under an argon atmosphere at room 
temperature was added hydrazine monohydrate (1M 
equivalent). After 15-20 minutes, the separated 
precipitate was filtered off, washed with a mixture of dry 
diethyl ether/hexane (1:1), and dried under vacuum to 
give (1) as a white crystalline solid. M.p. 170-172 oC . 
max (mujol mull) 3300 m , 3285 s, 3150 m,  3140 s, 3095 
s (NH str.), 3040 s, 2980 m, 1650 s (C=N str.), 1600 m  
(N-H bend), 1560 s, 1550 s, 1510 m, 1480 m, 1450 m, 
1380 m, 1350 m, 1220 s, 1205 m, 1180 s, 1145 s, 1075 s, 
1045 m, 945 s, 860 m, 820 s, 760s  cm-1; H (300 MHz, 
d6-DMSO, TMS Int. Ref.) 5.68 (s, 2H, H10), 5.94 (s, 2H, 
NH2), 7.25 (dd, 1H, 3J16,15 7 Hz, 4J16,14 1Hz, H16), 7.6 
(overlapping 2 x dt, 2H, 4J14,16 1Hz, J15,13 1Hz, 3J14,13  8Hz, 
J14,15 2Hz, H14 & H15), 7.8 (dd, 1H, 3J13,14 7Hz, 4J13,15 

1Hz, H13), 8.22 (s, 1H, H8), 8.26 (s, 1H, H2) ppm ; C 
(75 MHz, d6-DMSO) 48.5 (C10, by DEPT 135), 126.2 
(C5), 131.8 (C15), 133.1 (C16), 133.7 (C14), 133.8 
(C13), 136.0 (C12), 138.0 (C11), 143.7 (C8), 145.9 (C4), 
152.2 (C2), 158.2 (C6) ppm ; m/z (EI) 275 (M+1)+  
24.0%, 274 (M)+100%, 154 [(M+1)-C4H4N5]+ 73.3 %, 
136 (53.3%), 107 (13.4%);  (Calcd. for C12H11N6Cl : C, 
52.6; H, 4.1; N, 30.6, Cl, 12.9.;  Found : C, 52.6; H, 4.4; 
N, 29.4; Cl, 13.1). 

3-(2-Chlorobenzyl)-3H-1,2,4-triazolo[3,2-i]purine (2)  

A stirred solution of 1-amino-9-(2-chlorobenzyl)-6-
iminopurine (1.45 g, 5.3 mmol) in diethoxymethyl acetate 
(15 cm3) was refluxed for 5h.  After TLC (CHCl3/EtOH 
1:1) showed that no starting material remained, most of 
the solvent was removed under vacuum, then a mixture of  

EtOH and CHCl3 (1:1) was added to give a pale yellow 
precipitate.  This was filtered, washed with diethyl ether 
to give compound 2 (1.30g, 4.6 mmol, 87%). M.p. 219-
220 oC max (Nujol mull) 3120 s, 3080 s, 2980 w, 2940 w, 
1680 s (C=N str.), 1600 w, 1575 w, 1540 w, 1495 s, 1470 
s, 1440 m, 1430 s, 1360 s, 1340 m, 1320 s, 1270 m, 1210 
m, 1180 s, 1160 s, 1055 m, 920 s, 870 m, 760s, 690 m, 
640 s cm-1.; H (300 MHz, d6-DMSO, TMS Int. Ref.) 5.7 
(s, 2H, H11),  7.3 (d, 1H, 3J16,17 7Hz, H17), 7.5 (t, 1H,  
3J16,17 and 3J16,15  7.6 Hz, H16), 7.6 (t, 1H, 3J15, 16 and 3J15, 14 

7.6 Hz, H15), 7.8 (d, 1H, 3J14,15 7.7 H14), 8.6 (s, 1H, H8), 
8.72 (s, 1H, H2) 9.65 (s, 1H, H5) ppm ; C (75 MHz, d6-
DMSO) 49.1 (C11), 131.7(C17), 133.4(C16), 133.6(C15), 
133.8(C14), 136.0 (C12), 137.5 (C13), 141.8 (C8), 145.5 
(C9a), 147.7 (C5), 151.8 (C6a), 153.4 (C10), 158.9 (C2) 
ppm.; m/z (EI) 285 (M+1)+  100%, 284 (M)+  9.2%, 249 
(M-Cl)+ 5.3 %, 165 (5.5%), 154 (40%); [Calcd for 
C13H9N6Cl : C, 55.0; H, 3.16; N, 29.6, Cl, 12.3% Found : 
C, 55.7; H, 3.2; N, 29.9; Cl, 12.6 ). 
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CRUSH SYNDROME INFLUENCE ON THE ULTRASTRUCTURE 

OF HEPATOCYTES AND NEURONES 
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Keywords: Crush syndrome, PRP-1, TEM, neurone, hepatocyte, mitochondria (Mch). 

The aim of this study was to find the dynamic of ultrastructural changes of liver at CS and the role of PRP-1 (proline rich peptide) as a 

protector. Our investigation demonstrated that Mch (mitochondria) of brain are more subject to changes at 2 h of compression than liver 

Mch, but one time administration of the PRP-1 in a dosage of 10 g/100 g of the animal weight before decompression period prevent the 

development of the destructive changes of the hepatocytes of the liver and neurons of the rat cortex (injection of PRP on the background of 

CS prevent progress of ultrastructural changes typical at 4 h of decompression, and leads to Mch fission). 
 

 

 

Corresponding Authors: Karapetyan G.R. 
Fax: +374 -10-28 19 51 
E-Mail: sapootraa_A@yahoo.com 

[a] H. Buniatian Institute of Biochemistry, of National 
Academy of Sciences of Republic Armenia, Paruir Sevag 
str. 5/1, 0014, Yerevan, Republic of Armenia. 

INTRODUCTION 

Earthquake is one of the most dangerous nature 
cataclysms.1 Sudden buildings destroy as well as the 
damages and death of the people caused by the earthquake 
is more than 90 %. At last 20 years developed the 
knowledge basis and the tactics chose at such cases.2 In 
current study we were chosen the experimental model of 
traumatic stress - crush syndrome (CS).3 

CS is a special type of traumatic injury of the organism 
with a specific clinical development of the pathogenesis 
with a high lethality (up to 70 %).4  

Today one of the most actual questions is studying the 
pathology of Crush syndrome (CS) and searching the ways 
prevent the metabolism disturbances caused by toxins 
formed in ischemic muscle during decompression. CS 
follows by acute hemodynamic shock, myoglobinuria, 
acute renal insufficiency and lethal endotoxicity.5  

CS is characterized by serious changes in the most 
parameters of homeostasis, which lead to improve of the 
patients’ treatment. It is already developed the general 
conceptions of the medical help to the patients with CS. 
However it could lead to complications especially in 
excretory and detoxification functions of the organism. 
There are numerous data indicating that the main 
intoxication of the organism occurs during decompression, 
in which toxic metabolic products (toxic peptides) as 
product from proteolisis of myoglobin are released into the 
blood from damaged tissue and kidney and accumulated at 
the targeted organ. Liver damages are wide-spread cause 
of people disease and death.6-8 

An assumption may be suggested that the ultrastructural 
manifestations of the cell pathology of various organs may 
occur in all the stages of developing crush syndrome. The 

manifestations mentioned have to do both with the cells' 
and non-cellular structures' components of membranous 
structure (plasmolemma, mitochondria, nuclear shell) and 
those of non–membranous structure. 

In this work as a protector we have chosen the prolin 
rich peptide (PRP-1) which is an immunmodulator and 
neuroprotector with a wide profile of action.9 The 
following important properties of PRP-1 were identified: 
inhibition of the proappoptotic capasas 3 and 9, activation 
of 2 and 6 capasas,10 stimulation of the immuncompetetnt 
cells (Т, В and macrofagus),11 involving in the 
mechanisms of interleukin expression (TNF, IL-1, IL-6)  
in fibroblasts, macrophages and astrosites, neuroprotection 
against many toxic products produced in organism, has an 
antimicrobial and antivirus influence.12  

As at CS we observe the toxic products produced by 
organism itself (in the ischemic muscle during 
compression and released into the blood stream during 
decompression), so in this model, we decided to use PRP-1, 
taking into consideration all its properties, especially its 
neuroprotection effect against many toxic products 
produced in the organism. 

Experimentally proved that under compression, white 
rats that received intraperitoneal PRP-1 before 
decompression period survived up to 100% (without PRP-
1 administration the death of the animals was up to 25-
30%), and the damage corrected by PRP-1, in some cases 
reached to intact level. 

It was shown that PRP lead to increase of glucose 
utilization in the brain during different periods of 
decompression, which was different in the myocardium 
and kidneys. 

Previous morphological studies were carried out with an 
hour compression and 1-3 days decompression period, 
respectively. However, the question of the brain and liver 
ultrastructure at longer period of compression still remains 
unknown. 

The aim of this study was to find the dynamic of 
ultrastructural changes of liver at CS and the role of PRP-1 
as a protector. 
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MATERIAL AND METHODS 

Reagent: powder paraformaldehyde; OsO4; Sodium 
cacodylate trihydrate; 90º ethyl alcohol, acetone, Epon 812, 
Epon Hardener MNA, Epon Hardener DDSA, Epon 
accelerator DNP-30, uranil acetate, citrate Na, Nitrate Pb, 
photo plates. 

All reagent used were of analytical grade and purchased 
from Sigma Chemical Co. (USA).  

Animals: All procedures involving animals were 
approved by the Institutional Review Board/ Institutional 
Animal Care and Use Committee (H. Buniatian Institute of 
Biochemistry, Yerevan, NAS RA) conformed to the 
European Communities Council directives (86/609/EC). 
For all experiments, two-month-old male rates weighing 
150-200 g obtained from our breeding colony were used. 
Animals were maintained at normal room temperature 
with free access to food and tap water. The experimental 
model of Crush syndrome (CS) was induced by 
compression of femoral soft tissues using a special press 
with a compression force 100 kg kg-1 of body weight for 2 
h.  

Rats were divided randomly into four groups (n=5 in 
each group). Group I – intact animals; Group II – control 
(2 h compression); and 2 experimental Groups (III and 
IV): 4 h decompression; PRP-1 injection and 4 h 
decompression at the end of using PRP-1 (10 g/100 g of 
animal weight). 

Treatment of material: The bioptates taken 
immediately after decapitation put in cold 4 ºC mix of 
paraformaldehyde on cacodilate buffer and glutaraldehyde 
for 12 hours with following post fixation in 1 % OsO4 
solution during 2 hours; dehydratation in ascending series 
of spirits; saturation in a mixture of acetone and epon 
resins of different proportions and pouring in gelatinous 
capsules into epon.  

Obtaining of ultrathin slices and its treatment: The 
ultrathin slices (up to 500 Å) were made using ultracut 
LKB (Swedish) and Reichert (Austria). Ultrathin slices 
were double contrasted with uranil acetate and lead citrate.  

Observation under TEM: Obtained ultrathin slices 
were observed under the transmission electron microscope 
(Phillips CM 10) with resolution X 10-20.000. 

Statistical Analysis: Data were expresses as the mean ± 
S.E.M. All data were analyzed using a one-way analysis of 
variance (ANOVA) (SigmaStat 3.5 for Windows). 
Differences were considered as significant at P  0.05. 

RESULTS 

As have shown the results of our study, in control group 
of animals (2 h compression) the ultrastructural changes of 
neurons of cortex and hepatocytes of liver (in particular 
Mch, Nc, GER and SER) are quite different from 
ultrastructure of intact group. Thus the specific alterations 
between organelles of neurons and hepatocytes are also 
observed. So, it was shown that GER of neurons is in 

process of fragmentation and vesiculation, while in 
hepatocytes it is presented as separate tubules fragments. 
This indicates on the fact of hypersensibility of cells to the 
influence of catecholamine’s level increasing caused by 
stress. 

Endoplasmatic reticulum is one of the major organelles 
demonstrate expressed symptoms of a stress and 
dysfunction at pathology.13 Disfunction of ER can cause to 
organ dysfunction at a strong inflammation caused by 
endotoxins.14  

As about Mch, at 2 h compressions of soft tissues, in 
neurons of a brain the tendency of 2-3 organelles fusion is 
observed (Fig. 1). Thus the cristae are of varies shapes: 
tubular or in a process of fragmentation. 

Figure 1. The ultrastructure of neurons at 2 h compression. X 
20.000. 

In hepatocytes of liver Mch are in groups where the 
organelles are close contacted to each other, thus no fusion 
is observed. As about inner membrane of Mch, we can 
indicate that cristae are generally tubular, practically no 
process of fragmentation is observed. 

Мch are also critical metabolic organelles known as 
«power system of cells».15,16 In addition to their role in 
cellular bio-energetic, Mch initiate the general forms of the 
programmed cellular death (apoptosis) through realizing of 
proteins, such as cytochrome C from an inner membrane.17  

Hepatocytes consist double nuclei, compare to neurons 
of cortex.  

In the first experimental group of animals (2 h 
compression - 4 h decompression) the ultrastructural 
changes are developed acutely both in neurons, and in 
hypatocytes. 

As have shown the results of our study in the following 
group total GER vesiculation process is observed, while 
SER is presented both in a type of fragmented tubules and 
by fields consists of vesicules.  

Such organelles condition at 4 h decompression caused 
by the influence of toxins and toxic peptides,18 produced 
by ischemic muscle at the 2 h compression and released to 
the blood at the decompression period, which lead to 
development of disorder of microcirculation, which in its 
turn caused the development of acute hypoxia and as a 
result ischemia of different tissues and organs.19-22  
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Such toxic peptides composed of 5-7 amino acids realize 

into the blood and reach to the target organs lead to the 
destructive changes and functional disorders.  

It’s important to mention that Mch of cortex can form 
conglomerates consist of a great number of fussed Mch. 
Mch matrix has a swollen character. The inner membrane 
of Mch also has specific alterations. The number of tubular 
cristae decreased, as well as the number of fragmented 
cristae, however the process of vesiculation is presented. 
The Mch of liver hepatocytes are also significantly altered. 
At 4 h decompression the Mch fuse and the tendency of 
megamitochondria formation is observed (Fig. 2). 

The matrix of Mch is in the process of swollen. The 
cristae are presented as in a form of tubuls as well as in 
fragmentation type; it is shown the increasing process of 
vesiculation tendency.  

Increasing of the Mch fussion and fission processes lead 
to desorganisation of inner membrane of Mch and 
formation of the tubular and vesiculated cristae.  

The ultrastructural architecture of the Mch mostly 
depends on the quantity and form of cristae. A great 
number of criastae is observed in tissues with a high need 
in energy. Such variety in cristae architecture could be 
explained by different metabolism of organells.23  

As about nuclei we have to mention that as in neurons 
and in hepatocytes they are swollen with diffused 
chromatin. 

As have shown the results of our study in the second 
experimental group of animals (2 h compression- PRP-1 
injection – 4 h decompression) no ultrastructural changes 
occur in hepatocytes as well as in neurons. It was shown , 
that one time PRP-1 administration directly in muscle 
before decompression neutralize the toxic peptides 
produced in the ischemic muscle during compression. And 
inhibit its negative influence on the target organs, in our 
case on liver and cortex. It was shown that GER in neurons 
is in a form of tubules and vesicles, while in hepatocytes 
it’s presented by nets. This indicate on the positive effect 
of PRP-1 on both organs, however its better occurred in 
hepatocytes, which is caused by sensitivity of neurons to 
catecholamine’s influence, while hepatocytes are less 
sensitive. 

Compare with the Mch of the second group the 
organelles of the first group do not form conglomerates, 
and in spite of the fact that there are still observed the 
fussed organelles, but the neurons with single Mch are 
more common (Fig. 3).  

It is important to mention about the influence of the 
PRP-1 on the inner membrane of Mch. Based on the dates 
obtained via electron grammas (from tissues and fraction) 
we indicate increasing of the quantity of tubular and 
decreasing of vesicular cristae.  

As about the Mch of liver hepatocytes we have to say 
that single injection of PRP-1 lead to the positive changes 
in the ultrastructure of Mch. It was shown that Mch are 
closely contact to each other however no process of fusion 

 
 

Figure 2. Megamitochondria formation in hepatocytes at 4 h decompression. X 60.000. 

 
 

Figure 3. The ultrastructure of neurons Mch at PRP-1 injection. X 25.000. 
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was observed. The cristae of Mch were presented in 
tubules. 

DISCUSSION 

Today one of the most actual questions is the nature of 
the toxic damages of organs. It could have as direct and 
indirect effect, be a result of acute and chronic 
influence.7,24-26  

Organs toxic injuries are widespread cause of the 
diseases and death in populations.6,27-31  

The detoxication reactions are performed by the 
ferments of endoplasmatic reticulum and Mch,32 that’s 
why any changes in its ultrastructure could have negative 
effect on the detoxication function of the liver and on the 
whole its function and on organism. The role of Mch in 
detoxication is presented by the use of fluorescent 
microscopy.32  

The influence of hepatotoxic matter lead to damages of 
parenchyma of liver and destroying of its metabolic 
fermentative functions. One of the common reasons of 
death at CS is hyperglycemia at decompression period. At 
CS develop the immobilization stress activated by toxic 
peptides form in ischemic muscle.33 At the compression 
period the catecholamine level increase which leads to 
cramp of arterioles and precapillaries lead to falling down 
the speed of blood flow, endovascular aggregation of 
erythrocytes and development of thrombus formation. At 
post compression period toxic products of different 
etiology produced in ischemic muscles and kidneys 
realized to the blood and spread to the organism. Such 
toxic peptides (the toxic products of methabolism) consist 
of 5-9 amino acids. Which of these toxic peptides is more 
aggressive from toxical point of view is still unknown.18  

As have shown the results of our study at CS take place 
the process of aggregation of erythrocytes in sinusoids, 
which become more critical at 4 h decompression period. 
Progression of microcirculation dysfunction lead to 
development of acute hypoxia and as result to ischemia of 
different organs and tissues.19-21 Ischemic damage of 
different organs and tissues is still one of the most actual 
problems in medicine and biology. One of the most 
important factors in the pathogenesis of CS is cells energy 
deficit, which lead to disruption of intra and extra cellular 
transport, as well as damage of protein synthesis apparatus 
of cells.3,34 Typical for the 24 h decompression after 1 h 
compression is damages of the organelles ultrastructure, 
such as destroying of cristae of Mch. Fragmentation of 
GER, observation of ribonucleotides masses in cytoplasm 
as well as partial necrosis foci in hepatocytes. 

According to literature dates obtained by different 
authors, it could be mentioned that alterations 
ultrastructure of Mch indicate the functional condition of 
the organelles, depend on the level of energy 
metabolism.35,36 Mch change their forms dynamically by 
fusion and fission processes.37 

Structural changes of Mch divided into 2 main 
categories: simple swelling38 and formation of mega 
mitochondria (ММ).39,40  There are different points of view 

concerning the ways of MM formation. Some authors 
consider, that MM form as a result of nearby Mch 
fusionх,41-43 the others suggest that MM are formed by 
growth of single Mch, and not by fusion of small Mch.44  

The process of formation of atypical by the structure and 
size Mch in cells are related to the different diseases or 
physiological condition of the organism, such as 
erythroleicosis in bone marrow, in endometric cells before 
ovulation process, etc.40,45 For each disease Mch have its 
unique typical just for current disease form. However such 
giant Mch could accumulate in post mitotic cells depend 
on the disease type, as well as on the age dependant 
alterations. It must be mentioned that such organelles have 
a low inner membrane potential and have no ability to fuse 
to the other giant or normal Mch.46 As have shown the 
results of our study the morphology of Mch is different 
depend on CS. So, at 2 h compression there is no viewable 
alteration in Mch structure however their physiological 
condition is changed. They are presented in groups where 
the organelles are closely contacted to each other. As a 
response to the pain the level of catecholamine in blood 
increase making Mch more tension, which could be 
explained by increasing of energy need in hepatocytes. 
However, increasing of catecholamine level in blood does 
not influence on the structural safeness of Mch. At 4 h 
decompression organelles condition become more critical. 
In spite of the fact that organelles are presented as groups, 
the size and forms of Mch are very different, and the 
polymorphism of Mch is observed. Organelles are swollen; 
in some cases the tendency of MM formation is observed. 
In literature dates is known that at ischemia, partial 
hepatoectomia etc, take place the process of Mch 
swelling.38 It must be mentioned that 24 h after 
hepatoectomia not only swelling of Mch but also cristae 
number reducing tendency is observed, which however 
recovered 96 hr, after partial hepatoectomia.47 So if at 2h 
compression cristae had tubular or vesicle type, then at 4h 
decompression it is observed almost completely reduction 
of the cristae, which has its influence on the functional 
activity of Mch. It’s known that at chronically liver 
diseases take place MM formation with reduction of 
cristae.48 However at 4 h decompression at CS the 
influence of stress factor has a short time and unlike the 
dates mentioned above we observe just a tendency of MM 
formation with reduction of cristae, while the normal size 
Mch with reduced cristae are often observed, which is 
suggested as an nonspecific adaptive cellular response to 
the influence of toxin produced by ischemic muscles. It is 
well known that alterations in Mch ultrastructure such as 
remodeling of cristae are included in initiation of cell 
death.49 Mch lost their cristae normal morphology can’t 
realize their function and falling out of cell energy 
supplying function, lead to disruption of energy dependent 
processes of metabolism such as liver detoxication 
function.  

Under the influence of PRP-1 on the background of CS 
the results are quite different from the CS. It was shown 
that PRP-1 has a protective influence on the ultrastructure 
of all organelles. Nuclei are in the range of norm, while at 
CS it was in the process of fragmentation. The inner 
membrane of Mch persist its safeness. The cristae are 
presented by the type of tubule or vesicle, compare with 
CS group, where the practically totally reduction of cristae 
was observed. As about GER we have to mention that it’s 
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presented by whole nets, while in CS group there was a 
fragmentation and vesiculation process.  

The results of present study update the information about 
the influence of traumatic stress on the ultrastructure of 
neurones and hepatocytes, as well as give new dates about 
PRP-1 as a corrector. Obtained dates have an important 
theoretical significance because of the increasing number 
of toxically injures in population. Morphological 
reconstruction observed at different stresses indicate to the 
necessity of new drugs developments lead to prevent 
neurons and hepatocytes ultrastructure injures.  

CONCLUSION 

CS as a specific type of traumatic damages lead to the 
whole complex of ultrastructural pathology. Our 
investigation demonstrated that Mch of brain are more 
subject to changes at 2 h of compression than liver Mch, 
but one time administration of the PRP-1 in a dosage of 10 
g/100g of the animal weight before decompression period 
prevent the development of the destructive changes of the 
hepatocytes of the liver and neurons of the rat cortex 
(injection of PRP on the background of CS prevent 
progress of ultrastructural changes typical at 4 h of 
decompression, and leads to Mch fission).    
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GIBBS FREE ENERGIES FOR THE SOLVATION OF KClO3 IN 

MIXED DMF-H2O SOLVENTS AT 301.15 K 

Esam A. Gomaa[a], Elsayed M. Abou Elleef[b] and E. A. Mahmoud[a] 

Keywords: Gibbs free energy, solvation, potassium chlorate, aqueous dimethylformamide 

The Gibbs free energies for KClO3 were evaluated in mixed dimethylformamide (DMF)-H2O solvents at 301.15 K from the experimental 

solubility measurements. From the experimental the ionic radii ratio of potassium to chlorate ions, the total free energy of the salt is divided 

into its individual contribution in the mixtures used. Liberation Gibbs free energy for moving KClO3 from standard gas state to standard 

solution state was calculated according to specific cycle for the solvation process using the solubility product. Also the lattice energy for 

solid KClO3 (cr) was also calculated and used for further evaluation. The conventional Gibbs free energies for the cation (K+) and the anion 

(ClO3
-) were estimated theoretically and also the Gibbs free energy of ClO3

- gas was evaluated and all values were discussed. 
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Introduction 

For neutral species experimental solvation Gibbs free 
energies have been tabulated large number of solutes in both 
aqueous1-7 and non-aqueous7,8 solvents. Typically, these 
solvation free energies are determined experimentally8 and 
their uncertainty is relatively low (~ 0.8 kJ/mol).9  

Determining accurate values for the Gibbs free energies of 
ionic solutes like KClO3 is important than that of neutral 
solutes. Understanding the partitioning of single ions 
between different liquid phases is important in many areas 
of biology. For example, the electrical signals sent by nerve 
cells are activated by changes in cell potential that are 
caused by the movement of various ions across the neuronal 
membrane.10 The division of thermodynamic Gibbs free 
energies of solvation of electrolytes into ionic constituents is 
conventionally accomplished by using the single ion 
solvation Gibbs free energy of one reference ion, 
conventionally, the proton, to set the single ion scales.11,12 
The aim of this work is to estimate the single ion Gibbs free, 
energies for K+ and ClO3

- ions in mixed DMF-H2O solvents 
at 301.15 K.  

Sums of solvation free energies of cations and anions are 
well defined through the use of thermochemical cycles 
involving calorimetric or electrochemical measurements.13-17 
A number of different extra thermodynamic approximations 
have been used18-25 to partition the sums of cation and anion 
Gibbs free energies into single ion contribution. 

Relative and conventional solvation free energies of ions:  

The Gibbs solvation free energies of ions as relative free 
energies by setting the free energy of solvation of some 
reference ion equal zero.26 Proton was chosen as reference 
ion. For ions, this result in a set of conventional free 
energies of solvation that the cations are shifted from their 

absolute values by the value for the absolute Gibbs solvation 
free energy of the proton.  

The conventional Gibbs free energies of solvation for 
anions are shifted by an equal amount in the opposite 
direction. 

Conventional Gibbs free energies from reduction potentials  

When the convention for the absolute Gibbs free energy of 
the proton is followed, the solution-phase free energy 
change associated with the half cell for reduction of 
hydrogen gas is equal to zero. Reduction potentials 
following this convention for hydrogen electrode are 
referred as standard reduction potentials. From the half cell 
reaction for the reduction of metal cation to crystalline phase 
and the half reduction reaction of hydrogen gas, the redox 
reaction can be illustrated through the use of 
thermochemical cycle.12 This last procedure can be used to 
estimate the gas free energy of formation for ClO3

- ion, to 
explain the ionic behaviour.  

Experimental 

Potassium chlorate KClO3 Griffin Kamp and N-N, 
dimethylformamide (DMF) from Merck Co, were used.  

Saturated solutions of KClO3 were prepared by dissolving 
different amounts of the salt in closed test tubes containing 
different DMF-H2O mixtures. These mixtures were then 
saturated with nitrogen gas as inert atmosphere. The tubes 
were placed in a shaking thermostat (Model Gel) for a 
period of four days till equilibrium reached. The solubility 
of KClO3 in each mixture was measured gravimetrically by 
evaporating 1 ml of the saturated solution in small cup using 
I. R. lamp. The measurements were done by three readings 
for each solution at 301.15 K.  

Results and Discussion 

The molar solubility (S) for KClO3 was measured 
gravimetrically in mixed DMF-H2O solvents at 301.15 K. 
The solubility values with an average number of the second 
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number often comma are cited in Table (1).  The (S) value in 
water agreed well with that in literature values.27 The 
activity coefficients were calculated by the use of Debye-
Hückel equation:28, 29  

 

where I is the ionic strength calculated from S values. These 
data (log ) were tabulated also in Table 1.  

The solubility product was calculated by the use of 
equation (2):30 

 

The solubility product (pKsp) data are given in Table (1). 
From solubility products the Gibbs free energies of 
solvation and the transfer Gibbs free energies from water to 
mixed solvents were calculated by using Eqns. (3) and (4). 
Their values are tabulated also in Table 1:31,32  

 

 

 
where s and w denote solvent and water, respectively.   

It was concluded that the Gibbs free energies of transfer 
(Gt) increases in negativity by increasing the mole fraction 
of DMF in the mixed DMF-H2O solvents. This is due to 
more solvation behaviour in the mixed solvents than that of 
water (see Fig. 1).  
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Figure 1. Gibbs free energies of transfer for KClO3 versus the 
mole fraction of DMF at 301.15 K. 

Single ion Gibbs free energies and convention free energies for 

K+ and ClO3
- ions 

It was well known that the preferentional single ion 
thermodynamic parameters depend on the ionic radii of two 
ions (cation and anion). Therefore the ionic radii ratio 
between K+ and ClO3

- were evaluated from exact radii 
values given in literature33 and found to be 0.2788. 

Multiply this ratio by the Gibbs free energies of KClO3 we 
get the ionic free energies for K+ ion. This last value was 
subtracted from the KClO3 Gibbs free energy we obtain the 
Gibbs free energies for ClO3

- anion in KClO3. The obtained 
values for single ions are presented in Table 2. The 
conventional Gibbs free energies Gs

*con(K+) for potassium 
ion in solvents are shifted from their absolute values by the 
absolute free energy of the proton34 according to Eqn. (5). 
And for ClO3

- anion is shifted by an equal amount in the 
opposite direction (Eqn. 6): 

 

 

where Gs
0(M+), Gs

0(X-) and Gs
0(H+) are the Gibbs free 

energies of solvation for cation, anion and proton in solvents, 
respectively.   

From the mean values of proton solvation free energies in 
water and other solvents in literature12,35,36 relation between 
these values and the diameter for each solvent taken from,37 
straight line was obtained. From this line the proton 
solvation free energies in pure water and DMF were 
obtained and found to be 1523 and 1561 kJ mol-1, 
respectively. Multiplying these value by the mole fraction of 
each solvent and then sum the results. The mixed solvent 
proton free energies in DMF-H2O mixtures were obtained 
and their values are given in Table 2. Apply Eqns. (5) and 
(6) we get the conventional Gibbs free energies for the 
cation and anion and their values are given also in Table 2. 
Cation conventional free energy values are negative 
indicating exothermic character and anion values are 
positive indicating endothermic character. Both values 
increase with increase in the mole fraction of DMF due to 
more solvation and the sum of them gives the values for the 
neutral salt. 

Liberation Gibbs free energies for KClO3 in mixed DMF-H2O 

solvents 

The liberation Gibbs free energies for KClO3 in mixed 
DMF/H2O solvents at 301.15 K were calculated following 
thermochemical cycle 1 as done before12 for silver salts 
following solubility product concept:  

where G0
lat is the lattice free energy in kJ mol-1, (g) and (s) 

denote the gas and solution cases. The lattice energy was 
calculated following Bartlett’s relationship following 
equation (7).38 

0.5
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Table 1. Solubility and Gibbs free energies for KClO3 in mixed DMF-H2O solvents at 301.15 K. 

Xs DMF  S, mol L-1 log  ± pKsp G  kJ mol-1 Gt kJ mol-1 

0 

0.0253 

0.0909 

0.3527 

0.6773 

0.6773 

1.0 

0.244 

0.246 

0.290 

0.326 

0.391 

0.266 

0.080 

-0.2514 

-0.2524 

-0.2741 

-0.2906 

-0.3183 

-0.2609 

-0.1439 

1.7282 

1.7229 

1.6234 

1.5547 

1.4522 

1.6720 

2.4816 

9.8647 

9.8356 

9.2675 

8.8756 

8.2904 

9.5451 

14.1668 

0 

-0.0291 

-0.5971 

-0.9891 

-1.5742 

-0.3196 

4.3021 

Table 2. Single ion Gibbs free energies for K+, ClO3
 - and their conventional energies at 301.15 K. in mixed DMF-H2O solvents (in kJ 

mol-1). 

Xs DMF  G(K+) G(ClO3
-) Gs

*con (K+) Gs
*con (ClO3

-) Gs
*(H+) 

0 

0.0253 

0.0909 

0.1965 

0.3529 

0.6773 

1.0 

2.7502 

2.7421 

2.5837 

2.4745 

2.3114 

2.5511 

3.9437 

7.1164 

7.0934 

6.6837 

6.4011 

5.9790 

6.8839 

10.2170  

-1520.2 

-1520.2 

-1520.2 

-1526.4 

-1535.5 

-1549.32 

-1557.05 

1530.11 

1530.09 

1525.60 

1529.40 

1543.90 

1558.90 

1571.20 

1523 

1523 

1523 

1529 

1538 

1552 

1561 

 

The volume of KClO3 was calculated by dividing its 
molecular weight by the density of solid given in literature4 
and apply it in equation (7) to obtain (168.996 kJ mol-1) as 
Glat  for KClO3. 

On the use of Eqn. (8) cycle (1), the liberation free energy 
for KClO3 was obtained (84.498 kJ mol-1).  

The G0→*, the free energy change associated with moving 
KClO3 from standard gas phase at 1 atmosphere to solution 
phase. This free energy change has been referred as 
“compression” work of the gas or liberation free energy. 

Conventional free energies from reduction potentials 

The absolute Gibbs free energy of the proton is followed 
solution phase free energy change associated with the 
following half cell.  

1/2H2 (g) → H+(s) + e-(g)     (9) 

The half cell reaction for the reduction of cation is:  

K+(s) + e-(g) → K(cr)       (10) 

The symbol (cr) denotes the crystalline phase. The sum of 
the two half cells is:  

1/2H2(g) + K+(s) → K(cr) + H+(s)     (11) 

 
Through the thermochemical cycle 2, the conventional 

free energy of K+ ion can be written as:  

where Gf
0(H+

g), Gf
0(K+

g) are the gas free energy of 
formation for H+ and K+ ions. F is the Faraday’s constant, 
96.485 kJ per gram equivalent and Ec is the standard 
reduction potential of  K+.  

 

 

 

 

 

 

 

 

 

 

Figure 2. Relation between G0
f,g(ClO3

-) against the mole fraction 
of DMF at 301.15 K. 
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Also the conventional free energy of the chlorate ion can 
be written following Truhlar12 explanation as:  

Apply last equation the G0
f,g, gas free energies of 

formation for the anion ClO3
-  and K+ estimated in the mixed 

DMF-H2O solvents and their values are given in Table 3 and 
Fig. 2. The G0

f,g values increase by increase of the mole 
fraction of DMF favouring less solvation.  

 

Table 3. Gas formation free energy for ClO3
- anion in mixed 

DMF-H2O solvents at 301.15 K (in kJ mol-1).  

Xs DMF Gf,g(ClO3
-) 

0 

0.0253 

0.0909 

0.1975 

0. 3527 

0.6773 

1.0 

-1731.94 

-1731.89 

-1731.49 

-1731.20 

-1774.69 

-1760.59 

-1773.10 
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CORROSION RESISTANCE OF SS 316L ALLOY IN ARTIFICIAL 

SALIVA IN PRESENCE OF ALMOX 250 DT TABLET 

 

A. Krishnaveni,[a]  S. Rajendran,[b,c]*  M. Pandiarajan,[c] and R. Saranya[d] 

Keywords: corrosion resistance of metals, SS 316L alloy, synthetic saliva, orthodontic wires. 

Corrosion resistance of SS316L alloy in artificial saliva, in the absence and presence of a disinfectant tablet, namely, Almox 250 DT has 

been evaluated by AC Impedance Spectra. It is observed that when 50 ppm of Almox is added to artificial saliva, charge transfer resistance 

of SS 316 L increases. Similar observation is made in presence of 200 ppm of Almox also. Hence it is concluded that people having 

orthodontic wires made of SS 316L, can take the Tablet Almox 250 DT without any hesitation, because in its presence corrosion resistance 

of SS 316L  increases. 
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Introduction 

Over the past two decades, with the accelerated 
development of tissue engineering, the demand for a variety 
of synthetic and natural biomaterials has dramatically 
increased. Biomaterial sales have already exceeded 
$240million per year and due to the rapid development of 
biomaterials, the market will only increase in the years 
ahead for tissue engineering and artificial organ materials. 
Specifically, costs related to organ replacement account 
for8% of all global healthcare spending and by 2040 as 
much as 25% of the US gross domestic product (GDP) is 
expected to be related to healthcare. Such demands require 
unique, better performing biomaterials for regenerative 
medicine. 

Corrosion resistance of metals and alloys in various body 
fluids has attracted the attention of many researchers. 
Corrosion resistance of biomaterials in synthetic body fluids 
such as blood plasma, urine, Hank solution, Ringer solution 
and artificial saliva has been extensively studied. The 
corrosion resistance of metals and alloys in artificial saliva 
has been reviewed recently.   Corrosion resistance of various 
metals have been investigated in various synthetic 
(simulated) body fluids such as Ringer’s solution,1-4 
simulated body fluids,5,6 Hank solution,7,8 blood plasma,9-11 
urine,12-14 bovine serum,15 and artificial saliva.16-20   

Various metals and alloys have been used as biomaterials 
whose corrosion resistance has been investigated in artificial 
body fluids; various metals and alloys such as Ni-Al-Fe 

intermetallic alloys,21 titanium alloy,22 NiTi alloy,23 
CoCrMo alloys,24,25 magnesium alloy,26,27 Cr-Ni stainless 
steel, Cr-Ni-Mo stainless steel,28 316L stainless steel.29,30 

Five non-precious Ni-Co based alloys have been analyzed 
with respect to their corrosion behavior in artificial saliva.31 
The effect of different concentrations of eugenol in artificial 
saliva on titanium corrosion has been investigated by Kinani 
and Chtaini .32 The corrosion resistance of the commercial 
metallic orthodontic wires in a simulated intra-oral 
environment has been evaluated by Ziebowicz et al.33 The 
results of corrosion resistance tests of the CrNi, NiTi, and 
CuNiTi wires showed comparable data of parameters 
obtained in artificial saliva .   The effects of multilayered 
Ti/TiN or single-layered TiN films deposited by pulse-
biased arc ion plating (PBAIP) on the corrosion behavior of 
NiTi orthodontic brackets in artificial saliva have been 
investigated by Liu et al.34 The corrosion behavior of 
various metals and alloys in artificial saliva has been 
investigated. Rajendran et al ., have studied the corrosion 
resistance of artificial saliva in presence spirulina powder.35 
Corrosion behavior of metals in artificial saliva in presence 
of D-glucose has been investigated.36 

Liu,et al  have investigated corrosion behavior of nickel-
titanium orthodontic wires in presence of Artificial saliva 
using the methods of continue bending stress thought the 14 
days experimental process, they have been findings that 
bending stress, loading condition with respect to corrosion 
behavior.37 Koike, et al studied corrosion resistance of 
Titanium alloy in presence of Artificial Saliva at 37°C using 
the method of potentiostatic polarization. They have found 
that all the mechanical properties and corrosion characters 
were tested38.  Anwar et al investigated corrosion behavior 
of Ti and Ti 6Al4V in presence of artificial saliva using 
electrochemical methods. They found that as fluoride 
concentration increases, corrosion resistance is decreased.39  
Rajendran et al have studied the corrosion resistance of SS 
316 L in Artificial Saliva  in presence of electral.40  

Ni-Ti alloys have been used by Rondelli and Vincentini41 
and Bahije et al42.Krishnaveni et al 43 have investigated the 
corrosion resistance of 18 carat gold in synthetic saliva in 
presence of  Almox 250 DT Tablet. 
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Dentists recommend the use of orthodontic wires to 
regulate the arrangement of teeth. After the regulation, 
people having these orthodontic wires, regulating the 
arrangement of teeth, have to take orally many tablets. 
These tablets may corrode the wires in the oral environment, 
especially saliva. Hence there is a need to investigate the 
influence of various tablets on the corrosion resistance of 
orthodontic wires made of many metals and alloys. Can 
people implanted with orthodontic wires  made of  SS316L 
Almox 250 DT Tablets orally? To give an answer this 
question, the following investigation was undertaken. 
Corrosion resistance of SS 316L gold in artificial saliva 
(AS) in the absence and presence of Almox 250 DT has 
been investigated by AC Impedance Spectra. 

Experimental 

SS 316L: The composition of SS 316L44 (in wt. %) is the 
following : Cr-18 %; Ni 12 %, Mo –2.5 %, C-0.03 %, 
balance – iron.  Wire of 1mm diameter was used in the 
present study. 

Artificial  Saliva: The composition of artificial saliva45 is 
given as: KCl - 0.4 g L-1, NaCl – 0.4 g L-1, CaCl2.2H2O - 
0.906 g L-1, NaH2PO4.2H2O 0.690 g L-1, Na2S.9H2O – 0.005 
g L-1, urea – 1 g L-1.  

Almox 250DT: The Almox 250DT contains 250 mg of 
Amoxicillin Tri hydrate.  

AC impedance spectra: AC impedance spectral studies 
were carried out in a CHI – Electrochemical workstation 
with impedance, Model 660A. A three-electrode cell 
assembly was used. The working electrode was SS316L. A 
saturated calomel electrode (SCE) was the reference 
electrode and platinum was the counter electrode. The real 
part (Z’) and imaginary part (Z”) of the cell impedance were 
measured in ohms at various frequencies. Values of the 
charge transfer resistance (Rt) and the double layer 
capacitance (Cdl) were calculated. 

Results and Discussion 

Analysis of AC impedance spectra 

AC impedance spectra have been used to detect the 
formation of film on the metal surface.46 -56 If a protective 
film is formed, the Charge transfer resistance (Rt) increases 
and double layer capacitance (Cdl) value decreases. The 
impedance value increases.  

The AC impedance spectra of SS 316L immersed in 
various test solutions are shown in (Figs. 1 to 9). The 
Nyquist plots are given in Figures 1 to 6. The Bode plots 
shown in [Figs. 7 to 9].  The Corrosion parameters derived 
from AC  impedance spectra are given in Table 4. The 
charge transfer resistance and double layer capacitance are 
derived from Nyquist plot. The impedance value and phase 
angle value are derived from Bode plots.  

Table 1. Impedance parameters of SS 316L in artificial saliva in 
presence of Almox (250DT) obtained by AC impedance spectra.  

System Rt ohm cm2 Cdl, F cm-2 
Impedance 

logZ/ohm 

Artificial 

Saliva 

5.7458x104 8.876048x10-7 5.260 

AS+ Almox 

(250DT)       

50 ppm 

7.0198x104 7.265164x10-7 5.265 

AS+ Almox 

(250DT)     

200 ppm 

1.59680x105 3.19388x10-7 5.603 

SS 316L immersed in Artificial Saliva only 

When SS 316L is immersed in artificial saliva the Rt value 
is 5.7458x104 ohm cm2 and Cd1 value is 8.876048x10-7 Fcm-2. 
(Figs.1 and 2).  

Figure 1. AC impedance spectrum of SS 316L immersed in 
Artificial Saliva solution (Nyquist Plot) 

Figure 2. AC impedance spectrum of SS 316L immersed in 
Artificial Saliva solution (Nyquist Plot Zoomed) 

Corrosion behavior of SS 316L in Artificial Saliva in the 

presence of 50ppm Almox 250DT 

When 50 ppm Almox 250DT is added Rt value increases 
from 5.7458x104 to 7.0198x104 ohm cm2 Cd1

 value decreases 
from 8.876048x10-7 to 7.265164x10-7 F/cm2. This indicates 
that the corrosion resistance of SS 316L increases in 
presence of 50 ppm Almox (250DT) (Figs.3 and  4).  
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Figure 3. AC impedance spectrum of SS 316L immersed in 
Artificial Saliva +50 ppm Almox 250DT (Nyquist Plot) 

\ 

 

 

 

 

 

 

 

Figure 4. AC impedance spectrum of SS 316L  immersed in 

artificial saliva + 50ppm Almox 250DT  (Nyquist Plot Zoomed). 

Corrosion behavior of SS 316L in Artificial Saliva in the 

presence of 200ppm Almox 250DT 

When 200 ppm Almox 250DT is added Rt value increases 

from 70198x104 to 159680x105 ohm cm2 Cd1 value decreases 

from 7.265164x10-7 to3.19388x10-7 Fcm-2.This is also 

supported by the increase in impedance value.(Figs 5 and 6). 

 

 

 

 

 

 

 

 

Figure 5. AC impedance spectrum of SS 316L immersed in 
Artificial Saliva + 200ppm Almox 250DT (Nyquist Plot) 

 

 

When 50ppm of Almox 250DT is added the log (Freq/Hz) 
vs impedance plot [Figure7,8,9] reveals that the impedance 
value sharply decreases as frequency increases. The slope of 
the straight line is in the low frequency region is nearly 
0.5.This is characteristic of a system having very high 
protective efficiency. 

 

 

 

 

 

 

 

Figure 6. AC impedance spectrum of SS 316L immersed in 
Artificial Saliva + 200 ppm Almox 250DT (Nyquist Plot Zoomed) 

Similar observation is made in presence of 200 ppm of 
Almox 250DT also. There is also increase in the phase angle 
values (65o and 67o) respectively. [Figs.7, 8 and 9]. Thus AC 
impedance spectra reveal that in presence of Almox 250DT 
the corrosion resistance of SS 316L increases. 

 

Figure 7.  AC impedance spectrum of SS 316L immersed in 
Artificial Saliva solution. (Bode Plot) 

 

Figure 8.  AC impedance spectrum of SS 316L immersed in 
Artificial Saliva + 50 ppm Almox 250DT. (Bode Plot) 
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Figure 9.  AC impedance spectrum of SS 316L immersed in 
Artificial Saliva + 200ppm Almox 250DT. (Bode Plot) 

It is concluded that people having orthodontic wires made 
of SS316L can take orally Almox 250DT without any 
hesitation 

Conclusion 

Corrosion Resistance of SS316L in artificial saliva, in the 
absence and presence of a Tablet, namely, Almox 250 DT 
has been evaluated by AC Impedance Spectra. It is observed 
that when 50 ppm of Almox is added to artificial saliva, 
Charge transfer resistance of SS 316 L increases, in 
presence of 50 ppm Almox 250 DT. Similar observation is 
made in presence of 200 ppm of Almox also. Hence it is 
concluded that people having orthodontic wires made of SS 
316L, can take the Tablet Almox 250 DT without any 
hesitation, because in its presence corrosion resistance of SS 
316L  increases. 
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ABRAHAM MODEL CORRELATIONS FOR PREDICTING GAS-

TO-LIQUID PARTITION COEFFICIENTS AND ACTIVITY 

COEFFICIENTS OF ORGANIC SOLUTES DISSOLVED IN 1-(2-

METHOXYETHYL)-1-METHYLPYRROLIDINIUM    

TRIS(PENTAFLUOROETHYL)TRIFLUOROPHOSPHATE 
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Keywords: chromatographic retention factors, partition coefficients, linear free energy relationships, ionic liquids. 

Chromatographic retention factors were measured for 45 different organic solutes of varying polarity and hydrogen-bonding capability on 

an anhydrous 1-(2-methoxyethyl)-1-methylpyrrolidinium tris(pentafluoroethyl)trifluorophosphate, ([MeoeMPyrr]+[FAP]–), stationary 
phase at both 323 K and 353 K. The experimental retention factor data were combined with recently published 
thermodynamic data for solutes dissolved in ([MeoeMPyrr]+[FAP]–) to give the corresponding gas-to-liquid partition 
coefficients (log K).  The water-to-anhydrous ([MeoeMPyrr]+[FAP]–) partition coefficients (log P) were also calculated using 
published gas-to-water partition coefficient data for the solutes studied.  The derived partition coefficients were analyzed in 
analyzed in accordance with the Abraham model.  The Abraham model expressions that were obtained in the present study 
back-calculate the observed 105 log K and 102 log P values to within a standard deviation of 0.14 and 0.16 log units, 
respectively. 
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Introduction 

Ionic liquids (ILs) represent a novel class of non-

molecular solvents exhibiting unique physical properties 

including high thermal stabilities, wide viscosity ranges, 

negligible vapor pressures, and varying solubilizing abilities 

that result from solvation interactions between the dissolved 

solute and surrounding solvent ions.  The physical properties 

of ILs can be fine-tuned through judicious selection of the 

cation-anion pair combination and by introducing select 

functional groups into the structure of the IL, thus enabling 

one to design IL solvents for task-specific applications.  

Ionic liquids are employed numerous commercial 

manufacturing and engineering applications ranging from 

reaction solvent media for chemical syntheses, to stationary 

phases for gas chromatographic chemical separations, to 

liquid matrices for concentrating/isolating organic 

compounds in dispersive liquid-liquid micro-extractions, 

and to absorbent materials for removal of carbon dioxide, 

sulfur dioxide and ammonia from flue gases.  Experimental 

studies have shown that the IL anion plays an important role 

in determining carbon dioxide adsorption, with fluorination 

serving to increase the solubility of CO2.  For three ionic 

liquid    solvents   having   the   common 1-butyl-3-methyl- 

imidazolium cation, [BMIm]+, Gonzalez-Miguel et al.1  

reported that carbon dioxide solubility increased with 

decreasing solution temperature, and followed the trend of 

([BMIm]+[FAP]–)  >  ([BMIm]+[Tf2N]–) > ([BMIm]+[PF6]–), 

where [FAP]–, [Tf2N]–, and [PF6]– correspond to the 

tris(pentafluoroethyl)trifluorophosphate, bis(trifluoro-

methanesulfonyl)imide, and hexafluorophosphate anions, 

respectively. 

The solvation parameter model, developed by Abraham 
and co-workers2,3, has been used successfully to describe the 
solubilising properties of traditional organic solvents3-9, 
binary aqueous-ethanol solvent mixtures,10,11 aqueous-
micellar surfactant solutions12,13, and several different 
classes of ILs14-28.  For IL solvents, Sprunger et al.16-18 
expressed the logarithm of the water-to-ionic liquid partition 
coefficient, log P: 

log P =  cp,cation + cp,anion + (ep,cation + ep,anion)E  

      + (sp,cation + sp,anion)S + (ap,cation + ap,anion)A  

      + (bp,cation + bp,anion)B + (vp,cation + vp,anion)V         (1) 

and logarithm of the gas-to-ionic liquid partition coefficient, 
log K: 

log K =  ck,cation + ck,anion + (ek,cation + ek,anion)E  

      + (sk,cation + sk,anion)S + (ak,cation + ak,anion)A  

      + (bk,cation + bk,anion)B + (lk,cation + lk,anion)L        (2) 
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to include ion-specific equation coefficients. Numerical 
values of the two sets of equation coefficients are calculated 
as a paired cation-anion sum (e.g., cp,cation + cp,anion, ep,cation + 
ep,anion, etc.) by regression analyses of experimental log P 
and log K data for solutes having known solute descriptors 
in accorance with Eqns. 1 and 2.  Solute descriptors are the 
capitalized quantities in the log P and log K expressions.  To 
calculate equation coefficients for an individual ion, one 
must know the equation coefficients for the other ion in the 
IL.  In other words, to calculate cp,cation the value of ck,anion 
must be known, and vice versa.  Numerical values of the 
first sets of ion-specific equation coefficients were obtained 
by setting the six coefficients of the [Tf2N]– anion equal to 
zero.  In many respects this is analogous to setting a 
reference point for calculating thermodynamic properties of 
single ions. To date equation coefficients have been 
published for 21 different cations and 14 different anions. 

As noted above the capitalized letters on the right-hand 
side of Eqns. 1 and 2 are solute descriptors that describe the 
properties of the partitioned probe molecule.  The solute 
descriptors are defined as follows: E denotes the solute 
excess molar refraction in units of cm3 mol-1/10 computed 
from the solute’s refractive index; S corresponds to a 
combined dipolarity/polarizability descriptor; A and B 
describe the overall hydrogen-bond donor and acceptor 
properties of the solute, respectively; V is the McGowan 
characteristic molecular volume in units of cm3 mol-1/100; 
and L is the logarithm of the solute’s gas-to-hexadecane 
partition coefficient measured at 298 K.  Solute descriptors 
when multiplied by the complementary solvent equation 
coefficient quantifies a given type of solute-solvent 
interaction.  For example, the (ap,cation + ap,anion)A and (ak,cation 
+ ak,anion)A terms in Eqns. 1 and 2 describe the hydrogen-
bonding interactions between the H-bond donor sites on the 
solute and the H-bond acceptor sites on the solvent, while 
the (bp,cation + bp,anion)B and bk,cation + bk,anion)B terms involve 
interactions between the solute H-bond acceptor sites and 
solvent H-bond donor sites.  Thus far solute descriptors have 
been determined for several thousand different organic 
compounds and inert gases from measured water-to-organic 
solvent partition coefficient data, from measured solubility 
data in organic solvents, from experimental infinite dilution 
activity coefficient for solutes dissolved in organic solvents, 
from measured Henry’s law constants, and from 
experimental gas chromatographic and high-performance 
liquid chromatographic retention factors. The calculation 
procedures for determining solute descriptors from available 
experimental are described in detail elsewhere.2,3,29-33 

In the present communication, we report experimental 
gas-liquid chromatographic retention factor data for a set of 
45 chemically diverse organic solutes on a 1-(2-
methoxyethyl)-1-methylpyrrolidinium tris(pentafluoroet-
hyl)trifluorophosphate, ([MeoeMPyrr]+[FAP]–), stationary 
phase at 323 K and 353 K.  See Figure 1 for the molecular 
structure of the ionic liquid solvent. Results of the 
chromatographic measurements are combined with the 
recently published gas-to-liquid partition coefficient data of 
Marciniak and Wlazlo34 for volatile organic solutes 
dissolved in ([MeoeMPyrr]+[FAP]–) to derive Abraham 
model log P correlations at 298 K and Abraham model log 
K correlations at both 298 K and 323 K.  As an information 
note Marciniak and Wlazlo determined the Abraham model 
log K correlations for ([MeoeMPyrr]+[FAP]–) at 318, 328, 
338, 348, 358 and 368 K based on 62 probe molecules.   

The authors did not report the log P correlation, nor did 
the authors give the ion-specific equation coefficients for the 
1-(2-methoxyethyl)-1-methylpyrrolidinium cation.  To our 
knowledge no one has yet reported equation coefficients for  
[MeoeMPyrr]+.   

   

 

 

 

 

 

 

Figure 1. Molecular structure of 1-(2-methoxyethyl)-1-
methylpyrrolidinium tris(pentafluoroethyl)trifluorophos-phate. 

 

We further note that the datasets used in the present 
communication do contain a more chemically diverse set of 
probe molecules.  The dataset used by Marciniak and 
Wlazlo34 did not contain the more acidic phenolic and 
carboxylic acid solutes (solutes with larger A values) and 
the lesser volatile organic compounds considered here.  An 
often voiced criticism in using derived log P and log K 
correlations to predict values for additional solutes is that 
one should not make predictions for solutes whose 
descriptor values fall outside of the range of chemical space 
used in determining the equation coefficients.   

By including the more acidic and less volatile solutes we 
were able to increase the expanse of predictive chemical 
space covered by the log P and log K predictive equations. 

Experimental Methods and Partition Coefficient 
Datasets 

The sample of 1-(2-methoxyethyl)-1-methylpyrrolidinium 
tris(pentafluoroethyl)trifluorophosphate studied in the 
present investigation was kindly donated as a gift from 
Merck KGaA (Darmstadt, Germany).  The IL stationary 
phase was coated onto untreated fused silica capillary 
columns (5 m x 0.25 mm) purchased from Supelco 
(Bellefonte, PA).  The IL coating solutions were prepared in 
dichloromethane using a 0.45% (w/v) concentration of 
([MeoeMPyrr]+[FAP]–). 

Forty-five (45) probe molecules were selected for the 
characterization of the ([MeoeMPyrr]+[FAP]–) stationary 
phase.  The names of the solutes, along with the chemical 
purities and suppliers, are given in Table 1.  All solute 
molecules were used as received from the suppliers.  The 
presence of trace impurities in the solutes would in no way 
affect the experimental results because the main 
chromatographic peak was easily distinguished from any 
minor impurity peak by its much larger intensity.  

F
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Table 1.  List of organic solutes, chemical suppliers, and chemical 
purities 

Solute Suppliera Purity 

Acetic acid Supelco 99.7% 

Acetophenone  Sigma-Aldrich 99% 

Aniline Sigma-Aldrich 99.5% 

Benzaldehyde Sigma-Aldrich 99+% 

Benzene Sigma-Aldrich 99.8% 

Benzonitrile Sigma-Aldrich 99% 

Benzyl alcohol Sigma-Aldrich 99% 

1-Bromooctane Sigma-Aldrich 99% 

1-Butanol Fisher Scientific 99.9% 

Butyraldehyde Acros Organics 99% 

2-Chloroaniline Sigma-Aldrich 98% 

1-Chlorobutane Sigma-Aldrich 99% 

1-Chlorohexane Sigma-Aldrich 99% 

1-Chlorooctane Sigma-Aldrich 99% 

p-Cresol Fluka 99% 

Cyclohexanol J.T. Baker 99% 

Cyclohexanone Sigma-Aldrich 99.8% 

1,2-Dichlorobenzene Sigma-Aldrich 99% 

N,N-Dimethylformamide Fisher Scientific 99.9% 

1,4-Dioxane Sigma-Aldrich 99.8% 

Ethyl acetate Fisher Scientific 99.9% 

Ethylbenzene Eastman Kodak Co 95+% 

1-Iodobutane Sigma-Aldrich 99% 

Methyl caproate Supelco 98% 

Naphthalene Supelco 98% 

Nitrobenzene Sigma-Aldrich 99+% 

1-Nitropropane Sigma-Aldrich 99% 

1-Octanol Sigma-Aldrich 99+% 

Octylaldehyde Sigma-Aldrich 99% 

1-Pentanol Sigma-Aldrich 99+% 

2-Pentanone Sigma-Aldrich 99+% 

Phenetole Sigma-Aldrich 99% 

Phenol Sigma-Aldrich 99+% 

Propionitrile Sigma-Aldrich 99% 

Pyridine Sigma-Aldrich 99.9% 

Pyrrole Sigma-Aldrich 98% 

Toluene Fisher Scientific 99.8% 

m-Xylene Fluka 99.5% 

o-Xylene Fluka 99.5% 

p-Xylene Fluka 99.5% 

2-Propanol Fisher Scientific 99.6 % 

2-Nitrophenol Acros Organics 99% 

1-Bromohexane Sigma-Aldrich 98% 

Propanoic acid Supelco 99% 

1-Decanol Sigma-Aldrich 99+% 
a Acros Organics (Morris Plains, NJ, USA); Eastman Kodak 
Company (Rochester, NY, USA); Fisher Scientific (Pittsburgh, PA, 
USA); Fluka (Steinheim, Germany); J.T. Baker (Phillipsburg, NJ, 
USA); Sigma-Aldrich (St. Louis, MO, USA); and Supelco 
(Bellefonte, PA, USA).  

Chromatographic retention factors, k, were determined on 
a ([MeoeMPyrr]+[FAP]–) stationary phase at both 323 K and 
353 K as part of the present investigation.  The percent 
relative standard deviation (% RSD) in the experimental 
retention times for all solutes included in the present study 
was less than 1 %.  The stationary phase integrity during the 

course of the experimental measurements was verified by 
periodically monitoring the efficiency and retention factor of  
the naphthalene separation.  The experimental log k values 
are tabulated in the second and third columns of Table 2.  
The log k values are 298 K were obtained from a linear plot 
of log k versus 1/T based on the measured data at 323 K and 
353 K. 

Table 2.  Chromatographic retention factor data for solutes on 1-
(2-methoxyethyl)-1-methylpyrrolidinium tris(pentafluoroethyl)-
trifluorophosphate, ([MeoeMPyrr]+[FAP]–), stationary phase at 298, 
323 and 353 K 

Solute 

 

logk,    

323 K 

logk,  

353 K 

logk,  

298 K 

Acetic acid 0.409 -0.124 0.935 

Acetophenone  2.110 1.412 2.800 

Aniline 2.115 1.407 2.814 

Benzaldehyde 1.616 0.992 2.231 

Benzene -0.017 -0.439 0.399 

Benzonitrile 1.781 1.152 2.403 

Benzyl alcohol 2.094 1.368 2.811 

1-Bromooctane 0.830 0.236 1.417 

1-Butanol 0.097 -0.379 0.567 

Butyraldehyde 0.057 -0.372 0.480 

2-Chloroaniline 2.190 1.483 2.889 

1-Chlorobutane -0.554   

1-Chlorohexane 0.028 -0.439 0.490 

1-Chlorooctane 0.607 0.038 1.169 

p-Cresol 2.078 1.348 2.800 

Cyclohexanol 0.865 0.293 1.430 

Cyclohexanone 1.341 0.771 1.903 

1,2-Dichlorobenzene 0.997 0.441 1.545 

N,N-Dimethylformamide 1.869 1.245 2.486 

1,4-Dioxane 0.528 0.026 1.024 

Ethyl acetate 0.103 -0.360 0.561 

Ethylbenzene 0.564 0.026 1.096 

1-Iodobutane -0.123 -0.545 0.295 

Methyl caproate 0.957 0.352 1.555 

Naphthalene 2.195 1.492 2.889 

Nitrobenzene 2.018 1.363 2.665 

1-Nitropropane 0.926 0.406 1.439 

1-Octanol 1.281 0.614 1.939 

Octylaldehyde 1.244 0.612 1.866 

1-Pentanol 0.412 -0.104 0.920 

2-Pentanone 0.548 0.050 1.040 

Phenetole 1.308 0.680 1.928 

Phenol 1.769 1.094 2.434 

Propionitrile 0.529 0.079 0.973 

Pyridine 0.715 0.214 1.210 

Pyrrole 1.290 0.688 1.884 

Toluene 0.313 -0.172 0.792 

m-Xylene 0.639 0.096 1.175 

o-Xylene 0.748 0.194 1.294 

p-Xylene 0.607 0.068 1.140 

2-Propanol -0.414   

2-Nitrophenol 1.950 1.268 2.624 

1-Bromohexane 0.255 -0.231 0.734 

Propanoic acid 0.715 0.113 1.309 

1-Decanol 1.856 1.074 2.628 
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The thermodynamic gas-to-ionic liquid partition 
coefficient, K, can be calculated  from isothermal 
chromatographic measurements through K = VN/VL, where 
VN is the volume of the carrier gas needed to elute the solute, 
and VL is the volume of the ionic liquid present as the 
stationary phase.35  The retention factor, is defined as k = (tr 
- tm)/tm,35 where tr is the retention time of the solute under 
consideration and tm is the “void” retention time for an 
unretained solute, which in the present study was methane.  
The corrected retention time, tr – tm, is directly proportional 
to the corrected elution volume VN, hence the gas-to-ionic 
liquid partition coefficients and retention factors on the ionic 
liquid stationary phase are related to each other through, 

K = P* · k  or   log K = log P* + log k        (3) 

The proportionality constant in Eqn. 3, P*, is the phase 
ratio and depends only upon the chromatographic conditions.  
The numerical value of P* should remain essentially 
constant for a given column during the time that it takes to 
perform the experimental measurements. 

 Thermodynamic gas-to-liquid partition coefficients are 
required to compute the proportionality constants needed in 
Eqn. 3 for converting the observed log k values in Table 2 to 
log K data.  Marciniak and Wlazlo34 recently published 
infinite dilution activity coefficients, γsolute

∞, and gas-to-IL 
partition coefficients, K, of water and 61 organic solutes 
dissolved in ([MeoeMPyrr]+[FAP]–) at six temperatures 
from 318 K to 368 K.  Experimental uncertainties in the 
measured values K and γsolute

∞ were reported to be less than 
3 %.  The published experimental data were extrapolated to 
298 K and 323 K by assuming linear ln K versus 1/T 
relationship.  There should be very little uncertainty in the 
extrapolated values because the experimental measurements 
were performed not too far removed both desired 
temperatures, less than in 20 K in most instances.  The 
proportionality constants needed in the Eqn. 7, log P* = 
2.588 for 298 K and log P* = 2.526 for 323 K, for 
([MeoeMPyrr]+[FAP]–) were the calcualted average between 
the measured log k and log K values for 13 common organic 
comounds (e.g., benzene, toluene, ethylbenzene, m-xylene, 
o-xylene, p-xylene, 1-butanol, 1,4-dioxane, ethyl acetate, 
butyraldehyde, 1,4-dioxane, 2-pentanone, 1-nitropropane, 
and pyridine) in the IL data set that were studied by both us 
and Marciniak and Wlazlo. The log P* values for each 
individual solute differed from the average values by less 
than ± 0.03 log units, further suggesting that the 
proportionality constants did remain constant during the 
course of the experimental measurements. 

The Abraham model also describes solute transfer 
between two condensed phases, and in the case of IL 
solvents it is possible to construct a solute transfer process 
between water and the anhydrous IL solvent.  The transfer 
process is akin to a partitioning process (or more specifically 
a hypothetical partitioning process) wherein the ionic liquid 
and water are not in physical contact with each other.  In a 
direct practical partitioning process the two phases would be 
in physical contact, and the solute would be distributed 
between an aqueous phase (saturated with the IL solvent) 
and an IL phase (saturated with water).  For some 
partitioning systems the organic solvent and water are 
almost completely immiscible with each other, and the 
presence of trace water in the organic solvent and trace 
organic solvent dissolved in water has a negligible affect on 

the solute’s partitioning behavior.  In other words, the direct 
practical partition coefficient and indirect hypothetical 
partition coefficient are nearly identical. There has been 
insufficient experimental studies on ionic liquid solvents to 
reach any meaningful conclusions at the present time.  
Hypothetical indirect partition coefficients are still useful in 
that predicted log P values can be converted to log K and 
γsolute

∞ values through standard thermodynamic relationships 

log K = log P + log Kw             (4) 

and 

                                                                                    (5) 

 
where Kw is the solute’s gas-to-water partition coefficients, 
Psolute

o is the vapor pressure of the organic solute at the 
system temperature (T), Vsolvent is the molar volume of the IL 
solvent, and R is the universal gas constant.  The solutes’ 
gas phase partition coefficients into water (KW) needed for 
these calculations are  given elsewhere.15 

The calculated log K and log P values are compiled in 
Table 3 for solutes dissolved in ([MeoeMPyrr]+[FAP]–).  
Log P values are tabulated only for 298 K as we do not have 
experimental values for the solutes’ gas-to-water partition 
coefficients, log Kw, at 323 K.  The log Kw values that we 
have compiled thus far pertain to gas-to-water partitioning at 
298 K36 and 310 K.37  We have listed in Table 4 the 
numerical solute descriptors for the 92 different organic 
compounds examined in the present communication.  The 
solute descriptors are of experimental origin, and were 
determined from experimental gas-liquid and high-
performance liquid chromatographic retention factor data, 
from measured solubility data and Henry’s law constants, 
and from observed practical partition coefficient 
measurements for the equilibrium solute distribution 
between water and an organic solvent.   

Table 3. Logarithm of the gas-to-anhydrous IL partition coefficient, 
log K at 298 K and 323 K and logarithm of the water-anhydrous IL 
partition coefficient, log P, at 298 K for organic solutes dissolved 
in ([MeoeMPyrr]+[FAP]–) 

Solute log K, 

298 K 

log K, 

323 K 

log P, 

298 K 

Based on Thermodynamic Data 

Pentane 1.104  0.816 2.804 

Hexane 1.449 1.120  3.269 

3-Methylpentane 1.416  1.099  3.256 

2,2-Dimethylbutane 1.261  0.966  3.101 

Heptane 1.797  1.416  3.757 

Octane 2.153  1.711  4.263 

2,2,4-Trimethylpentane 1.831  1.446  3.951 

Nonane 2.483  1.999  4.633 

Decane 2.826  2.290  5.146 

Cyclopentane 1.480  1.173  2.360 

Cyclohexane 1.809  1.460  2.709 

Methylcyclohexane 2.006  1.631  3.256 

Cycloheptane 2.291  1.886  2.871 

log log log( )
W

solute solute solven

o

RT
P K

P V t


 
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Table 3 (cont.) 

Cyclooctane 2.733  2.269  3.503 

1-Pentene 1.340  1.032  2.570 

1-Hexene 1.703  1.338  2.863 

Cyclohexene 2.119  1.731  2.389 

1-Heptene 2.046  1.633  3.266 

1-Octene 2.393  1.925  3.803 

1-Decene 3.065  2.501  4.705 

1-Pentyne 1.874  1.503  1.875 

1-Hexyne 2.223  1.799  2.433 

1-Heptyne 2.563  2.094  3.003 

1-Octyne 2.902  2.386  3.422 

Benzene 2.989  2.505  2.359 

Toluene 3.383  2.836  2.733 

Ethylbenzene 3.678  3.090  3.098 

o-Xylene 3.894  3.280  3.234 

m-Xylene 3.771  3.171  3.161 

p-Xylene 3.733  3.137  3.143 

Styrene 4.064  3.439  3.114 

α-Methylstyrene 4.273  3.609  3.313 

Methanol 2.163  1.788  -1.577 

Ethanol 2.431  2.003  -1.239 

1-Propanol 2.762  2.292  -0.798 

2-Propanol 2.545  2.095  -0.935 

1-Butanol 3.143  2.614  -0.317 

2-Butanol 2.876  2.373  -0.514 

2-Methyl-1-propanol 2.973  2.457  -0.327 

tert-Butanol 2.643  2.163  -0.637 

Thiophene 3.042  2.554  2.002 

Tetrahydrofuran 2.881  2.417  0.331 

1,4-Dioxane 3.614  3.056  -0.096 

Methyl tert-butyl ether 2.233  1.818  0.613 

Ethyl tert-butyl ether 2.140  1.721  0.870 

Methyl tert-amyl ether 2.563  2.108  1.093 

Diethyl ether 1.883  1.514  0.713 

Dipropyl ether 2.374  1.930  1.481 

Diisopropyl ether 2.079  1.661  1.029 

Dibutyl ether 3.012  2.476  2.322 

Acetone 3.037  2.576  0.247 

2-Pentanone 3.629  3.072  1.049 

3-Pentanone 3.613  3.060  1.113 

Methyl acetate 2.881  2.410  0.581 

Ethyl acetate 3.136  2.622  0.976 

Methyl propanoate 3.188  2.664  1.038 

Methyl butanoate 3.467  2.904  1.387 

Butyraldehyde 3.055  2.578  0.725 

Acetonitrile 3.344  2.877  0.494 

Pyridine 3.804  3.245  0.364 

1-Nitropropane 4.035  3.457  1.585 

  

Based on Chromatographic Retention Factor 

Data  

 

Acetic Acid 3.523  2.935  -1.387  

Acetophenone 5.388  4.636  2.028  

Aniline 5.402  4.641  1.320  

Benzaldehyde 4.819  4.142  1.869  

Benzene 2.987  2.509  2.357  

Benzonitrile 4.991  4.307  1.901  

Benzyl alcohol 5.399  4.620  0.539  

1-Bromooctane 4.005  3.356  4.385  

Butyraldehyde 3.068  2.583  0.738  

1-Butanol 3.155  2.623  -0.305  

2-Chloroaniline 5.477  4.716  1.877  

1-Chlorobutane  1.972   

1-Chlorohexane 3.078  2.554  3.078  

1-Chlorooctane 3.757  3.133  3.947  

p-Cresol 5.388  4.604  0.888  

Cyclohexanol 4.018  3.391  0.008  

Cyclohexanone 4.491  3.867  0.891  

1,2-Dichlorobenzene 4.133  3.523  3.233  

1,4-Dioxane 3.612  3.054  -0.098  

N,N-Dimethylformamide 5.074  4.395   

Ethyl acetate 3.149  2.629  0.989  

Ethylbenzene 3.684  3.090  3.104  

1-Iodobutane 2.883  2.403  2.703  

Methyl caproate 4.143  3.483  2.313  

Naphthalene 5.477  4.721  3.747  

Nitrobenzene 5.253  4.544  2.233  

2-Nitrophenol 5.212  4.476  1.852  

1-Nitropropane 4.027  3.452  1.577  

1-Octanol 4.527  3.807  1.527  

Octylaldehyde 4.454  3.770  2.774  

1-Pentanol 3.508  2.938  0.158  

2-Pentanone 3.628  3.074  1.048  

Phenetole 4.516  3.834  2.886  

Phenol 5.022  4.295  0.172  

2-Propanol  2.112   

Propionitrile 3.561  3.055  0.741  

Pyridine 3.798  3.241  0.358  

Pyrrole 4.472  3.816   

Toluene 3.380  2.839  2.730  

m-Xylene 3.763  3.165  3.153  

o-Xylene 3.882  3.274  3.222  

p-Xylene 3.728  3.133  3.138  

1-Bromohexane 3.322  2.781  3.449  

Propanoic acid 3.897  3.241  -0.843  

1-Decanol 5.216  4.382  2.546  
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Table 4.  Abraham model solute descriptors of the organic compounds considered in the present investigation 

Solute E S A B L V 

Pentane 0.000 0.000 0.000 0.000 2.162 0.8131  

Hexane 0.000 0.000 0.000 0.000 2.668 0.9540  

3-Methylpentane 0.000 0.000 0.000 0.000 2.581 0.9540  

2,2-Dimethylbutane 0.000 0.000 0.000 0.000 2.352 0.9540  

Heptane 0.000 0.000 0.000 0.000 3.173 1.0949  

Octane 0.000 0.000 0.000 0.000 3.677 1.2358  

2,2,4-Trimethylpentane 0.000 0.000 0.000 0.000 3.106 1.2358  

Nonane 0.000 0.000 0.000 0.000 4.182 1.3767  

Decane 0.000 0.000 0.000 0.000 4.686 1.5176  

Cyclopentane 0.263 0.100 0.000 0.000 2.477 0.7045  

Cyclohexane 0.305 0.100 0.000 0.000 2.964 0.8454  

Methylcyclohexane 0.244 0.060 0.000 0.000 3.319 0.9863  

Cycloheptane 0.350 0.100 0.000 0.000 3.704 0.9863  

Cyclooctane 0.413 0.100 0.000 0.000 4.329 1.1272  

1-Pentene 0.093 0.080 0.000 0.070 2.047 0.7701  

1-Hexene 0.078 0.080 0.000 0.070 2.572 0.9110  

Cyclohexene 0.395 0.280 0.000 0.090 2.952 0.8204  

1-Heptene 0.092 0.080 0.000 0.070 3.063 1.0519  

1-Octene 0.094 0.080 0.000 0.070 3.568 1.1928  

1-Decene 0.093 0.080 0.000 0.070 4.554 1.4746  

1-Pentyne 0.172 0.230 0.120 0.120 2.010 0.7271  

1-Hexyne 0.166 0.220 0.100 0.120 2.510 0.8680  

1-Heptyne 0.160 0.230 0.120 0.100 3.000 1.0089  

1-Octyne 0.155 0.220 0.090 0.100 3.521 1.1498  

Benzene 0.610 0.520 0.000 0.140 2.786 0.7164  

Toluene 0.601 0.520 0.000 0.140 3.325 0.8573  

Ethylbenzene 0.613 0.510 0.000 0.150 3.778 0.9982  

o-Xylene 0.663 0.560 0.000 0.160 3.939 0.9982  

m-Xylene 0.623 0.520 0.000 0.160 3.839 0.9982  

p-Xylene 0.613 0.520 0.000 0.160 3.839 0.9982  

Styrene 0.849 0.650 0.000 0.160 3.908 0.9550  

α-Methylstyrene 0.851 0.640 0.000 0.190 4.290 1.0960  

Naphthalene 1.340 0.920 0.000 0.200 5.161 1.0854  

Methanol 0.278 0.440 0.430 0.470 0.970 0.3082  

Ethanol 0.246 0.420 0.370 0.480 1.485 0.4491  

1-Propanol 0.236 0.420 0.370 0.480 2.031 0.5900  

2-Propanol 0.212 0.360 0.330 0.560 1.764 0.5900  

1-Butanol 0.224 0.420 0.370 0.480 2.601 0.7310  

2-Butanol 0.217 0.360 0.330 0.560 2.338 0.7310  

2-Methyl-1-propanol 0.217 0.390 0.370 0.480 2.413 0.7310  

tert-Butanol 0.180 0.300 0.310 0.600 1.963 0.7310  

1-Pentanol 0.219 0.420 0.370 0.480 3.106 0.8718  

1-Octanol 0.199 0.420 0.370 0.480 4.619 1.2950  

1-Decanol 0.191 0.420 0.370 0.480 5.610 1.5763  

Cyclohexanol 0.460 0.540 0.320 0.570 3.758 0.9040  

Benzyl alcohol 0.803 0.870 0.330 0.560 4.221 0.9160  

Thiophene 0.687 0.570 0.000 0.150 2.819 0.6411  

Tetrahydrofuran 0.289 0.520 0.000 0.480 2.636 0.6223  

1,4-Dioxane 0.329 0.750 0.000 0.640 2.892 0.6810  

Methyl tert-butyl ether 0.024 0.220 0.000 0.550 2.372 0.8718  

Ethyl tert-butyl ether -0.020 0.160 0.000 0.600 2.720 1.0127  

Methyl tert-amyl ether 0.050 0.210 0.000 0.600 2.916 1.0127  

Diethyl ether 0.041 0.250 0.000 0.450 2.015 0.7309  

Dipropyl ether 0.008 0.250 0.000 0.450 2.954 1.0127  

Diisopropyl ether -0.063 0.170 0.000 0.570 2.501 1.0127  
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Table 4. (cont).       

Dibutyl ether 0.000 0.250 0.000 0.450 3.924 1.2945  

Acetone 0.179 0.700 0.040 0.490 1.696 0.5470  

2-Pentanone 0.143 0.680 0.000 0.510 2.755 0.8288  

3-Pentanone 0.154 0.660 0.000 0.510 2.811 0.8288  

Cyclohexanone 0.403 0.860 0.000 0.560 3.792 0.8611  

Methyl acetate 0.142 0.640 0.000 0.450 1.911 0.6057  

Ethyl acetate 0.106 0.620 0.000 0.450 2.314 0.7466  

Methyl propanoate 0.128 0.600 0.000 0.450 2.431 0.7470  

Methyl butanoate 0.106 0.600 0.000 0.450 2.943 0.8880  

Methyl caproate 0.080 0.600 0.000 0.450 3.874 1.1693  

Butyraldehyde 0.187 0.650 0.000 0.450 2.270 0.6880  

Acetonitrile 0.237 0.900 0.070 0.320 1.739 0.4040  

Pyridine 0.631 0.840 0.000 0.520 3.022 0.6753  

1-Nitropropane 0.242 0.950 0.000 0.310 2.894 0.7055  

Acetic Acid 0.265 0.640 0.620 0.440 1.816 0.4648  

Acetophenone 0.818 1.010 0.000 0.480 4.501 1.0139  

Aniline 0.955 0.960 0.260 0.410 3.934 0.8162  

Benzaldehyde 0.820 1.000 0.000 0.390 4.008 0.8730  

Benzonitrile 0.742 1.110 0.000 0.330 4.039 0.8711  

1-Bromohexane 0.349 0.400 0.000 0.120 4.130 1.1290  

1-Bromooctane 0.339 0.400 0.000 0.120 5.143 1.4108  

Butyraldehyde 0.187 0.650 0.000 0.450 2.270 0.6880  

Octylaldehyde 0.160 0.650 0.000 0.450 4.380 1.2515  

2-Chloroaniline 1.033 0.920 0.250 0.310 4.674 0.9390  

1-Chlorohexane 0.201 0.390 0.000 0.090 3.708 1.0764  

1-Chlorooctane 0.191 0.400 0.000 0.090 4.708 1.3582  

p-Cresol 0.820 0.870 0.570 0.310 4.312 0.9160  

1,2-Dichlorobenzene 0.872 0.780 0.000 0.040 4.318 0.9612  

N,N-Dimethylformamide 0.367 1.310 0.000 0.740 3.173 0.6468  

1-Iodobutane 0.628 0.400 0.000 0.150 3.628 0.9304  

Nitrobenzene 0.871 1.110 0.000 0.280 4.557 0.8906  

2-Nitrophenol 1.015 1.050 0.050 0.370 4.760 0.9493  

Phenetole 0.681 0.700 0.000 0.320 4.242 1.0569  

Phenol 0.805 0.890 0.600 0.300 3.766 0.7751  

Propionitrile 0.162 0.900 0.020 0.360 2.082 0.5450  

Pyrrole 0.613 0.910 0.220 0.250 2.792 0.5774  

Propanoic acid 0.233 0.650 0.600 0.450 2.290 0.6057  

 

Results and Discussion 

Ionic liquids can be designed to posses specific physical 
properties and solubilizing abilities through judicious 
selection of the cation-anion pair combination and by adding 
functional groups to the cation alkyl chain.  For instance, 
hydroxy- and ether functionalized ILs have been reported to 
exhibit especially large abilities in regards to solubilizing 
SO2 and CO2.38  Abraham model Eqns. 1 and 2 provide a 
mathematical means to estimate how the partitioning 
behavior of organic compounds and inorganic gases changes 
as one varies the cation-anion combination in the IL.  To 
estimate the partitioning behavior, however, one does need 
knowledge of the two sets of equation coefficients which 
can be obtained by regression analysis of experimental 
partititon coefficient data.  Analysis of the log K and log P 
values in Table 3 yielded the following three correlation 
expressions: 

logK(298)=–0.145(0.060)+2.360(0.055)S + 1.248(0.090)A + 
0.523(0.088)B + 0.629 (0.017)L           (6) 

(R2 = 0.984, SD = 0.137, N = 104, F = 1109) 

logK(323)=–0.262(0.050)+2.158(0.046)S + 1.055(0.075)A + 
0.442(0.073)B + 0.542(0.014)L                         (7) 

(R2 = 0.986, SD = 0.115, N = 106, F = 1773) 

logP(298)=0.130(0.089) + 0.168(0.089)E  + 0.477(0.103)S – 
2.483(0.111)A – 4.245(0.119)B + 3.215(0.077)V        (8) 

(R2 = 0.989, SD = 0.158, N = 102, F = 1778) 

where the standard error in each coefficient in parenthesis 
after the coefficient itself.  All regression analyses were 
performed using SPSS Statistics (Version 20) software.   
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Preliminary analysis showed the (ek,cation + ek,anion)E term to 
be small in logK correlations at both 298 K, (ek,cation+ek,anion) 
=–0.031, and 323 K, (ek,cation + ek,anion)=0.005, and the 
standard error in the term were larger than the coefficient.  
The (ek,cation + ek,anion)E term was removed from the final log 
K regression analyses.  The relevant statistical information is 
given the respective correlation and is as follows:  R2 refers 
to the squared correlation coefficient, SD is the standard 
deviation, N represents the number of data points in the data 
set, and F denotes the Fisher F-statistic.  The number of data 
points employed in the regression analyses is larger than the 
number of solutes studied.  Remember that there were 
thirteen solutes common to our dataset and the dataset 
published by Marciniak and Wlazlo.34 The thirteen common 
solutes were used to determine the proportionality constant, 
P*, needed to convert the measured chromatographic 
retention factor data to gas-to-liquid partition coefficients.  
The derived Abraham model correlations given by Eqns. 6 – 
8 are statistically quite good and back-calculate the observed 
partition coefficients to within 0.16 log units.   

Figure 2 depicts a plot of log K (298 K) values back-
calculated with Eqn. 6 against experimental values covering 
a range of approximately 4.373 log units, from log K=1.104 
for pentane to log K=5.477 for 2-chloroaniline.  A 
comparison of the back-calculated log P values versus 
measured log P data is shown in Figure 3.  As expected the 
deviations in the back-calculated log P values are slightly 
larger than those for the log K correlations because the log P 
values contain the additional experimental uncertainty in the 
gas-to-water data used in the log K to log P conversion. 

 

 

Figure 2.  Comparison between experimental log K (298 K) data 
and predicted values based on Eqn. 6 

 

The derived log K (323 K) correlation can be compared to 
those reported by Marciniak and Wlazlo.34  As noted above 
the authors determined log K correlations based on the 
experimental gas-to-IL partition coefficient data for water 
and 61 organic solutes dissolved in ([MeoeMPyrr]+[FAP]–) 
at six temperatures from 318 K to 368 K. While 323 K was 
not one of the specific temperatures studied by the authors 
one should be able to reasonably assume that a log K 
correlation for 323 K should fall somewhere between the 
reported correlations  

Figure 3.  Comparison between experimental log P (298 K) data 
and predicted values based on Eqn. 8 

logK(318)=–0.355(0.065) –0.049(0.080)E + 2.37(0.08)S + 
1.15(0.12)A + 0.389(0.083)B + 0.580(0.020)L                 (9) 

logK(328)=–0.379(0.061) – 0.039(0.074) + 2.28(0.07)S+ 
1.07(0.11)A + 0.359(0.076)B + 0.552(0.018)L               (10) 

for 318 K and 328 K.  Comparison of Eqns. 7, 9 and 10 
shows that our calculated equation for the logK(323) 
correlation (Eqn. 7) does fall in between Eqns. 9 and 10 
when the combined standard errors in the equation 
coefficients are taken into account.  The slight difference 
between our coefficients and the arithmetic average of the 
coefficients of Eqns. 9 and 10 likely results for the more 
diverse set of solutes used in deriving Eqn. 7 and our 
decision to remove the (ek,cation + ek,anion)E term from the 
derived correlation.  Our dataset (see Table 3) contains 104 
experimental data points and includes two carboxylic acid 
solutes (acetic acid and propanoic acid), three phenolic 
compounds (phenol, 2-nitrophenol and p-cresol), two 
primary amine solutes (aniline and 2-chloroaniline), several 
halogenated alkanes (1-chlorobutane, 1-chlorohexane, 1-
chlorooctane, 1-iodobutane, 1-bromohexane, 1-bromo-
octane), and several substituted aromatic benzene 
derivatives (acetophenone, benzaldehyde, phenetole, 
benzonitrile, nitrobenzene, phenetole, benzyl alcohol and 
1,2-dichlorobenzene).  Careful examination of Eqns. 9 and 
10 shows that the summed (ek,cation + ek,anion) coefficient is 
small, and that the standard error in the coefficient is larger 
than the coefficient.  Unlike us, Marciniak and Wlazlo34 
elected to retain the term in their log K correlation.   

In order to validate and to assess the predictive 
capabilities and limitations of Eqns. 6 – 8 we performed a 
training set and test set analysis by allowing the SPSS 
software to randomly select half of the experimental data 
values.  The selected values became the training sets and the 
values that were left served as the test sets.  By performing 
regression analyses on the experimental data in the two log 
K and one log P training sets, we obtained the following 
three mathematical correlations: 

logK(298)=–0.257(0.075) + 2.466(0.077)S +1.469(0.174)A 
+ 0.358(0.127)B + 0.661(0.021)L              (11) 

(R2 = 0.989, SD = 0.117, N = 52, F = 1034) 
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logK(323)=– 0.225(0.092) + 2.166(0.080)S+ 1.063(0.140)A 
+ 0.407(0.119) B + 0.526(0.028)L              (12) 

(R2 = 0.983, SD = 0.125, N = 53, F = 709) 

logP(298)=0.220(0.120) + 0.156(0.117)E+ 0.472(0.140)S – 
2.496(0.149)A– 4.292(0.158)B + 3.146(0.098)V      (13) 

(R2 = 0.989, SD = 0.148, N = 51, F = 937) 

Again the (ek,cation + ek,anion)E term was eliminated from the 
two log K correlations because the calculated coefficients 
were small. 

Careful examination of Eqns. 6 – 8 and Eqns. 11 – 13 
reveals that to within the standard errors in the equation 
coefficients, the training set equation coefficients are 
identical to the equation coefficients for the full data sets.  
The training set expression were then used to estimate the 
gas-to-IL partition coefficients for the 52 and 53 compounds 
in the log K test sets, and the water-to-IL partition 
coefficients of the 51 compounds in the log P test set.  For 
the estimated and experimental values we found: SD values 
of 0.135, 0.102 and 0.170; average absolute error (AAE) 
values of 0.116, 0.090 and 0.125; and average error (AE) 
values of     –0.025, 0.040 and –0.014 for Eqns. 11 – 13, 
respectively.  The small AE values indicate that there is 
essentially no bias in predicting these log K and log P values.  
The training set and test set calculations were performed two 
more times with very similar statistical results.  

The derived Abraham model correlations are expected to 
provide reasonably accurate partition coefficient predictions 
for additional organic compounds in anhydrous 
([MeoeMPyrr]+[FAP]–) provided that the solute’s 
descriptors values fall with the range of values defined by 
the compounds listed in Table 4.  As an informational note, 
small gaseous solutes like methane, ethane, ethene, carbon 
dioxide, sulfur dioxide, etc. would not be included in the 
above descriptor range because their V and L solute 
descriptors are too small.  We were not able to find gas 
solubility data for these small solutes dissolved in anhydrous 
([MeoeMPyrr]+[FAP]–).  In regards to the log P predictions 
Eqn. 8 pertains to the hypothetical water-to-anhydrous 
([MeoeMPyrr]+[FAP]–) partitioning process.  We do not 
know how effective the equation will be in predicting 
practical water-to-([MeoeMPyrr]+[FAP]–) partition 
coefficients as there has been very little previous studies 
comparing direct practical partitioning processes against the 
indirect hypothetical paratitioning processes.   

Nakamura et al.39 determined the partition coefficients of 
several substituted benzenes between water and three ionic 
liquids (1-butyl-3-methylimidazolium bis(trifluoromethyl-
sulfonyl)imide, ([BMIm]+[Tf2N]–), 1-butyl-1-methylpyrroli-
dinium bis(trifluoromethylsulfonyl)imide, ([BMPyrr]+ 

[Tf2N]–), and 1-butyl-3-methylimidazolium hexafluoro-
phosphate, ([BMIm]+[PF6]–)) for use in liquid-liquid 
extractions.  There is hypothetical indirect partition 
coefficient data18,40 for several of the solutes studied by 
Nakamura et al. in both ([BMIm]+[Tf2N]–) and 
([BMIm]+[PF6]–) based on measured gas-to-IL and gas-to-
water partition coefficient data.  We have assembled in 
Table 5 the solutes for which we were able to find both 
direct and indirect log P values.  There is an average 
difference between the two sets of log P values of 0.072 and 

-0.104 log units, respectively,  in the case of 
([BMIm]+[Tf2N]–) and ([BMIm]+[PF6]–).  For ([BMIm]+ 

[Tf2N]–) the direct partition coefficients are slightly larger 
than the indirect values, and for the ([BMIm]+[PF6]–) the 
indirect values are slightly larger.  The water and ([BMIm]+ 

[PF6]–) system does exhibit some mutual solubility, the 
solubility of water in ([BMIm]+[PF6]–) is 0.26 mole fraction 
and the solubility of ([BMIm]+[PF6]–) in water is 0.00042 
mole fraction.41  The water and ([BMIm]+[Tf2N]–) system 
exhibits similar mutual solubility.  The solubility of water in 
([BMIm]+[Tf2N]–) is 0.26 mole fraction, while the solubility 
of ([BMIm]+[Tf2N]–) in water is 0.000307 mole fraction.42  
While there is no published practical partition coefficient 
data for ([MeoeMPyrr]+[FAP]–) for us to compare our 
experimental indirect and predicted indirect log P values 
against; however there is a reasonable possibility that, like 
water-to-organic solvent solute partitioning behavior, Eqn. 8 
may provide reasonable predictions for direct water-to-
([MeoeMPyrr]+[FAP]–) log P values, provided that the 
mutual solubility in this partitioning system is not too large.   

Table 5.  Comparison of practical direct and hypothetical indirect 
water-to-([MeoeMPyrr]+[FAP]–) partition coefficients for select 
organic solutes at 298 K 

Solute log P 

(direct) 

log P 

(indirect) 

Diff. 

IL = ([BMIm]+[Tf2N]-)    

Benzene 2.344 2.253 0.091 

Toluene 2.700 2.553 0.147 

o-Xylene 3.048 2.977 0.071 

m-Xylene 3.060 2.985 0.075 

p-Xylene 3.067 2.991 0.076 

Acetophenone 1.987 2.011 -0.024 

Aniline 1.550 1.478 0.072 

Benzyl alcohol 0.940 0.874 0.066 

1,2-Dichlorobenzene 3.200 3.290 -0.090 

Nitrobenzene 2.257 2.091 0.166 

    

IL = ([BMIm]+[PF6]-)    

Benzene 2.220 2.137 0.083 

Toluene 2.480 2.402 0.078 

o-Xylene 2.773 2.977 -0.204 

m-Xylene 2.775 2.832 -0.057 

p-Xylene 2.780 2.739 0.041 

Acetophenone 1.924 2.056 -0.132 

1,2-Dichlorobenzene 2.960 3.359 -0.399 

Nitrobenzene 2.245 2.483 -0.238 

As noted above, the equation coefficients represent a 
cation-anion sum.  It is possible to calculate the equation 
coefficients for an individual cation if the anion values are 
known, and vice versa.  In the present case the [FAP]–-
specific equation coefficients of ck,anion = 0.179; ek,cation = –
0.015; sk,anion = 0.063; ak,anion = –1.314; bk,anion = 0.328 and 
lk,anion = –0.053 are known from a previous study.43  The 
above [FAP]–-specific equation coefficients pertain to the 
log K Abraham model correlation for 298 K.  The equation 
coefficients for the [MeoeMPyrr]+ cation are obtained by 
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subtracting the existing [FAP]–-specific equation 
coefficients from the values given in Eqn. 6.  Performing the 
indicated subtractions, the following numerical values are 
computed: ck,cation = –0.324; ek,cation = 0.015; sk,cation = 2.297; 
ak,cation = 2.562; bk,cation = 0.285; and lk,cation = 0.682 for the 
[MeoeMPyrr]+ cation.  Similarly, numerical values for the 
[MeoeMPyrr]+ cation for the log P(298 K) correlation would 
be calculated by subtracting the published values43 of cp,anion 
= 0.132; ep,anion = –0.171; sp,anion = 0.121; ap,anion = –1.314; 
bp,anion = 0.244; and vp,anion = –0.107 for the [FAP]– anion 
from the coefficients given in Eqn. 8. 

Conclusion 

The present study increases the number of cations for 
which we have calculated ion-specific equation coefficients 
by one, from 21 different cations to 22 different cations, and 
permits the estimation of log K and log P values for an 
additional 14 ILs.  We can now predict the partitioning 
behaviour of organic solutes dissolved in 1-(2-
methoxyethyl)-1-methylpyrrolidinium bis(trifluoromethyl-
sulfonyl)imide, 1-(2-methoxyethyl)-1-methylpyrrolidinium 
tetrafluoroborate, 1-(2-methoxyethyl)-1-methylpyrrolidi-
nium hexafluorophosphate, 1-(2-methoxyethyl)-1-methyl-
pyrrolidinium trifluoroacetate, 1-(2-methoxyethyl)-1-
methylpyrrolidinium  tetracyanoborate, 1-(2-methoxyethyl)-
1-methylpyrrolidinium dicyanamide, 1-(2-methoxyethyl)-1-
methylpyrrolidinium tris(pentafluoroethyl)trifluorophos-
phate, 1-(2-methoxyethyl)-1-methylpyrrolidinium bis(penta-
fluoroethylsulfonyl)imide, 1-(2-methoxyethyl)-1-methyl-
pyrrolidinium thiocyanate, 1-(2-methoxyethyl)-1-methyl-
pyrrolidinium nitrate, 1-(2-methoxyethyl)-1-methylpyrroli-
dinium ethylsulfate, 1-(2-methoxyethyl)-1-methylpyrroli-
dinium octylsulfate, 1-(2-methoxyethyl)-1-methylpyrroli-
dinium diethylphosphate, and 1-(2-methoxyethyl)-1-methyl-
pyrrolidinium methanesulfonate. Future studies will 
measure chromatographic retention factors for solutes on 
more ionic liquid stationary phases in order to determine 
ion-specific equation coefficients for additional cations and 
anions. 
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The production of phosphoric acid and/or calcium monohydrogenphosphate from Sebaiya phosphate ore was investigated by leaching with 

nitric acid. Various factors affecting the process such as particle size, leaching time, leaching temperature, phosphate rock/HNO3 ratio and 

mixing stirring speed and temperature have been studied to estimate the favor phosphate ore dissolution in relation to impurity. These 

parameters were fixed at a leaching time of 16 min, stirring speed of 400 rpm, temperature of 25 oC, nitric acid concentration of 2.5 % and 

acid/phosphate ore mass ratio of 25 ml/5 g. The produced aqueous acidic solution was neutralized in such a way that a pure calcium 

monohydrogenphosphate, CaHPO4, is precipitated to be used as animal fodder. The production efficiency was 97.2 %. 
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Introduction 

Phosphoric acid (H3PO4) is the secondary most important 
inorganic acid  after sulfuric acid produced over the world. 
It is primarily used for the manufacture of phosphate salts, 
which are used in fertilizers, animals fodder production and 
detergents.  

The composition of phosphate ores varies from one 
deposit to another. Therefore, phosphate rocks from 
different sources are expected to behave differently in 
acidification processes. Phosphate ores are of two major 
geological origins, igneous and sedimentary. The phosphate 
minerals in both types of ore are of the apatite group, of 
which the most commonly encountered variants are; 
fluorapatite, Ca10(PO4)6(F,OH)2 and francolite, 
Ca10(PO4)6(CO3)x(F,OH)2-x), where fluorapatite predomina-
tes in igneous phosphate rocks and francolite predominates 
in sedimentary phosphate rocks.1 

Phosphate ores occur in Egypt in three main provinces, 
Western desert, Nile valley, and Red sea. Added to these are 
some phosphate- bearing sediments present in Wadi Qena, 
Wadi Araba, Esh El-Mallana range and Sinai.2,3  

Phosphoric acid can be prepared by two methods, thermal 
and wet processes. The acid produced by thermal method is 
extremely pure; however, it is also expensive. The wet 
process which is based on the acidification of phosphate 
ores using any mineral acid is the more popular as a result of 
the increased demand for high-grade fertilizers, and the 
energy saving in the wet processes compared with thermal 
process.4 

The wet process presents 90% of the world current 
phosphoric acid production. In this process, there are three 
possible subgroups depending on the mineral acid that is 
used for the acidification. This may be sulfuric acid,5,6 
hydrochloric acid7,8 or nitric acid.9-11  

When phosphate rock is treated with nitric acid, 
phosphoric acid and soluble calcium nitrate are formed 
according to the following equation:  

Ca10F2(PO4)6 + 20 HNO3 → 6H3PO4 + 10 Ca(NO3)2 + 2 HF 

The process includes first acidulating of crushed 
phosphate rock in a reaction mixture vessel with excess 
nitric acid. The nitric acid concentration should be between 
40 and 70%. The reaction temperature is at 120 - 130 °C and 
the reaction time ranges from 1 to 2.5 hrs. The product 
phosphoric acid contains from 55 - 72 % P2O5.12-15 Food 
grade calcium phosphate has successfully produced from 
phosphoric acid produced by Abu-Zaabal Fertilizers 
and Chemicals Company by two steps. The first step 
includes clarification and defluorination of crude phosphoric 
acid. The second step includes the precipitation of food 
grade calcium phosphate by using different calcium salts as 
calcium oxide, calcium hydroxide and calcium carbonate.16 
The production of calcium monohydrogenphosphate for use 
as animal fodders, by direct acidulation of phosphate rock 
with mineral acids has long been a goal of the fertilizer 
industry, since it use much less mineral acid consumption 
than by conventional other processes.17-20 

The aim of the present work is to investigate different 
conditions as particle size, leaching time, leaching 
temperature, phosphate rock/HNO3 ratio and mixing speed 
(rpm) that affect the production of phosphoric acid and/or 
the phosphate salt from Sebaiya phosphate ore by attacking 
with nitric acid to estimate the favor phosphate ore leaching 
in relation to an impurity and direct production for calcium 
monohydrogen phosphate (DCP).  
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Experimental 

Materials 

HNO3 (MERCK, Germany), H2SO4 (FLUKA, 
Switzerland) and H3PO4 (BDH, England) were chemical 
reagents grade. CaCO3 and Ca(OH)2 from El-Nasr 
Pharmaceutical Chemicals (ADWIC, Egypt) were used as a 
source of calcium ions. A composite sample of Sebaiya 
phosphate ore was delivered from Abu-Zaabal Fertilizers. 
The chemical analysis of the phosphate rock is shown in 
Table 1.  

Table 1. Chemical analysis of Sebaiya phosphate ore 

Constituent % 

P2O5 28.6 

CaO 47.4 

Fe2O3 2.3 

F 2.9 

SiO2 6.5 

Constituent mg/kg 

Cd 3.30 

Pb 25.80 

As 30.5 

Apparatus 

All reactions were carried out in a cylindrical 1 L reactor 
of 10 cm diameter. It was fitted with Teflon-coated stirrer 
and placed in thermostatically controlled water bath. The 
impeller tip speed was adjusted at 400 rpm unless otherwise 
stated. Filtration was performed using Buchner type filter of 
4.6 in. diameter. Polypropylene filter cloth of 80 mesh 
aperture size was used. A vacuum pump was used for 
filtration. 

Procedure 

The phosphate ore sample was crushed with a jaw crusher 
and sieved using ASTM standard sieves to collect various 
size fractions for analysis. All the sieved samples were dried 
in an electric oven at 105 oC, cooled to room temperature 
and stored in a closed desiccator. These sample fractions 
were analyzed for P2O5 content as shown in Table 2. 

For each run 5 g of phosphate sample was transferred with 
the proper determined amount of nitric acid solution into the 
reactor. Defoamer (oleic acid) is added when necessary. 
After the desired reaction time, the leach slurry was 
immediately separated by filtration. The remaining solids 
were dried and weighed. In the filtrate the P2O5 content was 
determined by a colorimetric method (spectrophotometer 
type Shimadzu UV 1208, ammonium molybdate and 
ammonium metavanadate were used for P2O5 analysis).  

CaHPO4 experiments were carried out by adding 4 g of 
calcium carbonate to the proper amount of acidulate solution 
into the reactor. After the desired reaction time, the 
produced CHP was filtrated, dried and weighted. P2O5 
content was determined in both CHP and the precipitation 
raffinate solution by colorimetric method 
(spectrophotometer type Shimadzu UV 1208, ammonium 
molybdate and ammonium metavanadate were used for P2O5 
analysis). 

Table 2. Sieve analysis and P2O5 content of phosphate ore 
fractions 

Fraction  

No. Size,  

µm 

Weight,  

kg 

Recovery, 

% 

P2O5,  

wt. % 

1 1180 5.00 100.0 28.60 

2 1180–1000 0.519 10.38 26.10 

3 750– 710 0.731 14.62 28.40 

4 600–500 0.741 14.82 29.59 

5 420–315 1.000 20.00 29.76 

6 315–250 0.764 15.28 30.06 

7 250–160 1.215 24.30 30.40 

The recovery (, in %) of P2O5 was calculated by the 
following equation: 

 

 

 

 

The precipitation efficiency ( was calculated by: 

Results and Discussion 

Nitric Acid Leaching Investigation 

The results obtained when Sebaiya phosphate ore was 
subjected to leaching with nitric acid solution under the 
following parameters:  particle size, reaction time, reaction 
temperature, nitric acid concentration, HNO3/phosphate ore 
mass ratio and stirring speed. 

Effect of particle size 

The effect of particle size on the phosphate ore leaching 
process was studied using particle size fractions ≤ 1180, 
750- 700, 600- 500, 420- 315, 315- 250, 250- 150 and 160- 
63 µm. The results in Table 3 relating the P2O5 recovery % 
and particle size clarify that, the phosphate ore fractionation 
has a slight effect on the P2O5 recovery %, where the 
difference in P2O5 recovery % between the largest particle 
size (≤ 1180 µm) and the smallest (160 – 63 µm) is less than 
1 %.  

Table 3. Effect of particle size on P2O5 recovery % from phosphate 
ore at 16 min, 25 oC, 400 rpm, 1.0 M HCl and L/S 20 ml/ 5 g. 

Fraction, µm P2O5 leaching % 

≤ 1180 20.5 

1180 - 1000 15.9 

750 – 710 17.2 

600 – 500 17.5 

420 – 315 20.6 

315 – 250 20.8 

250 – 160 20.9 

160 – 63 20.5 

dissolved P O amount52100
total P O amount in the rock52

  

2 5

2 5

amount of P O in produced DCP
χ = 100×

total amount of P O in the acidulatesolution
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Therefore, all investigations were carried out with particle 
size fractionation ≤ 1180 µm to cancel mid cost. 

Effect of reaction time 

To study the effect of leaching time on phosphate ore 
leaching by 10 % nitric acid, several experiments were 
carried at different times (1.0-60 min) at 25 oC; stirring 
speed of 400 rpm; L/S mass ratio of 25 ml/5 g and particle 
size ≤ 1180 µm. The results given in Figure 1 clearly show 
that, as the time increases from 1.0 to 15 min, the 
leaching % of P2O5 increases from 73.80 to 91.23 % 
meaning that the reaction is fast. After 15 min, there is a 
slight increase in the reaction %. Therefore, 15 min is taken 
as optimum to maximize the phosphate ore leaching by 
nitric acid.  

Figure 1. Effect of reaction time on P2O5 leaching % from 
phosphate ore at room temperature, a stirring speed of 400 rpm, an 
acid concentration of 10 %, L/S mass ratio 25 ml/5 g and a particle 
size ≤1180 µm. 

Effect of acid concentration 

The effect of nitric acid concentration on the phosphate 
ore leaching process was studied at different concentrations 
(2.5 – 20 %) at 15 min, 400 rpm, 25 oC, particle size fraction 
of ≤ 1180 µm, and L/S of 25 ml/5 g. The experimental 
results (Fig. 2) clarify that, as the acid concentration 
increases from 2.5 to 10 %, the P2O5 recovery increases 
from 20.63 to 91.23 %; further increase shows slight effect. 
This may be due to the increase of H+ concentration 
increases the number of collisions with PO4

-3 or the H+ ions 
collisions with PO4

-3, HPO4
-2, H2PO4

- in aqueous phase. 
Therefore, 10 % nitric acid is preferred for the phosphate ore 
dissolution process. 

Effect of reaction temperature 

The effect of reaction temperature on the leaching process 
was investigated at 25 - 60 oC, 15 min, 400 rpm, acid 
concentration 10%, particle size fraction ≤ 1180 µm, and 
L/S mass ratio 25 ml/5 g. The results given in Fig. 3 indicate 
that the reaction temperature has a slight effect on the 
reaction rate. Therefore, room temperature (25 oC) is 
preferred for the leaching process.  

Effect of stirring speed 

The leaching process was performed using 10 % nitric 
acid with different stirring speed ranging from 200 to 600 
rpm and reaction time of 15 min, L/S mass ratio of 25 ml/5g,  

Figure 2. Effect of acid concentration on P2O5 leaching % from 
phosphate ore at a room temperature, for time 15 min, a stirring 
speed of 400 rpm, L/S mass ratio 25 ml/ 5 g and a particle size ≤ 
1180 µm. 

Figure 3. Effect of reaction temperature on P2O5 leaching % from 
phosphate ore for time 15 min, a stirring speed of 400 rpm, an acid 
concentration of 10 , L/S ratio 25 ml/ 5 g and a particle size ≤ 1180 
µm. 

temperature 25 °C and particle size fraction of ≤ 1180 µm to 
study the effect of mechanical stirring speed on the leaching 
process. The results in Fig. 4 reflect slight effect. 
Accordingly, all experiments were carried out at 400 rpm. 

Figure 4. Effect of  mixing stirring speed on P2O5 leaching % from 
phosphate ore at L/S mass ratio 25 ml/ 5 g, a room temperature, for 
time 15 min, an acid concentration of 10%, and a particle size ≤ 
1180 µm. 

Effect of HNO3/phosphate rock mass ratio 

The effect of nitric acid volume to phosphate ore mass 
ratio was studied within the range from 2 ml/1 g to 6 ml/1 g. 
Figure 5 shows that, as the liquid/solid ratio increases from 
2/1 to 6/1, the recovery % of P2O5 increases from 36.21 to 
96.50 % meaning that the decrease of bulk density (increase 
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volume/solid ratio) increases the P2O5 leaching %. The 
volume/solid mass ratio of 6 ml/1 g is the optimum ratio. 

Figure 5. Effect of HNO3: phosphate ore ratio on P2O5 leaching % 
from Phosphate ore at mixing stirring speed of 400 rpm, a room 
temperature, for time 15 min, an acid concentration of 10 %, and a 
particle size ≤ 1180 µm. 

Specification of leached H3PO4 

From the aforementioned investigation on leaching 
Sebaiya phosphate ore by HNO3, a leaching experiment was 
carried out at phosphate ore particle size ≤ 1180 µm, 
leaching nitric acid concentration of 10 %, L/S mass ratio 6 
ml/1 g, leaching reaction time 15 min, and mixing speed 400 
rpm at room temperature. Accordingly, 600 ml of 10% 
HNO3 was added to 100 g of phosphate ore of particle size 
fraction of ≤ 1180 µm and stirring for 15 min at room 
temperature. After filtration, the obtained acidulated 
solution was analyzed and the results obtained are given in 
Table 4. 

Table 4. The chemical analysis of the produced acidulated 
phosphoric acid solution 

Constituent Mass, g Constituent C, ppm 

P2O5 27.55 Cd 0.65 

Fe2O3 1.41 Pb 2.51 

F 1.10 As 6.00 

Precipitation of Calcium monohydrogenphosphate 

Calcium carbonate was used as calcium source to 
precipitate calcium monohydrogenphosphate from the 
produced acidic solution according to the following 
equation: 

CaCO3 + H3PO4 + H2O → CaHPO4.2H2O + CO2 ↑ 

The parameters affecting the calcium 
monohydrogenphosphate precipitation efficiency such as 
mixing time, acidulated solution to calcium carbonate mass 
ratio, reaction temperature and reaction stirring speed were 
optimized. 

Effect of mixing time 

The precipitation of calcium monohydrogenphosphate 
from the produced acidic solution was studied at different 
mixing times (1-60 min). The obtained results are given in 

Fig. 6 which clarify that as the mixing time increases (1-15 
min), the precipitation efficiency increases from 5.6 to 68.1  

Figure 6. Effect of mixing time on calcium monohydrogen 
phosphate 

and further increase in mixing time has a slight effect on the 
precipitation efficiency.  Therefore, 15 min is preferred for 
calcium monohydrogenphosphate precipitation process. 

Effect of acidulate solution to calcium carbonate mass ratio 

The effect of acidic solution/calcium carbonate mass ratio, 
L/S on calcium monohydrogenphosphate precipitation 
process was investigated within the range (50 ml/3.0 g-50 
ml/6.0 g) at 15 min, stirring speed of 400 rpm, and at room 
temperature. The results in Fig. 6 indicate that, by increasing 
the acidic solution/calcium carbonate ratio from 50 ml/3.0 g 
to 50 ml/6.0 g, an increase in the precipitation efficiency 
was observed from 22.08 to 99.3 % and by further increase, 
a slight effect was noticed. The optimum ratio is 50 ml/4.0 g. 

 

Figure 7. Effect of acidic solution/calcium carbonate mass ratio, 
L/S on calcium monohydrogen phosphate precipitation%. 

Effect of reaction temperature 

The process was carried out at different temperatures (20 - 
60 oC) for 15 min, stirring speed of 400 rpm and acidulate 
solution/calcium carbonate mass ratio was 50 ml/4 g. Figure 
8 shows a slight effect on the precipitation efficiency (20 - 
40 oC) while at 40 - 60 oC, the precipitation efficiency 
decreases. This could be due to the solubility of calcium 
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monohydrogenphosphate precipitate again at high 
temperature. Therefore, room temperature is preferred.  

Figure 8. Effect of temperature on calcium monohydrogen 
phosphate precipitation % 

Effect of mixing stirring speed 

The effect of mixing stirring speed was assayed in the 
range of 200 to 800 rpm on the calcium 
monohydrogenphosphate precipitation. The results in Fig. 9 
indicate that, as the speed increases from 200 to 800, the 
precipitation efficiency increases from 72.5 to 78.60 
meaning that the speed has a slight increase in calcium 
monohydrogenphosphate precipitation %. Accordingly, 400 
rpm is suitable.      

Figure 9. Effect of mixing stirring speed on calcium 
monohydrogenphosphate precipitation% 

 

Table 5. Calcium monohydrogenphosphate produced from 
addition of 100 g of calcium carbonate to 1000 ml of acidulate 
solution for 15 min at room temperature and stirring speed was 400 
rpm according to ISO-9001:2000 standard. 

* According to ISO-9001:2000 standard.   

Developed CHP production flow sheet 

Based on the aforementioned investigation, a process for 
CHP production was developed. In this respect, 1000 ml of 
the produced acidulate solution was reacted with 100 g of 
calcium carbonate by mixing at 400 rpm for 15 min at room 
temperature. The precipitate was filtered and dried at 105 oC 
for 5 h. Analysis of the product is given in Table 5 together 
with the standard quality of CHP given in the ISO-9001: 
2000. From this table, it is clear that the specification of 
CHP produced by the developed method is combatable with 
ISO-9001: 2000 specifications. 

Conclusion 

The preferred leaching conditions for Sebaiya  phosphate 
ore of particle size ≤ 1180 µm were HNO3 (10%), 
temperature (25 oC), HNO3/Sebaiya phosphate ore mass 
ratio (6 ml/1 g), stirring speed (400 rpm) and mixing period 
(15 min). The leaching efficiency was 96.5%. Calcium 
monohydrogenphosphate from the produced acidulate 
solution was successfully precipitated using calcium 
carbonate. The precipitation efficiency was 97.2% using 
acidulate solution/calcium carbonate mass ration of 10, 
stirring time of 15 min, stirring speed of 400 rpm and at 25 
oC.  The specification of the produced CHP is combatable 
with the ISO-9001: 2000 specifications. 
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Introduction 

Phosphorus was the first element to be discovered in 1669 
by Henning Brand in the most unusual manner by boiling 60 
buckets of urine. Phosphorus is the combination of two 
Greek words, phos and phorus which means light bringing, 
because it shines in the dark when exposed to the air. 
Phosphorus does not exist in the elemental form. It is 
eleventh element in order of abundance in earth's crust 
because the phosphate rocks, the source of phosphorus, 
occupy about 0.1% of earth’s crust. It is used in the 
production of insecticides or as addictive of industrial oils. 

The formula, structural formula, basicity, and oxidation 
state of P in the known oxy acids of phosphorus are as given 
below. The bold notations for the first three oxy acids have 
been used throughout the text instead of their names.  

The tribasic orthophosphoric acid, PO(OH)3, is popularly 
known as phosphoric acid. It is manufactured by treating the 
rock phosphate, Ca3(PO4)2, either in nitric or sulfuric acid. 
Its main use is in the production of superphosphate fertilizer, 
Ca(H2PO4)2·H2O by treating phosphate rock with concent-
rated phosphoric acid. It is also used in the soft drinks and to 
produce phosphate compounds. Calcium phosphate is used 
in tooth paste. Trisodium phosphate (Na3PO4) is used as a 
water softener and cleaning agent. The sodium 
polyphosphate is used in the production of synthetic 
detergents. Some condensed phosphates are used in 
industrial water treatment.  

The dibasic phosphorous acid also known as phosphonic 
acid, HPO(OH)2, is used in water treatment, and as pesticide 
in controlling variety of microbial plant diseases. The acid 
and the phosphite salts are used in the pharmaceutical 
industry as antioxidant, stabilizer and chelating agent in 
plastic system, as solvent in paint and as flame retardant on 
fibres, optical brighteners and in lubricant additives and 
adhesives. It is also used as corrosion resistant and a review 
on its inhibitory action has been recently published.1 

The monobasic hypophosphorous acid, H2PO(OH),  also 
named as phosphinic acid, is mainly used in the electro less 
plating; i.e. deposition of select metal films from solution on 
a sensitized surface and in pharmaceutical industry.

 

       Name of the oxy acid  Formula   Structural formula  Basicity    Oxidation state of P  

  -------------------------------------------------------------------------------------------------------------------------------------------- 

Hypophosphorous acid  H3PO2 (P1)   H2PO(OH)    monobasic   +1 

  or Phosphinic acid  

Phosphorous acid  H3PO3 (P3)   HPO(OH)2    dibasic   +3  

  or Phosphonic acid 

  Phenylphosphinic acid  C6H5H2PO2 (PPA) C6H5HPO(OH)   monobasic    +1 

Orthophosphoric acid  H3PO4    PO(OH)3    tribasic acid  +5 

Metaphosphoric acid  HPO3    O←PO(OH)   monobasic   +5 

Hypophosphoric acid  H4P2O6    (HO)2OP-PO(OH)2  tetrabasic   +5 

Pyrophosphoric acid  H4P2O7    (HO)2OP-O-PO(OH)2    tetrabasic   +5 

-------------------------------------------------------------------------------------------------------------------------------------------- 
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Its other uses are in the treatment of water, in preventing 
discoloration of polymers, in preserving the meat, in 
retrieval of precious or non-ferrous metals. It is used in 
bleaching agent and as antioxidant.  

Thus, both hypophosphorous and phosphorous acid and 
their salts are reducing agents. The oxidation of these acids 
and their anions by different metal ions and some organic 
oxidants has been consistently investigated in past years. 
The results of such investigations are reviewed here, perhaps, 
for the first time. 

It would be in place to summarize the earlier structures 
assigned to hypophosphorous acid, P1. The first structure, 
H-P(OH)2 containing two hydroxyl groups attached to a 
trivalent phosphorus atom, was suggested  on measurements 
of magnetic susceptibility of several inorganic and organic 
phosphorus compounds.2 The second structure, H+(H2PO2)–, 
was  suggested  on the basis of a Raman study of several 
oxygen containing phosphorus compounds. 3  The third 
structure, H2P(=O)-(OH), having one hydroxyl group, a 
phosphoryl oxygen and two P-H bonds,  i.e. a pentavalent 
phosphorus atom, was the result of the study of NMR spin-
spin splittings of aqueous H3PO2 so1utions.4 

A C1 molecular model with pentavalent phosphorus atom 
in a highly hydrogen-bonded structure was suggested by the 
study of the infrared spectra of crystalline P1 and D3PO2 at 
liquid air temperature. The KH2PO2, NaH2PO2, NH4PO2 and 
Ca(H2PO2)2 and the corresponding deuterated salts and the 
respective anions were assigned structure on the basis of C2v 
symmetry except the calcium salt which had a 
hypophosphite ion of C1 symmetry.5   

‘Active’ ‘Inactive’ Tautomers 

Steele considered equation (1) to represent the rate 
determining step in the iodine oxidation of P1, which was 
consistent with the first order dependence in P1. In the fast 
step, electrons were taken up by iodine to form the iodide 
ions consistent with the zero order dependence in iodine.6 
The autocatalytic nature of the reaction with respect to H+ 
ions at low concentrations is self-explanatory with the 
formation of the H+ ion in equation (1).  

            H2PO2
– + H2O  →  HPO3

2 + 3H+ + 2e          (1) (1) 

The possibility of the formation of an intermediate 
addition compound P1I2 in the slow step was excluded 
because its assumption would have required a first order 
dependence in iodine which would have been inconsistent 
with the observed order in iodine. 

In a subsequent investigation of the oxidation of P1 with I2, 
Mitchell concluded that these reactions were similar in 
nature, and that the hypothesis of the presence of free ionic 
charges, advanced by Steele,6 was unnecessary in view of 
the hypothesized equilibrium between P1 and H5PO3. The 
latter, formed by P1 and H2O in a small quantity, was 
termed as the ‘active’ form which reacted rapidly with I3

. 
The rate determining step was the H+ ion catalyzed 
formation of the ‘active’ form.7 Mitchell provided support 
for this idea subsequently in a series of publications that 
would be discussed afterwards. 

 
The ‘active’ form of P1 is no more represented as H5PO3. 

The well documented exchange studies, described hereafter, 
have confirmed the existence of ‘inactive’ and ‘active’ 
forms of P1. The respective structures are shown in equation 
(2). 

 

                 (2) 

 

 

Isotopic exchange studies  

The study of isotopic exchange of phosphorus, using 
radioactive P, in the system P1-P3 or H2PO2

-H2PO3
 in 

aqueous solution in the presence or absence of I or I ion 
indicated that no exchange took place in several hours at 
room temperature or 70 °C. 8  The result was unexpected 
because exchange between As3+ and As5+ had been observed 
in the I2 oxidation of H3AsO3 to H3AsO4 in acid solution 
using radioactive As3+ through iodine-iodide reduction.9 The 
contradiction was resolved by assuming the existence of two 
tautomeric forms, shown in equation (2). The rate of 
oxidation by I2 was controlled by the rate of conversion of 
the ‘inactive’ (normal) into the ‘active’ form which was 
oxidized fast. The reverse reduction of P3 followed the 
same mechanism.8 Thus the explanation was similar to that 
proposed by Mitchell.7 The kinetics of the IO3

 ion 
oxidation of P1 also supported that the rate of conversion of 
the ‘inactive’ to ‘active’ form controlled the rate of 
oxidation.10  

A study on H-D exchange between D2O and P1, P3 and 
their anions confirmed the presence of ‘active’ and 
‘inactive’ forms, also termed as P(III) and P(V) forms 
respectively, in P1 but P3 and H2PO2

 and H2PO3
 ions did 

not exhibit such tautomerism. The proposed mechanism, 
Scheme 1, for the exchange suggested the addition of D+ to 
the polar O in H2P(O)OH in a preequilibrium reaction which 
is followed by the simultaneous elimination of H+ from the 
P-H bond in the rate determining step leading to the 
formation of ‘active form’ of the acid. The P(III) form then 
picks up a D+ ion to form (4) which loses  to form the 
deuterated acid (5).  
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The absence of such tautomeric forms H2P(O)O ion is 
explained by addition of H+ or D+ to the O and not to the O 
of the P=O link, which results in the formation of the normal 
‘inactive’ H2P(O)OH acid.11  

The rate expression from the above mechanism would be 
as in equation (3). 

    kexch = kH[D+] + kw                           (3) 

Another study had indicated a dearth of exchange in the P-
H links in the ‘inactive’ form of P1 because of the extremely 
slow D-H exchange in the P-H link. However, there was a 
rapid exchange with D both in the OH groups and in the P-H 
link of the ‘active’ form. Since the two forms are in 
equilibrium, therefore, the added D is distributed among two 
P-Hs and one O-H link in the ‘inactive’ form.12  

The suggested structural requirement for an atom to 
undergo the D-H exchange was that the atom must have an 
unshared electron pair and is bonded to the H atom. This 
explained the lack of D-H exchange in P3 and its anion 
because the P atom in either case has no unshared electron 
pair.13  

The differing behaviour of P1 and P3 toward D-H 
exchange has been attributed to the decrease in positive 
charge on P with the increase in the number of attached OH 
groups to phosphorus. This adversely causes the 
nucleophilic ability of P to add HO of H2O. The free 
negative charges on the O atoms present in the anions have 
greater effect in this respect. The H2O-additionn mechanism 
of O exchange is applicable only to those atoms that are 
capable of octet expansion. It is for this reason that 
periodates in which I is capable of shell expansion undergo 
rapid exchange compared to no exchange in perchlorates.14 

Specific studies 

Hypophosphorous acid 

The exchange of tritium between P1 and H2O had the rate 
law: R = (kH[H+] + kP1[P1]) [P1] with kH = 0.055 ± 0.0025 
and  kP1 = 0.0483 ± 0.0024 dm3 mol1 min1 at 30 C. R is 
the rate at which one "undissociable" H atom  is exchanged 
per P1 molecule. The results were supportive of the 
existence of normal or ‘inactive’ and ‘active’ tautomeric 
forms in aqueous solution.15 

 The tritium (T, radioactive hydrogen) is reported to 
exchange as T+ or T2O with two P-H bonds of P1. The 
reaction H2P(O)OH + HTO ↔ HTP(O)OH + H2O, and the 
rate law for the rate limiting P-H fission was k = kl[P1] + 
k2([H+l + [D+]). The rate coefficients k1 and k2 equaled to 
0.038 dm3 mol1 min1.  The exchange rate was very slow in 
neutral or alkaline solution. Since the rate expression for the 
reaction was identical with the rate law for the oxidation of 
P1 by various oxidizing agents, therefore the mechanism of 
exchange was considered similar to that of oxidation 
reactions.16 

A parallel study of the exchange between D2O and P-Hs 
of P1 was studied using NMR spectroscopy. The rate 
expression, k = k1[P1] + k2([H+ + D+]), was similar to that 
observed by Jenkins and Yost,16 and referred to the P-H 

fission in the rate determining step of the reaction H2POOH 
+ D2O → HDPOOH + HDO. The kl = 0.013 dm3 mol1 
min1 and k2 = 0.073 dm3 mol1 min1 were reported at 16.5 
ºC, and were approximately 4 and 12 times larger than the 
values reported by Jenkins and Yost. Such a large difference 
in the two values was ascribed to isotope effect.17 

Rate constants for the forward and backward reactions of 
acid catalyzed reaction of P1, equations (4) and (5), where L 
represents either H or D, were determined.  

                      (4) 

 

                 (5) 

 

The equilibrium constants for the reactions (4) and (5) are 
K4 (1.12 ± 0.08) and K5 are (0.305 ± 0.015) at 25 ºC. The 
rate constants 103k4 = 4.09, 103k−4 = 1.19, 103k5 = 1.87 and 
103k−5 = 1.01 mol dm-3 s at 25 ºC. For the acid-catalyzed, 
rate-determining tautomerization of ‘inactive’ H2P(O)OH to 
‘active’ HP(OH)2, primary kinetic isotope effects kD/kH = 
0.36 for the forward reaction and 0.24 for the reverse 
reaction were obtained. The secondary isotope effect was 
determined to be 1.45.  These isotope effects were consistent 
with a transition state in which proton attachment occurred 
with a bond order of 0.2. A free energy of tautomerization = 
62 kJ was determined using the bond order (0.2) along with 
the Marcus theory of proton transfer.18 

Phosphorous acid 

The exchange reaction P-H + D ↔ P-D + H (k1, k–1) in P3 
was studied in D2O/H2O using stretching vibrations at 2457 
and 1793 cm1 for P-H and P-D respectively in the Raman 
spectrum (the H in O-H exchanged almost instantly). The k1 
and k–1 had values of 3.42×103 and 1.67×105 min1 
respectively at 23 ºC. The rate of exchange increased with 
increasing acidity (addition of HCl in H2O, or DCl in D2O). 
The exchange rate in HP(O)OHO− and HP(O)O2

2− ions was 
very slow. An isotope effect kH/kD = 5.1, based on the 
stretching frequency of P-H and P-D bonds, was predicted. 
A mechanism similar to the Scheme 1 was proposed except 
that 3 → 4 was also considered as the rate determining step 
in addition to the one shown there.19 

A similar study made during the I2 oxidation of P3 using 
NMR spectroscopy reported that the exchange could be 
observed only in strong acid. The pseudo first order rate 
constant was 1.97 × 10−3 min−1 at 1.49 mol dm−3 and 22 ºC.  

There are some more exchange studies which were 
investigated during the oxidation of phosphorous acid. Such 
studies will be briefly referred to in the section dealing with 
the oxidation of this acid.  

Phenylphosphinic acid 

Phenylphosphinic acid, C6H5H-P(O)OH, is also named as 
phenylphosphonous acid. Tautomerism in C6H5H-P(O)OH 
and its anion was studied using hydrogen isotope exchange 
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in aqueous and deuterium oxide solutions by infrared. The 
reaction was both acid and base catalyzed. The termolecular 
mechanisms involving both acids and bases were not 
significant. There was negligible exchange in the neutral or 
near-neutral solution. The rates of exchange of H atoms 
bound to P and O are different by many orders of magnitude. 
The acidic H atoms in P-OH groups are known to undergo 
extremely rapid exchange.11 The exchange in C6H5H-
P(O)OH resembles more with  phosphinic acid H2P(O)OH, 
rather more closely with that of dialkyl phosphonates 
(discussed below) than that of phosphorous acid 
HP(O)(OH)2.

20 

The exchange of P-H bond in C6H5H-P(O)OH in D2O to 
P-D, studied in acidified EtOH-H2O mixture and aqueous 
alkaline solution by following the decreasing intensity of the 
P-H doublet in NMR spectroscopy, was acid-base catalyzed. 
The reaction had a first order dependence in H+ and OH− 
ions and C6H5H-P(O)OH. The rates in acid solutions were 
faster than those in alkaline solution. The exchange of O-H 
to O-D was rapid,11 and no exchange of O-18 between 
phenylphosphonous acid and H2O18 was detected under the 
conditions in which H exchange was studied. The proposed 
mechanism of the acid catalyzed exchange was similar to 
that shown in Scheme I. The OH− ion catalyzed exchange 
presumably proceeded by direct proton abstraction. The rate 
law for the acid catalyzed reaction was k = kH[H+] + kw 
where  kw is the rate coefficient for the acid independent 
reaction.21 

Ester of Phosphonic acid 

The reactions between dialkyl esters and cuprous halide,22 
phenylazide,23 and diazomethane24 had been suggestive of 
equilibrium between the pentavalent ‘inactive’ and trivalent 
‘active’ tautomeric form of the dialkyl esters of phosphorous 
acid. However, the existence of normal keto or ‘inactive’ 
form of the esters was suggested by the Raman, 25 
ultraviolet,26 NMR and infrared,27,28,29 spectral studies.  

However, the study of the acid catalyzed exchange of H 
bonded to P of dimethyl-, diethyl- and di-n-
propylphosphonate with D in D2O, followed by the 
decreasing intensity of the P-H doublet in NMR 
spectrometer. The exchange reaction was first order in 
phosphonates and the rate law was: k = kH[H+] + kw where k 
is the specific rate constant and kw is the catalytic constant 
for the spontaneous acid-independent exchange. 102kH (± 
10%) and 103kw (± 30%) at 23 ± 1 ºC were 6.6, 8 (dimethyl-), 
6,2 (diethyl-) and 5.8,7 (di-n-propyl) phosphonate 
respectively. Although some acid-catalyzed hydrolysis of 
dialkyl phosphonate was observed but the extent of such 
hydrolysis was negligible. Since the rate law happened to be 
identical with the rate law for the oxidation of these esters 
with iodine,30 it suggested that the phosphite form of the 
dialkyl phosphonates, 6, was a common intermediate for 
both the exchange and oxidation reactions.31  

Luz and Silver31 re-investigated the exchange of the P 
bonded H with D in D2O in dimethyl- and diethyl 
phosphonate in presence of acetate buffer using the same 
method to follow the reaction. The rate law for the reaction 
was k = kAcO−[AcO−] + kAcOH[AcOH] + kw. The hydrolysis of 
dialkyl phosphonates under the experimental conditions was 
negligible. 32 The 102kAcO

− (± 10%) = 52 and 7.5 dm3 mol−1 

min−1 for dimethyl and diethyl phosphonate at 21.5 ± 0.5 ℃ 
was much greater than the values of kH+ and kw for the 
similar phosphonates,31 the AcO− ion was considered as the 
catalyst. Based on the similarity of the rate law with the rate 
law for the oxidation under similar conditions,30 the Scheme 
2 for the catalyzed exchange was suggested. It was further 
suggested that the substitution of D for the phosphorus 
bonded H in diethylphosphonate had a negligible effect on 
the oxidation rate.33 

The infrared study of deuterium exchange between di-n-
butyl phosphonate and n-butylalcohol-d, in the presence of 
acids or bases as well as in neutral solution indicated the 
existence of mobile prototropic equilibrium between the 
ester and acidic species present in the reaction mixture. The 
exchange was catalyzed by both acid and base. In the 
absence of catalysts, the reaction proceeded in a manner 
similar to that for acetone.34  

 

 

 

 

 

 

 

 

Scheme 2 

Oxidation Studies 

In this section the kinetics of oxidation of P1, P3 and 
PhH2PO2 (hereafter abbreviated to P1, P3 and PPA 
respectively) are discussed for each metal separately. 
However, if identical mechanisms were reported for other 
oxidants then these oxidations have been grouped at one 
place for brevity. The first order in the oxidant and the oxy-
acids and negative tests for the free radicals are not 
mentioned. No mention is made if the oxy-acid reacted in its 
‘inactive’ form.  

Chromium(VI) 

Mitchell, while examining the effect of P1 on titration of 
FeSO4 by K2Cr2O7, probably, for the first time postulated 
two reactions. The reaction between Cr2O7

− and 
HP:(O)(OH)2, the ‘active’ form, is unimolecular with respect 
to each and did not involve H+ ions. The rate determining 
(r.d.) reaction (6) is followed by the reaction (7). Velocity 
coefficients varied inversely as the 1/7 power of the initial 
concentration of the H2CrO4.

35 
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The oxidation of P3 in concentrated solutions of HClO4, 
H2SO4 and HCl acids is reported without any formal rate 
law presuming Cr2O7

2− ion to be the reacting species 
because it was present in excess.36  

The intermediacy of the ‘active form’, H:P(OH)2, eq 
uation (8), and HCr2O6

− ion, equation (9) was proposed 
assuming rapid reduction of HCr2O6

− to Cr(III) in the 
mechanism. The k1k3/k1 had an estimated value of 466 at 25 
ºC.37  

                 (8) 

 

                 (9) 

 
H2PO3

− was not oxidized in acetate buffer over several 
days at 25 ºC, but it slowly oxidized at 100 ºC to H2PO4

− ion. 
H-P bond of H2PO3

− inhibited the oxidation. However, P3 
oxidized fast in 1M H+ ion. The spectrometric equilibrium 
constant K for the equation (10) had a value 26. Although 
the rate law in equation (11) was given, yet the mechanism 
was not suggested. The values of k1 and k2 were ∼10−4 mol 
dm−3 s−1. Cl− formed CrO3Cl− which inhibited the reaction.38 

 

               (10) 

 

               (11) 

 

A reinvestigation confirmed almost all the above findings 
and additionally probed the oxidation of P1. A common 
mechanism for the oxidations of H2PO3

−, P1 and P3 was 
proposed as given in Scheme 3, which depicted the 
mechanism for P3 oxidation. The P3 and HCrO4

− formed an 
anhydride, equation (12). The abstraction of a proton from 
the protonated anhydride, protonation could be effected 
either by H+ or P3, by bases H2O and H2PO3

− were the 
conjectural rate limiting steps based on analogy with 
Westheimer mechanisms of alcohol oxidations. 39 The 
derived rate equation (13) was slightly different from the 
equation (11) with k1 = kK1 and k2 = k’K1Ka where Ka is the 
dissociation constant of the respective acid. A kH/kD = 4 
suggested breaking of P-H bond in the rate determining step. 
H2PO2

− formed no anhydride at pH 4 nor was oxidized by 
HCrO4

−. The 103k1 = 1.7, and K1 = 16 were reported for P3 
at 25 ºC. The corresponding values for P1 were 6.0 and 11 
respectively.40  

 

 

 

 

 

 

Scheme 3 

 

               (13) 

Another study reported K1 = 13 in addition to Ka = 0.101 
in perchlorate media. Though the results agreed with the 
above mechanism, yet the rate equation (14) had two new 
terms, k0 and k2[H+]2, in addition to the terms appearing in 
equation (13). The k0 may correspond either to the reaction 
of unprotonated complex having unknown number of 
solvent molecules or to abstraction of a phosphinic proton 
by OH− ion from the neutral protonated complex. The 
k2[H+]2 term is attributed to the formation of doubly 
protonated complex  H4PCrO6

+, followed by proton 
abstraction by water.41 

  

               (14) 

The oxidation of H2PO2
 by CrV chelate (I), formed with 

(C2H5)2C(OH)CO2H (lig), in buffered solution (buff) of the 
lig and its Na-salt, to H2PO3

 and CrIII  proceeded through 
bridged transition state (II) in which the mobilization of 
protons bound to P is favored by strongly acidic CrV or CrIV. 
The reaction towards the later stages becomes autocatalyzed, 
which was attributed to CrIV and had been explained by 
suggesting the following sequence of the reactions (Scheme 
4). The reactions (a) and (b) control the initial stage of the 
reaction till CrIV starts getting accumulated when the 
reaction (c) becomes significant producing more free radical 
that reacts more rapidly with CrV compared to CrIV in 
reaction (d). This explains the catalysis of CrIV in the later 
part of the reaction. The k1 and k2 had the values (0.049 ± 
0.006) and (0.18 ± 0.04) dm3 mol1 s1 respectively whereas 
ratio k2/k4 was (2.32 ± 0.35).42  

 

 

 

 

 

 

(a) 

(b) 

(c) 

(d) 

Scheme 4 

The oxidation of H2PO2
 by CrVI, chelated with the lig, in 

the buff at pH 2.7 and excess Cl(NH3)5Co2+, a scavenger for 
Cr(II), had shown the parallel formation of CrV and CrIV, 
stabilized by the lig, by competing le and 2e paths (see 
below). The reduction of CrVI to CrIV and of CrIV to CrII 
involved hydride shifts from H2PO2

to the Cr(=O), whereas 
formation of CrV and its reduction to CrIV involved 
preliminary coordination of H2PO2

 to the chromium center, 
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followed by P-H to O-H tautomerization (see II) within the 
binuclear complex and then transfer of a single-electron 
from P to the Cr center. The rates of formation of CrV and 
CrIV from CrVI were (25.8 ± 0.9) × 108 and (4.52 ± 0.08) × 
108 mol dm3 s1 respectively at 25 ºC. The formation of 
CrIV had the rate law, kobs = (k1 + k2[H+])[H2PO2

] 
[H+][(C2H5)2C(OH)CO2

]2, with k1 = (15.3 ± 0.2) M4 s1 
and k2 = (2.5 ± 0.2) × l04 M5 s1. The kH/kD = 3.9 and 2.2, 
kD2O/kH2O = 2.2 and 1.7 were observed for generation of CrIV 
and CrV respectively. The formation of CrII indicated that 
the more usual state CrIII was bypassed.43  

 

 

 

 

A very confusing paper on the oxidation of P3, which 
missed on the above mentioned references, mentions that 
Cr2O7

2– is the predominant CrVI species but considers 
HCrO4

 as the reactive species in the mechanism consisting 
of reactions (i)-(vii), Scheme 5, where X = HSO4

 or ClO4
. 

The dimerization of the free radical (OH)2P•(O) to H4P2O6 
was not substantiated. The unsubstantiated formation of 
higher esters is stated to be more rapid than the rate-limiting 
formation of the 1:1 ester between HCrO4

 and P3. However, 
their role in the mechanism was not explained. The reported 
rate law (viii), where Kes is perhaps equal to KK1, however, 
does not match with the rate law (ix) that had been derived 
without considering the total [P3]. 44 

 

(i) 

(ii) 

(iii) 

(iv) 

(v) 

(vi) 

(vii) 

(viii) 

or,                                                                                       (ix) 

Scheme 5 

A single electron transfer was proposed, Scheme 6, in the 
oxidations of P1 (Z = H) and P3 (Z = OH). The formation of 
the protonated anhydride, equation 15, involved an unlikely 
tri-body collision of HCrO4

−, H+ and ZP:(OH)2 (‘active 
form’ of the acid). The rate determining step (1), the 

unaided decomposition of anhydride by a base to ZP+(O)OH 
ion and CrIV, was followed by several fast steps giving the 
products. The values ΔH(kcal) = 15 ± 1 and 5.2 ± 0.6 and 
ΔS(eu) = 50.6 ± 1.5 and 16.9 ± 0.8, indicated that the 
intermediate with P1 is stronger than that formed with P3. 
The respective activation energy was 10.4 ± 0.8 and 5.8 ± 
0.5 kcal mol−1. The reactions were catalyzed by H+ ion, the 
catalytic effect of pyridine was observed only in P1 
oxidation.45 

 

(15) 

 

(1) 

(2) 

(3) 

(4) 

Scheme 6 

 The oxidation of PPA in HClO4 showed Michaelis-
Menten kinetics46. The mechanism was similar to that of 
Scheme 5 (Z = C6H5). The activation energy was 7.4 kcal.47 
Surprisingly, the reaction was reported again by one of the 
authors with similar results and favoring the same 
mechanism from amongst few others that were discussed 
this time. However, the activation energy reported this time 
was 10.3 ± 1.2 kcal mol−1. 48 

Another investigation substantiated the formation of the 
anhydride by the rapid scan of the reaction mixture beside 
the Michaelis-Menten kinetics. The spectrum in Figure 1 is 
recorded between 302 and 398 nm, selecting the middle 
wave length at 350 nm, and on an arbitrary scale of 0-1 for 
the absorbance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Rapid scan spectra of HCrO4
 (O) and HCrO4

 + 
PPA() between the  302-398 nm taken between 4.352 and 
4.402s after mixing at 25 ºC (104[HCrO4

] = 4.0, 103[PPA] = 4.0, 
[H+] = 1.5 mol dm3. 
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that HCrO4
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species which in this case is the anhydride. The study further 
concluded that PPA+ is not the reactive species because the 
deduced rate law conflicted with the observed results. 
Furthermore, the linear plot between log kobs and -H0, the 
Hammett acidity function, with a slope of 1.02 ± 0.02 
confirmed that the anhydride is protonated prior to its rate-
limiting disproportionation. Because of this it becomes 
difficult to be specific about the reactive tautomer of PPA 
because the protonation of the anhydride formed by either of 
the tautomer results in the same intermediate that undergoes 
the redox reaction. The formation constant for the anhydride 
formed between PPA and HCrO4

 was almost independent 
of temperature and had a value ca. 19 ± 4 dm3 mol1 and 
happened to be in agreement with the value 11 ± 2 dm3 
mol1 over the temperature range 26-46 ºC as previously 
reported in ref. (48). 49  

Chromium(VI) complexes 

The oxidations of P1, P3 and PPA (hereafter POA would 
represent the combination of three phosphorus oxy-acids) by 
pyridiniumchlorochromate (pcc) were first order both in pcc 
and the substrates. The H+ dependence was expressed by kobs 
= a + b[H+]. The reaction showed kH/kD = 5.3 and 6.4 in the 
oxidation of P1 and P3 respectively. The effect of several 
organic solvents on the rate of the oxidation of PPA was 
analyzed with Kamlet-Taft's and Swain's equations, which 
indicated that the cation-solvating power of the solvents had 
a predominant role. The bimolecular reactions of pcc and 
pccH+ with oxy-acids constituted the parallel rate-
determining reactions involving the transfer of a  H ion 
from the P-H bond of the ‘inactive’ specie to pcc and pccH+ 
giving RP+(O)OH (R = H, OH and Ph) and CrIV species. 
RP+(O)OH and CrIV reacted rapidly to give CrIII and the 
higher oxy-acids.50  

 The reinvestigated oxidation of P1 by pcc, however, 
reported Michaelis-Menten kinetics and a different rate law 
kobs = k1Kc[P1][H+]/([H+] + Ka)(1 + Kc[P1]) with Kc = 1.61 
dm3 mol1 and k1 =   6.4 × 104 s1. The rate determining 
disintegration of the complex to P3 and CrIV was followed 
simultaneously by the rapid reaction similar to reaction (4) 
in Scheme 6 and the oxidation of P1 by CrV to P3 and CrIII, 
which was the final reduction product as Cr(II) could not be 
detected.51 

 The Jodhpur group has repeated the oxidation of POA 
using very similar CrVI-complexes and nitrogenous 
oxidizing compounds with almost similar results. The 
results of these studies would not be repeated unless a 
different result had been reported.  

 The oxidation of POA by bipyridiniumchloro-
chromate, 52  benzyltriethylammoniumchloorochromate, 53 
morpholiniumchlorochromate, 54  tetraethylammonium 
chlorochromate, 55  pyridiniumbromochromate, 56 ethyl-N-
chlorocarbamate 57  benzyltrimethylammoniumchlorobro-
mate, 58  and pyridiniumhydrobromideperbromide 59  were 
identical and corresponded to the oxidation by pcc described 
above.50 However, in the last two studies, H+ ions had no 
effect on the rate.    

 The rates of oxidations of POA by pyridinium fluoro-
trioxochromate, 60  and hexamethylenetetramine bromine in 
glacial acetic acid 61  were independent of H+ ion. The 

oxidations by benzimidazoliumdichromate,62 butyltriphenyl-
phosphoniumdichromate63 (kH/kD = 5.69 for P1, kH/kD = 5.30 
for P3), had first order dependence in H+ ions varied using 
p-toluenesulphonic acid. The effect of H+ ions in the 
oxidations by imidazoliumfluorochromate, 64  quinolinium-
bromochromate, 65  and quinoliniumfluorochromate 66  was 
expressed by the expression kobs = a + b[H+]). Michaelis-
Menten kinetics was observed in all these studies, and other 
conclusions were identical to that described in the oxidation 
of POA by pcc above.50    

Manganese 

The oxidations of PPA,67 and those of P1 and P3, 68 by 
MnIII in H2SO4 had inverse first order dependence in [H+] 
which was explained by assuming MnHSO4

2+, formed from 
the reversible dissociation of Mn3+H2SO4 complex, as the 
reactive species. The mechanism is stated to be explainable 
by assuming bimolecular reaction between MnHSO4

2+ and 
Ph:(OH)2 or via the intervention of the complex 
MnPhPO2H2+ formed by Mn3+ and PhHP(O)OH. Formation 
of PhP•O2H is the rate determining step followed by rapid 
formation of PhP+O2H which is finally oxidized to 
PhP(O)(OH)2. The complex reacting with H2O gives 
PhP(O)(OH)2 and MnI, the latter reacts with MnIII giving 
MnII. 

 The oxidation of H2PO2
 by [Mn(pd)2(H2O)2]+ (Hpd = 

pentane-2,4-dione) in perchlorate medium was first order 
both in the Mn(III) and the substrate. The rate, however, 
decreased with increasing pH and Hpd. The proposed inner-
sphere mechanism is in Scheme 7. The estimated values of 
KH, and kK were 1.44×105 and (4.3 ± 0.1)×104 mol1 dm3 
s1 at 40 ºC.69 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

Scheme 7 

Oxidations of RHP(O)O (R = H, OH, Ph) by tris(pyridine 
-2-carboxylato)MnIII, MnIII(C5H4NCO2)3, was studied in 
picolinate-picolinic acid buffer in the pH 4.63-5.45 range.  
The oxidations had a common mechanistic pathway in 
which the substrates could be either six or seven coordinated 
with the Mn(III). The breaking of the coordinated complex 
to a free radical, which subsequently reacted with another 
Mn(III) molecule to give the product, was rate-determining. 
A kH/kD = 4.26 in the H2PO2

oxidation indicated P-H fission 
in the rate-determining step.70 

Oxidation of P1 by [MnIVMo9O32]6ion proceeds through 
an intermediate complex, supported spectrophotometrically, 
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formed prior to its rate determining decomposition. The H+ 
ion is supposed to have a role in an equilibrium marked (i) 
in the proposed mechanism based on a direct two electron 
transfer step (iii) shown in Scheme 8, and the rate law is 
given in (vi).71 

(i) 

(ii) 

(iii) 

(iv) 

(v) 

(vi) 

Scheme 8 

The H+ dependence in the MnO4
 oxidation of P3 had the 

form kobs = a + b[H+]. The interference from Mn3+ oxidation 
was ruled out because F had no effect on the rate. The 
formation of MnIV in the reaction was indicated by the 
excellent agreement between the rates measured in terms of 
MnO4

 (525 nm) and soluble MnIV (400 nm). The similar 
nature of the rate expression for the H+ dependence in the 
reaction and that in the exchange reaction suggests that the 
formation of species similar to the species 3(6) might be rate 
limiting in the oxidation. But, the fact that the reaction had 
no zero order dependence on MnO4

 ion ruled out this 
possibility. Further, the ratio of 3k6[MnO4

kw = 265, and 
3k7K1[MnO4

kH = 44 or 3k9K2[MnO4
kH = 3.9 × 103 

supported that it is the ‘inactive” P3 which is oxidized. Yet 
another argument against the participation of the ‘active’ 
form in the oxidation is that H3AsO3, H2SO3 or HSO3

, a 
pair of electron is available on As or S, can be titrated by 
MnO4

 ion at room temperature compared to the slow 
oxidation of P3. The rate acceleration by the H+ ion was 
explained by considering the two mechanisms shown in 
Schemes 9 and 10.72 

(a) 

(b) 

(c) 

(d) 

(e) 

(A) 

Scheme 9 

 
(k) 

(l) 

(m) 

(B) 

Scheme 10 

The reaction of MnO4
 with P3 and its anions, in presence 

of P2O7
4 over pH 0-7.2, resulted in MnV and PV in the rate 

limiting step. The rate expression is given in equation C. 
The reaction had a kH/kD = 4.3 ± 0.2 at pH 2.2, 7.1 and 12.3. 
k1, k2 and k3 are the specific rate constants for P3, H2PO3

 
and HPO3

2 respectively, and K1 and K2 are the first and 
second dissociation constants of P3. 

 

(C) 

 

The second order rate constant in the oxidation of 
monoethylphosphonate was ascribed to the deprotonation 
equilibrium of the single OH group in acidic media. The 
MnVII was reduced to MnIV in the oxidation of 
diethylphosphonate both in acidic and neutral solutions. The 
increasing rate with pH became unmeasurably fast at pH 12. 
The change over from a first order to a zero-order 
dependence in MnVII indicated the formation of an 
intermediate with a lone pair of electrons on the phosphorus 
atom, which reacted rapidly with MnO4

 ion.73  

A similar oxidation of P1 and H2PO2
 over pH 1-6, had 

kH/kD = 4.6 at pH 5.42. The reaction involved a H 
abstraction, probably, via a bridged transition state 
[O3MnO..H..PH(O)OH]ǂ, formed in the rate determining 
step, which undergoes a simultaneous ejection of a proton to 
form the intermediate [O3MnV-O-PIIIH(O)OH]2 (X). The X 
rapidly breaks down to MnV and H3PO4 or reacting with 
another X gives MnIV, H3PO4 and P3. The similarity of kl 
(80 dm3 mol1 s1, P1) and k2 (48.5 dm3 mol1 s1, H2PO2

at 
ºC suggested that the OH group of P1 was not involved 
in the rate-determining step.74 

Michaelis-Menten kinetics is reported in the above 
reinvestigated reaction in acid perchlorate solution 
suggesting formation of a weak 1:1 complex on the msec 
time scale, which enhanced the MnO4

 spectrum monitored 
over 10-100 msec (Figure 2). No evidence was found for a 
radical intermediate or the participation of Mn3+ in the rate 
determining step. The kinetic isotope kH/kD = 4.3 was 
observed. The complex between MnO4

 and H2PO2
 

appeared stronger than that with P1. The rate dependence on 
H+ indicated that the self-decomposition of [MnO4P1] to 
the products in the rate determining step is also assisted by a 
proton in a simultaneous rate determining step (r). The 
mechanism is given in Scheme 11 and the observed rate law 
is given in equation 16.  
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Figure 2. The rapid scans of the reaction mixture, 104 
[MnO4

P1] = 5.0, [H+] = 0.1 mol dm3 at 20 ºC, 
recorded at 520 nm. The absorbance is on an arbitrary scale. The 
lowest spectrum was recorded 2 ms after mixing and the 
subsequent spectrum were recorded at the same interval. The 
saturation in the top most spectrum occurred in about 14 ms after 
mixing. 

(m) 

(n) 

 

(o) 

 

(p) 

(q) 

(r) 

(s) 

(t) 

Scheme 11 

 

 

 
(16) 

An alternate mechanism in which reactions (n)-(r) are 
replaced by the rate determining reactions of MnO4

 + 
H2PO2

, MnO4


 +  P1 and MnO4


 +  P1 + H+ on the 
consideration that the complexes C1 and C2 might be side 
reactions so that the reaction becomes outer-sphere. The rate 
law (16) would still hold good.75  

The oxidation of PPA in acid perchlorate solution was 
similar to the above described reaction of P1. However, the 
values of the specific rate constants, kc1, kc2 and kH, were 
appreciably lower than the corresponding values in P1. The 
activation parameters also differed widely. 76 

The oxidation of POA by bis(2,2'-bipyridyl)copper(II) 
permanganate (BBCP) was catalyzed by H+. The rate was 
independent of 2,2'-bipyridine but increased with AcOH in 
the solvent mixture, and exhibited a substantial kinetic 
isotope effects. The ‘inactive’ form was the reactive 
species.77 

The oxidation of PPA by MnHSO4
2+ (species in H2SO4) 

proceeds through the rate limiting bimolecular reaction 
between MnHSO2+ and PPA giving PhHP•O2, which 
reacting rapidly with MnHSO2+ gives PhHP+O2. The rapid 
reaction of the later with H2O gives the PhH2PO3. The 
retardation in the rate H+ ions was due to deprotonation of 
MnH2SO4

3+, the MnIII  species in H2SO4.
78 

Silver 

The reaction between P1 and AgNO3 showed limiting 
rates with increasing [H+] or [Ag(I)] depending on their 
ratios. The products Ag0 inhibited the rate whereas P3 
increased the rate. Formation constants of Ag+ complexes 
with H2PO2

 (K1 = 138 ± 19 dm3 mol1) and H2PO3
 (K2 = 

510 ± 30 dm3 mol1) were reported. The complex H2PO2Ag 
was considered unreactive in the proposed mechanism. Two 
mechanisms were considered. The mechanism involving P1 
(inactive form) had a simple rate law whereas the one based 
on the reaction with H:P(OH)2 had a complicated rate law 
the quantitative verification of which was limited.79 

P3 reacted with Ag2+ in HClO4 through two parallel paths. 
In one path P3 is rapidly protonated to H4PO3

+ which is 
dissociated to H+ from a P-H bond and :P(OH)3  in the rate 
determining step (k1). :P(OH)3 is rapidly oxidized to H3PO4. 
The 105k1 = (3.3 ± 0.3) sec1 at 3.0 M H+ and 22 ºC was in 
good agreement with the D exchange rate constant 105k 
= 5.2 sec1 under identical conditions. In the other path AgIII, 
formed through the reversible reaction 2AgII ↔ AgIII + AgI, 
reacted with P1 in the rate-determining step.  However the 
possibility of the rate determining reaction of AgII with P4, 
formed by AgII and P3 in a rapid reversible reaction, as an 
alternate to the second path was not ruled out.80 

The rate law from the mechanism of AgII oxidation of P1, 
Scheme 12, in HClO4 solution is given in equation 17, which 
under certain approximations is reduced to equation 18.  
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(17) 

    (18) 

 

k2 is (7.6 ± 0.7) × 102 M1 s1 at 30 ºC and KIV is 38 ± 2.5 
M1. Evidence for the complexes AgClO4

+ and Ag(ClO4)2 in 
HClO4 is provided.81 

The oxidation of H2PO2
 by Ag(OH)4

 in strong alkaline 
solution was explained by considering the mechanisms in 
Scheme 13, based on the fact that there was neither kinetic 
nor spectrophotometric evidence for the intermediate 
complex formation, and Scheme 14 which assumed the 
formation of an intermediate because such intermediates are 
common for square-planar Ag(III). The absence of an 
inverse [OH] dependence indicated an axial Ag-O-P bridge 
in which phosphorus accepted an oxygen from the AgIII 
which then received a pair of electrons directly into the 
empty dx2y2 orbital. The intermediate undergoes redox both 
by direct internal redox and also assisted by OH ion. 
D2PO2

 reacted considerably slower, (aH/aD = 2.46; bH/bD = 
8.2), indicating that P-H bond is broken in the rate-
determining step. The a and b are defined in the rate law kobs 
= (a + b[OH]). The ionic strength dependence of the rate 
reflected competition between the second and third-order 
paths.82  

 

(a) 

(b) 

(c) 

Scheme 13 

A coloured intermediate in the Ag+ catalyzed oxidation of 
P1 by [ethylene bis(biguanide)]Ag3 was formed  by Ag3+ 
complex, Ag+ and HP:(OH)O which was tentatively 
ascribed to some kind of Ag+→Ag3+ charge transfer. The 
mechanism, Scheme 15, (ionization of P1 ignored), 
involved a two-step electron transfer from P1 to Ag3+ via 
Ag+ within the intermediate. Free radical was not detected. 
The second-order rate constant = 6.73 dm3 mol1 s1 was 
much larger than the second-order rate constant reported79 in 
the corresponding oxidation by Ag+ ion.83 

An alternate mechanism for the above reaction was also 
proposed in which the order of coordination of Ag species 
had changed. Thus H2PO2

preferentially coordinated with 
Ag+ (d10) rather than to strongly coordinated [Ag(enbbg)]3+ 
(d8) because the formation constant for the AgH2PO2 was 
138 ± 19 dm3 mol1 (ref. 69). The mechanism would lead to 
the same rate law with plausible approximations.84 
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Thallium 

The reaction of Tl3+ with P1 in HClO4 solution proceeds 
through the formation of an intermediate. The intermediate 
can produce the products through three alternatives. In the 
first alternative (a) is followed by the rate limiting reaction 
involving a single-stage two-electron transfer to H2O. In the 
second alternative (a) is followed by the rate determining 
Htransfer from P1 to Tl3+ to produce H3P+O2 which reacted 
rapidly with H2O to give P3. In the third alternative (a) is 
followed by its possible rate determining disintegration to 
Tl2+ and H2P•O2 because Tl2+ had been postulated in several 
reactions.85,86,87 The H2P•O2 is rapidly oxidized by Tl2+ in 
presence of H2O. Thus all these possibilities lead to the 
common rate law kobs = kK[P1]/1 +K[P1] where K is the 
formation constant of TlP13+ formed in (a).88  

 

(a) 

The investigation of the medium effects, (log k = log k0 + 
β + α(x) where k = k0fafb/f≠ and k0 = rate constant at zero 
ionic strength, f = activity coefficient, a and b are the 
reactants forming the intermediate complex (≠), β = 
log(fa

0fb
0/f≠0) where f 

0 = activity coefficients in the absence 
of acid in the solution, α = a constant and (x) = 
[HClO4]/([HClO4] + [NaClO4]), 89 in the above reaction88 
indicated that log k did not equal to log k0 + β + α(x). This 
indicated that the reaction occurs in 1-step of a 2-electron 
change as described in the first alternative.90 

The rate in Cl ions catalyzed reaction of Tl3+-P1 
decreased initially reaching a minimum at [Cl]0/[Tl3+]0 = 1, 
and then starts increasing to a limiting value when this ratio 
is ~ 50. The rate increased with H+ and levels off at about 
0.5 M. H2P(O)OH is the reactive species and the proposed 
mechanism is in Scheme 16. Equation (w) is the rate law. 
The reactivity of various TlIII species increased in the order 
TlC14

 > TlCl3 > TlCl2
+ > T13+ > T1C12+. P1 was the 

reactive species.91  

 

(r) 

(s) 

(t) 

(u) 

 

-d[Tl(III)]/dt = (kK[T13+] + k1[TICl2+] + k2[TlCl2
+] +  

k3[TlCI3]+ k4[TlC14
])([P1][H+]/([H+] + Kd])}        

              (w) 

Scheme 16 

 Four mechanisms were proposed in the oxidation of P3 
in view of inverse rate dependence on [H+] (Scheme 17), 

which could be caused either by the dissociation of P3 or by 
the hydrolytic equilibrium of Tl3+ ion. The complex 
[TlH2PO3]2+, involved in the rate determining reaction (IV), 
could be formed by either of the three equilibrium (I)-(III). 
In the fourth mechanism, the rate determining reaction (V) 
followed the dissociation equilibrium of P3. All these lead 
to the common rate law with certain approximations.92 

 

(I) 

(II) 

(III) 

(IV) 

(V) 

 

Scheme 17 

The reduction of chlorothallium(III) complexes, TlCln
3n 

(n = 1-4), by P3 and H2PO3
 indicated that the rate first 

decreased to a minimum at [Cl]/[Tl(III)] ≃ 4 and then 
increased with increasing [ClThe Cl ion catalysis was 
explained either by invoking a chloride bridge activated 
mechanism or by nucleophilic attack of the phosphorus 
nucleophile :P(OH)3 on chlorine. The preferred later 
mechanism is shown below.93 

 

 

 

 

 The complex formation between Ru3+ and P3 is 
envisaged in Ru3+-catalyzed oxidation of P3 by Tl3+ ion in 
perchlorate solution. The rate law, kobs = kKKh[Ru3+][P3]/ 
([H+] + Kh)(1 + K[P3]), was based on the assumption that 
the decomposition of a termolecular complex [TlOH2+・
uIII・3PO2] was rate determining. K and Kh are respectively 
the formation constant for Ru3+-P3 complex and hydrolytic 
constant for the hydrolysis of Tl3+ ion. The HP(O)(OH)2 was 
the reactive species.94 

The catalysis by RuCl3 in the above reaction had the rate 
law: kobs = kKKh[Ru3+][P1]/([H+] + Kh)(1 + K[P1]) where K 
is the equilibrium constant (17.2 ± 1 dm3 mol1 at (30 ± 
0.1)°C) for the envisaged complex formed by Ru3+ and P1 

and Kh is the hydrolytic constant for the hydrolysis of Tl3+ 
ion.95 

Cerium 

The oxidation of P1 in HClO4, HNO3 and H2SO4 solutions 
proceed through the complexes formed by P1 and CeIV 
species, and acceleration of the rate with the acid. The 
oxidation of P3 was also studied in H2SO4. 
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The mechanism in HClO4 solution is given in equations 
19-21, that involved formation of various complexes (n = 1-
3) as in equation (19). It was followed by another 
equilibrium (20) in which one of the coordinated H2PO2

 
was converted to HP:OH)O in the presence of H+ ion. The 
complex containing the active form rapidly decomposed to 
the products as in equation (21). Complexes with n = 1 and 
2 were stated to be formed in excess of CeIV. But at [P1] = 
2[Ce(IV)], [Ce(H2PO2)2]2+ dominated. However, it was 
partially converted to [Ce(H2PO2)3]+ in excess of P1. The 
rate expression is in equation (22).96 

 

(19) 

(20) 

(21) 

 

(22) 

 

The reinvestigated reaction suggested that complexes with 
n = 1-6 were formed had similar H+ dependence but the 
formation of [Ce(H2PO2)n](4-n)+ suggested. The neutral 
Ce(H2PO2)4 complex was stated to be most reactive because 
HP:(O)O had the highest probability for its existence, and 
its interaction with a water molecule in the coordination 
sphere. Thus the rate determining step is in equation (23).97 

 

(23) 

 

The Ag+ catalysis in the above reaction was investigated. 
In the uncatalyzed reaction [Ce(P1)n]4+ complexes with n = 
1-6 were suggested to be initially formed, which was 
followed by the rapid equilibrium similar to (21). The 
complex containing HP:(O)O disintegrated to the products 
in the rate limiting step. 

Two mechanisms were proposed to explain the Ag+-
catalysis. In one mechanism, Ag+ oxidized P1 to P1+ in the 
initial rate determining step, which was followed by the 
rapid reaction of P1+ with another Ag+ ion and a water 
molecule to give P3 and Ag0. The Ag0 was rapidly 
reoxidized by Ce(IV) to Ag+ ion. In the other mechanism, 
the initially formed AgP1+ reacted rapidly with [Ce(P1)n]4+ 
forming [AgP1Ce(P1)n]5+, which reacted rapidly with H+ 
forming [AgP:(OH)3Ce(P1)n]5+. This complex disintegrated 
in the rate determining step to the products.98 

The redox in aqueous nitric acid decreased with increasing 
initial CeIV, an observation made earlier too but not 
explained.96 This study considered CeIV-CeIV dimers 99 
which are unreactive100 to be responsible for the observation.  
Formation of a single complex rather than a number of 
complexes, suggested previously.96,98 The suggested 
mechanism is given in Scheme 5. Ag+ catalysis did not 
affect the order of reaction with respect to [Ce(IV)], and the 
kobs varied directly with [Ag(I)]. It seemed probable that the 
Ce(lV)-P1 complex was oxidised by Ag(I).101 

(I) 

(II) 

(III) 

(IV) 

Scheme 18 

There have been few studies also. The P1 oxidation in 
H2SO4 involved [Ce(SO4)nP1](4  2n)+  (n = 0-3) complexes. 
The disproportion of the complex with n = 2 was the rate 
determining step forming H2PO2 which reacted rapidly with 
CeIV in presence of water to give P3. HP:(OH)2 was not 
reactive. The reaction was stated to be catalyzed by Mn2+ 
and Ag+ without discussing the mechanism of catalyzed 
reaction.102 

The RuCl3 catalyzed reaction of sulfato-cerium (IV) 
species with P1 reported complex dependence in P1.103 

Ce(SO4)2 and HCe(SO4)3
 former being more reactive 

than the later,  reacted with P3 in parallel bimolecular 
reactions. No evidence either for the formation of an 
intermediate or the active form of P3 was obtained. The 
reaction was catalyzed by Ag(I) whereas Mn2+ and H+ ions 
had no effect on the rate.104 

Cobalt 

A reversible rate determining reaction between HP:(OH)2 
and [CoW12O40]5in HCl resulted in the formation of 
H2P•O2, which rapidly reacted with [CoW12O40]5 in 
presence of  to form P3. The probability of the 
formation of P1+ from the reaction of H2P•O2 with 
[CoW12O40]5 was not excluded from the reaction that was 
independent of [H+].105 

Vanadium 

There have been quite a few studies on the oxidation of P1 
and P3 by VV both in HClO4 and H2SO4 solution.  

In the oxidation of P1, the rate in H2SO4 was faster than 
that in HClO4 solution. V(OH)3

2+ was he reactive species in 
H2SO4 solution. P1 was oxidized in its reactive form, 

Ce4+ + nH
3
PO

2

K
n

[Ce(H
2
PO

2
)
n
](4n)+ + nH+ (20)

[Ce(H
2
PO

2
)
n
](4 - n)+ + H+

k
n
H

k '
n
H

[Ce(H  (OH)O)(H
2
PO

2
)
(n - 1)

](4 - n)+ + H+ (21)

[Ce(H  (OH)O)(H
2
PO

2
)

(n - 1)
](4 - n)+ 

k
n

Ce3+ + H
3
PO

3 (22)

k
n

Ce(H
2
PO

3
)(H

2
O)

6-n
(H

2
PO

2
)
n-1

3-n + H+ + H

Ce(H:P(OH)O(H
2
O)

6-n
(H

2
PO

2
)
n-1

4-n

(24)

   
 
 
  
































3223

2
2222

3
221

)POCe(H

)POCe(H

)POCe(H

H2
Ce(IV)

H

H

H

k

k

k

dt

d

H
3
PO

2
 + H+

K
1

HP:(OH)
2
 + H+ (1)

Ce(IV) + HP:(OH)
2

K
2

Complex (2)

Complex + H+
k

Ce(III) + H
2

O
2
 + H+ (3)

Ce(IV) + H
2

fast
Ce(III) + H

3
PO

3
 + H+ (4)O

2
 + H

2
O



Three oxyacids of phosphorus                  Section A – Review 

Eur. Chem. Bull. 2013, 2(10), 758-776   DOI: 10.17628/ecb.2013.2.758-776 770 

HP:(OH)2, to HP•(O)OH which subsequently reacted with 
another VV molecule in presence of H2O to give P3.106 

The formation of VO2.H2PO2 and VO2.H3PO2
+ complexes 

were suggested in the reinvestigated oxidation of P1 in 
HClO4. The respective formation constants were 16.6 ± 2.2 
and < 1.4 dm3mol1. The mechanism suggested protonation 
of the complex VO2.H2PO2 by H+ (k0) followed by a 
tautomerization step in which water abstracts a phosphinic 
proton. The complexes V02(H2P02)(H3P02) (k1) and 
V02(H2P02)(H3P02)2 (k2) were similarly protonated followed 
by H+ abstraction by water. Thus HP:(OH)2 intervened in 
the reaction attended by free radical formation. The k0, k1 
and k2 are the specific rate constants for the protonation 
steps. The Ag+ catalyzed reaction had zero order 
dependence in V(V) indicating that PI is oxidized to P3 
primarily by Ag+ through H2PO2. The catalysis operated 
through Ag+/Ag0 cycle.107 

The rate of oxidation of P3 by VV was faster in H2SO4 
than in HClO4. The reaction had second order dependence in 
the mineral acid concentration ≤ 5.5M. The reactive species 
were VO2.2H2SO4

+ in H2SO4 and V(OH)2
3+ in HClO4 

solutions. These species reacted with P:(OH)3 in the slow 
step to form free radical P•O(OH)2.

108 The course followed 
by the radical is described in the reaction of PPA in H2SO4 
solution (see ref. 112). 

The reinvestigated reaction confirmed second order 
dependence in HA (H2SO4 or HClO4) and the faster rate in 
H2SO4. The intermediate VV-P3 complex was formed prior 
to its decomposition to the free radical H2P•O3 as a result of 
fission of P-H bond, supported by the kH/ kD > 1, and not 
that of H-O bond.108,108 The catalysis by Ag+ and the change 
of order from first to zero with respect to VV was explained 
by the rate controlling oxidation of P3 to H2P•O3. The Ag0 is 
rapidly oxidized to Ag+ by V(V), and H2P•O3 could be 
rapidly oxidized by both V(V) and Ag+ in presence of 
water.109 The oxidation of PPA by V(OH)3HSO4

+ in 
H2SO4 was faster than the oxidation by V(OH)3

2+ in HClO4 
solution. The formation of VV-PPA was not detected in 
either of the acid. The acid catalysis was related to Hammett 
acidity function H0. V(OH)3HSO4

+ is stated to react with 
PPA in the rate limiting reaction to give the free radical 
PhP•(O)OH which was rapidly oxidized by VV to 
PhP+(O)OH ion in the following step. V(OH)3

2+ acted as a 
two-electron acceptor forming PhP+(O)OH in the slow step. 
The PhP+(O)OH ion reacted rapidly with water molecules 
giving C6H5P(O)(OH)2.

110 

Almost entirely different results were reported in the 
reinvestigated reaction of PPA in perchlorate solution. The 
kobs = a + b[H+] prompted the suggestion that VO2

+ and 
V(OH)3

2+ ions were the reactive species for the paths that 
were independent and dependent on H+ ions. In the proposed 
mechanism, VO2

+ and V(OH)3
2+ reacted bimolecularly with 

PhP:(OH)2 and PhHP(O)OH respectively to give a free 
radical111 instead of phosphonium ion,110 thereby suggesting 
that VV does not behave as a two-electron oxidant.110  

Mercury 

The reaction between P1 and HgCl2 in HCl, in not too 
dilute solutions, was catalyzed by H+ but independent of 
HgCl2. The rate limiting step happened to be the equilibrium 

between H2P(O)OH and HP:(OH)2 followed by rapid 
reaction between molecular HgCl2 (not Hg2+ or possible 
complexes) and two molecules of   HP:(OH)2. The evidence 
for the rapid reaction is considered strong but not quite 
conclusive.112 

Bismuth 

The redox reaction of BiV with P1, studied in aqueous 
mixture of HClO4 and HF, was catalyzed by BiF2

+ ion 
though the rate was independent of HF and F ions.The 
proposed mechanism, Scheme 6, gives the rate law in 
equation (24).113 

(a) 

(b) 

(c) 

(d) 

Scheme 19 

(24) 

 

Iridium 

In the oxidation of P1 by IrCl6
2 ions in HClO4 solution 

the rate limiting step was the bimolecular reaction between 
the two reactants resulting in the formation of H2P•O2 
radical which was rapidly oxidized by another IrCl6

2 ion to 
P3. Cl and SO4

2– ions accelerate the rate.114 

Iron 

The oxidation of P1 and PPA by FeL3
3+ (L = 1,10-

phenanthroline or 2,2’-bipyridine) in HClO4 solution 
indicated that PPA was more reactive than P1, and these 
reacted in the ‘inactive’ form. An outer-sphere complex, 
Scheme 4, formed through paths (l) and (m), decomposed to 
free radical in the rate determining step. The paths are 
ambiguous because β2 = β1KaKc.

115 

The alkaline oxidation of PPA by Fe(CN6)3 in presence 
of OsO4 indicated the formation of a complex between PPA 
and OsO4 which then reacted with OH ion in the rate 
determining step followed by a fast reaction between OsO4 
and Fe(CN)6

3.116 

Nitrogen 

The details of the mechanism of the oxidation of P1 by 
HNO3 using Raman spectroscopy could not be accessed.117  
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(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

Scheme 20 

Peroxodiphosphate 

The H4P2O8 oxidation of P1 in HClO4 solution is in fact 
the oxidation by H3PO5, the hydrolytic product of the former 
because rate of hydrolysis happens to be larger than the rate 
of oxidation (k) of P1 by H2PO5

. The kobs was given by 
equation (25) where K1 and K2 are related to the ionization 
of H3PO2 and H3PO5.

118 

 

(25) 

 

Peroxomon and disulfate 

Oxidation of P3 by S2O8
2 in neutral solution was 

explained by a chain mechanism which was strongly 
suggested by the inhibition of the reaction by allyl acetate 
and fractional order dependence on P3 and S2O8

2. The 
reactions in the chain mechanism are in Scheme 5, and the 
deduced rate law is in equation (26).119 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(g) 

Scheme 21 

 

(26) 

The oxidation of P1 by S2O8
2 also followed a free-radical 

chain mechanism in which the steps (a)-(c), Scheme 20 for 
the oxidation of P3, were common but the steps (d)-(g) were 
different as given in Scheme 9, and a different rate law as 
given in equation (27). The reaction was independent of 
acidity up to pH 8 but fell off rapidly with pH > 8 and 
reached a low plateau at pH 11. O2 inhibited the reaction, 
and the effect increased with pH. The reaction was more 
complex in solutions < pH 2, and had no contribution from 
HP:(OH)2.
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(d) 

(e) 

(f) 

(g) 

Scheme 22 

 

(27) 

 

The S2O8
2oxidation of P1, induced by irradiation with 

visible light, in the presence of photocatalyst Ru(bipy)3
2+ 

followed the rate law in equation (28) where k0 and kq are 
respectively the excitation and quenching rate constants.121 

 

(28) 

 

The oxidation of P1 by peroxomonosulphate 
(KHSO5·0.5KHSO4·0.5K2SO4) in aqueous acidic solution 
proceeded through the formation of adduct by HSO5

 and 
H3PO2 prior to its rate determining decomposition to P3 and 
HSO4

. The possibility of OH• and SO4
• radicals 

intervening in the reaction was eliminated.122 The RuCl3-
catlyzed oxidation of P1 by HSO5

ion in acetate buffer had 
also been reported.123 

Chlorine and its compounds 

The Chloramine T oxidation of P1 was catalyzed by Cl 

and the rate increased with H+ and tended to have a limiting 
value at high concentrations.124 

RH
2
PO

2
RHPO

2


K
a

(j)

K
c

H+ + FeL
3
3+ HFeL

3
4+ (k)

RHPO
2



1

HFeL
3
4+ [FeL

3
...RH

2
PO

2
]3+

+ (l)


2

FeL
3
3+ + RH

2
PO

2
 [FeL

3
...RH

2
PO

2
]3+ (m)

RH
2  

 O
2
 + FeL

3
2+ + H+[FeL

3
...RH

2
PO

2
]3+

k
1

(n)

RH
2  

  O
2
 + FeL

3
3+ + H

2
O RH

2
PO

3
 + FeL

3
2+ + H+

fast
(o)

  21

23

]H[]H[

]H][POH[

KK

k
kobs








k
1S

2
O

8
2- 2SO

4
 (chain initiation) (a)

k
2

HPO
3
  (chain initiation)

S
2
O

8
2 + H

2
PO

3
 SO

4
 + HSO

4
 +

(b)

k
3

SO
4
 + H

2
O HSO

4
 + OH (c)

OH + H
2
PO

3
 H

2
O + HPO

3
 (d)

S
2
O

8
2 + HPO

3
 SO

4
2 + SO

4
 + HPO

3
(e)

HPO
3
 + HPO

3
 

HPO
3
 + HPO

3
2 (chain termination) (f)

HPO
3
 + H

2
O

fast
H

2
PO

4
 + H+ (g)

   2
3

2
8221

2
82 OSP35.0

]OS[ 


 kk
dt

d

k
4

OH + H
2
PO

2
 OH + H

2
PO

2
(d)

k
5

S
2
O

8
2 + H

2
PO

2
 SO

4
 + SO

4
2 + H

2
PO

2
+ (e)

k
6

H
2
PO

2
 + H

2
PO

2
 

H
2
PO

2
+ + H

2
PO

2
 (chain termination) (f)

H
2
PO

2
+ + H

2
O

fast
H

3
PO

3
 + H+ (g)

2

3

2
82

6

2

1

221
2
5

6

1
2
5

2
82 ]OS[

]POH[]OS[ 





















k

kk

k

kk

dt

d

]OS[

]OS[]OS[
2
820

2
82

2
82








q

aq

kk

Ik

dt

d



Three oxyacids of phosphorus                  Section A – Review 

Eur. Chem. Bull. 2013, 2(10), 758-776   DOI: 10.17628/ecb.2013.2.758-776 772 

MeC6H4SO2NCl2 was the suggested reactive species in 
the chloramine oxidation of P3, studied in acetate buffers, 
and the equation 29, where k is the observed third order rate 
constant, represented the rate law.125  

 

(29) 

 

The oxidation of P1, P3 and PPA by N-chlorosucci 
nimide was similar to the oxidation by butyltriphenyl 
phosphoniumdichromate.63 The (CC=O)2NH+Cl was the 
considered reactive species.126 

Bromine and its compounds 

The earliest report on the reactions of P3 with Br2 is in the 
presence of HBr (or H2SO4) and neutral bromides, and with 
Cl2 in the presence of HCl and neutral chlorides. The 
reaction of both H2PO3

 and HPO3
2 ions either with Br2 or 

Cl2 was bimolecular in nature, and   retarded by H+ ion and 
the resulting halide ion. The rate law was given by equation 
(30) where k1 and k2 are the rate coefficients for the 
bimolecular reaction of X2 (X = Cl or Br) with H2PO3

 and 
HPO3

2 ions respectively, K1 and K2 are respectively the first 
and second dissociation constants of P3, K3 is the 
association constant for Br3

 from Br2 and Br, and kobs is the 
second order rate constant. The dependence on H+ ruled out 
the reaction of X2 with H3PO3.
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(30) 

 

The investigation of the corresponding redox with P1 and 
H2PO2

 reported that the oxidation of P1 by Br2 and Cl2 
occurs through the intermediacy of HP:(OH)2, and the latter 
reacted with X3

 and probably with X2, but not with  HOX. 
However, H2PO2

 was oxidized by Br2 only and not by Br3
 

or HOBr. The H+ in the range where P1 mostly existed as 
H2PO2

 had no effect on the rate of the reaction. The 
mechanism in Scheme 23 was probable for the oxidation by 
Cl2 also though the treatment for Br2 oxidation tended to be 
more accurate than that by Cl2. The k1/k1 ~ 1012 was 
reported.128 
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Scheme 23 

In the oxidation of P1, P3 and PPA by aqueous Br2 at 
[H+] = 0.001-5.0 M, the Br2 was the reactive species. The 
H+-dependence indicated that the oxy-anion was oxidized 
more rapidly than the parent acid. The substantial kH/kD in 
the oxidations of P1and P3 indicated cleavage of the P-H 

bond as the rate determining step.  A study of [H+] variation 
showed the.129        

 The oxidation of [Co(NH3)5{OP(H)(O)2}]+ and 
phosphite ions by Br2 was studied over extended pH ranges. 
The oxidation of [Co(NH3)5{OP(H)(O)2}]+ was  much faster 
than the oxidation of [Co(NH3)5{OP (H)(OH)O}]2+. The 
reactive oxidant specie was Br2, and not Br3

 or HOBr, and 
the kH/kD = 2.4 indicated that the redox involved the rate 
determining fission of P-H bond. The rate law for the 
reaction was given by equation (31) where k is the specific 
rate constant for the oxidation, KBr

3
= [Br3

]/[Br2][Br], Ka is 
the acid dissociation constant of  [Co(NH3)5 

{OP(H)(OH)O}]2+ ion, and [Phos] [Co(NH3)5 

{OP(H)(O)2}]+ + [Co(N H3)5{OP(H)(OH)O}]2+. 

 

(31) 

 

The Br2 oxidation of free phosphite ions indicated that 
HPO3

2 was extraordinarily reactive than H2PO3
 which 

was the suggested reactive entity in an earlier study.129 The 
kH/kD = 1.7 supported the fission of P-H bond in the rate 
determining step. The rate law for HPO3

2 oxidation is given 
in equation (32), where k is the specific rate constant for the 
oxidation, Ka1 and Ka2 are the first and second dissociation 
constants of H3PO3 and KBr

3
 is same as defined above. The 

redox occurred without oxygen exchange, the additional 
oxygen in the product H3PO4 comes from water.130  

 

(32) 

 

Different rate laws i.e. equations (33) and (34) were 
respectively proposed for the oxidation of 
[(NH3)5CoOP(H)2O]2+ (1) and H2P(O)O by Br2 along with 
a cyclic transition state. The oxidation of (1) was 
independent of H+ ion. [(NH3)5CoOPH(OH)O]2+ was not 
detected during the oxidation. In equation (33), kBr22

 and kBr3 
are the second order rate constants for the reactions effected 
by Br2 and Br3

 respectively and KBr3
 has the same meaning 

as defined in the above reaction.130 The reaction with Br3
 

proceeded via a weak [Co(NH3)5OP(H)2O]2+.Br3
 ion-pair.  

 

(33) 

 

(34) 

 

Br2 oxidized H2P(O)O whereas H3PO2 and Br3
 were 

unreactive. A kH/kD = 2.7 was noted with the implication 
similar to that stated in the above reaction.130 The 
mechanism envisaged that the attack by O-atom at one end 
of the polarized Br2 molecule was synchronous with fission 
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of P-H bond and substantial transfer of H atom to the other. 
The transition state is therefore cyclic.131 

Br3
 ion was the reactive species in the oxidations by    

tetrabutylammoniumtribromide (tbatb in AcOH-H2O), 132 
and benzyltrimethylammoniumtribromide (btmab in 
9:1(vol/vol) acetonitrile-acetic acid. 133 The reactive species 
in the oxidation by benzyltrimethylammonium  
dichloroiodate (btaci) in presence of ZnCl2 was  
[PhCH2Me3N+][Zn2Cl6

]2I+.134 

The oxidation of POA by acidic N-bromoacetamide is 
second order in POA and inverse first order in H+ ions. The 
oxy-acids reacted in the ‘inactive’ form. with for that 
indicated the transfer of H from the P-H bond to the 
oxidant in the rate determining step. 135 

 In the parallel oxidations by sodium N-bromoben 
zenesulfonamide in HClO4 solution, the oxy-acids reacted in 
the ‘inactive form and (PhSO2NH2Br)+ was postulated as the 
reactive species. A substantive kH/kD in the oxidation of P1 
and P3 indicated a rate determining step similar to that 
described above.136 

Iodine 

An earlier report on the reaction of P1 and P3 with I2 in 
both acidic and alkaline solution reported an equilibrium 
between H2PO(OH) and HP:(OH)2. Alkaline solutions drove 
the system in the direction of H2PO(OH) which did not react 
with I2, while acidic solution favored the formation of 
HP:(OH)2 which reacted with excess of I2 forming 
HP(OH)2I and P:(OH)2I (with elimination of HI) when P1 
was in excess. The HP(OH)2I2 is decomposed by H2O first 
into HP(OH)4 and then into HPO(OH)2. Similarly P3 existed 
as HPO(OH)2 and P:(OH)3 in solution. The latter reacts with 
I2 and H2O forming H3PO4. The greater stability of 
HPO(OH)2 prevents it from forming  intermediary 
compounds with I2, the reaction does not go to completion 
even with an excess of I2.

137 

Another report suggested that compounds in which a H+ 
ion is bound directly to P, and is in the same state of charge, 
reacted identically with I2. The acidic compounds reacted 
with I2 in the neutral state while the univalent anion did not 
react with I2 with noticeable speed. The rapid reaction of P3 
with I2 in slightly acidic solution was studied in various 
buffer solutions. The appreciable increase in speed of reac-
tion with the pH of the solution was explained by the fact 
that only the secondary ion reacted with I2 and considerably 
more slowly with I3

 ion. The methyl, ethyl- and iso-propyl 
esters exhibited an increased reactivity with I2.

138 

The reaction of H3PO2 with I2 involved the general acid 
catalyzed transformation of H2P(O)OH to HP:(OH)2. The 
former had no detectable reaction with I2 whereas the latter 
reacted with I2 and I3

. The study of the reaction in 
phosphate, arsenate and phthalate buffers (pH 6-8) indicated 
that H2PO2

 also reacted directly with I2.
139 

The corresponding reaction of P3, studied in the pH range 
2-9 indicated that HPO3

2 ions reacted directly with I2. The 
reaction of H3PO3 at pH < 1 was subject to general acid-base 
catalysis, similar to that shown in Scheme 2, forming 

P:(OH)3 which was oxidized by both I3
 and I2. The reaction 

H2PO3
 + I2 was negligibly small to be detectable.140 

The exchange rate of the P-H bond of P3 in D2O increased 
with DC1. The oxidation was acid catalyzed and 
tautomerism played a role in the oxidation only above ∼1N 
HCl. The proposed mechanism had similarity with the 
Scheme 2. A kH/kD ≃ 3.6 was observed in the oxidation. The 
oxidation at pH 8.6 (borate buffer) was consistent with a 
mechanism involving the attack of I2 on HP(O)O2

2 ions. 
The oxidation of HP(O)OHO was much slower than that of 
HP(O)O2

2 ion.141 

The oxidation of P1 involved an equilibrium between 
H2P(O)OH and HP:(OH)2 where the conversion to 
HP:(OH)2 is rate determining. HP:(OH)2 is rapidly oxidized 
by IO3

 ion. It is probable that the reaction of IO3
 with 

HP:(OH)2
 might be at a much slower rate than do other 

substances conforming to this rate law.142 

 The reactions of H2PO2
 and P1 with ICl and ICl3 in 

HCl solutions and with ICl4
 in aqueous solution were in 

conformity with the existence of H2P(O)OH and HP:(OH)2 
The oxidation reaction of P1 with I2 occurred with 
preliminary addition of I to the acid.143 

Hydrogen peroxide 

The catalytic effect of TiIV in the oxidation of P1 by H2O2 
in H2SO4 was ascribed to the formation of TiO2(SO4)2

3 as 
an intermediate formed through the reactions HO2 + 
TiO2(SO4)2

2 → H+ + O2(TiO2(SO4)2)3 or H2PO3 + 
TiO2(SO4)2

2 → H3PO4 + H+ + TiO2(SO4)2
3.144 
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SIMULATION, SENSITIVITY ANALYSIS AND OPTIMIZATION 

OF AN INDUSTRIAL CONTINUOUS CATALYTIC NAPHTHA 

REFORMING PROCESS 
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Continuous catalytic regeneration (CCR) is a key process in petroleum refineries to produce high octane gasoline. In this article, a 

commercial scale CCR plant with the nominal capacity of 22000 bbl day-1 was simulated using Ref-sim module and Petro-sim simulator. 

The validity of this plant wide simulator was evaluated by actual test runs obtained during 6 months of operation. Simulation results 

showed that the AAD % of momentous output variables i.e. outlet temperature of reactors, product volume yield, product RON, H2 purity 

of recycle gas and coke deposition on the catalyst against actual data were 0.5 %, 0.94 %, 1.098 %, 0.57 % and 0.347 %, respectively. 

Then, the optimal values for reactor temperatures, feed flow rate and recycle flow rate were determined using sensitivity analysis approach. 

After setting these decision variables on the proposed optimal values, the actual RON and volume yield of the CCR plant enhanced from 

99.55 and 82.04 % to 99.67 and 82.4 %, respectively.  
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Introduction  

The main objective of the catalytic reforming process is to 
enhance the octane number of the feed, mainly heavy 
naphtha. The need to increase the antiknock quality of 
naphtha as a blending stock for motor fuels is the greatest 
single reason for installing catalytic reforming units.1 A 
large number of reactions occur in catalytic reforming, such 
as dehydrogenation and dehydroisomerization of naphthenes 
to aromatics, dehydrogenation of paraffins to olefins, 
dehydrocyclization of paraffins and olefins to aromatics, 
isomerization or hydroisomerization to isoparaffins, 
isomerization of alkylcyclopentanes and substituted 
aromatics, and hydrocracking of paraffins and naphthenes to 
lower hydrocarbons.2 Some of these reactions are desired 
because of increasing octane number of gasoline and also 
purity of the produced hydrogen, and some of them are 
undesired due to decreasing them. For instance, cyclization 
and aromatization reactions increase the octane number. 
They are thus favorite ones. In contrast, coke formation and 
coke deposition reactions cause the deactivation of the 
catalyst; consequently, they are undesired reactions.  

From the view of the operation, there are three kinds of 
relevant catalytic reforming units: 1. Semi-regenerative; 2. 
Continuously catalyst regenerative (CCR), and 3. Cyclic1, 2.  

The CCR process consists of three or four adiabatic 
reactors in series with intermediate heaters.2 Low octane 
hydrocarbons, such as paraffin’s and naphthenes are 
converted to high octane aromatics, hydrogen and other light 
gases through this process.3 In a CCR plant, the reforming 
reactions take place in a moving bed catalytic reactor from 
which the catalyst is withdrawn; then it is regenerated and 

recycled. The catalyst circulation and regeneration are 
performed on a continuous basis with full automatic control. 
Continuous regeneration eliminates the need of shutdown 
for regeneration of the earlier fixed bed reformers. 
Additionally, it minimizes the amount of catalyst in the unit, 
while allowing high gasoline yield and quality.4,5 The 
variables that affect the efficiency of a CCR process are the 
volume flow of naphtha feed, reactor inlet temperature, 
hydrogen-to-oil molar ratio and temperature of the 
separator. 6  

In this research, after simulating a commercial CCR plant 
using Petro-sim simulator (KBC, 2009), the effect of 
process variables on the yield of reforming and RON of the 
product is discussed. Then, the optimal process variables 
were determined using the sensitivity analysis approach. 

Process Description 

A commercial CCR unit, called Platformer licensed by 
UOP cooperation with the nominal capacity of 22000 barrel 
per day was chosen as a case study. The block flow diagram 
of the process is shown in Fig. 1. The feed of the plant prior 
to entering reactors should undergo hydro desulphurization 
(HDS) reaction in the hydrotreatment unit. Then, the treated 
feed (Reformate) is passed through filters to remove any 
particulate matter which may deposit on the welded plates 
exchanger. The specifications of the feed are presented in 
Table 1. This feed is mixed with the recycle gas from the 
recycle compressor, and preheated against the fourth reactor 
effluent. Before entering to the catalytic reactors, it should 
be heated to reach the reaction temperature above 500°C. 
The reactors are radial flow types, so the feed flows through 
the catalyst bed from the outer circumference towards the 
center pipe. In the first reactor, the reactions are 
predominantly endothermic; therefore, the reactor effluent 
requires reheating in the first inter-heater to the required 
inlet temperature of second reactor. The reactions in the 
second reactor are less endothermic, but still require 
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reheating in other heater before entering the third reactor. 
The third reactor effluent is reheated in the third inter-heater 
before entering the fourth reactor. The effluent leaves the 
fourth reactor at approximately 468-486 °C (depending on 
position in the cycle) and 3.3 bar. 

Figure 1. Block flow diagram of the continuous catalytic 
reforming unit 7 

In all reforming reactors the feed contacts with the 
reforming catalyst distributed approximately at the ratio of 
15/20/25/40 %. In the continuous regeneration process the 
catalyst circulates continuously:  

• In the reactors. 

• From one reactor bottom to the top of the next one. 

• From the last reactor to the regeneration unit for 
regeneration. 

• From the regeneration unit, the regenerated catalyst 
returns to the first reactor. 

In the regeneration unit, catalyst circulation is achieved 
either by gravity flow or by gas lift systems. In order to 
obtaining a good regeneration of the spent catalyst, 
operations such as coke burning, catalyst oxychlorination, 
catalyst calcinations, catalyst cooling and catalyst reduction 
must be carried out. Leaving fourth reactor, the effluent after 
heat exchange against reactor feed, is cooled by air and 
water exchange, respectively before entering the separator 
drum.  

 

Table 1. Feed specifications of the CCR plant studied 

Distillation Case1 

Feb. 2011 

Case2 

April 2011 

Case3 

May 2011 

Case4 

July 2011 

Method (D86) 

IBP ° C 95 92 92 93 

10 % vol ° C 107 104 104 104 

30% vol ° C 112 111 109 111 

50 % vol ° C 118 117 114 117 

70 % vol ° C 126 127 125 125 

90 % vol ° C 139 140 137 138 

FBP ° C 161 164 161 159 

PONA Analysis 

Naphthenes  vol % 33.2 33.8 33.8 - 

Aromatics  vol % 12.2 12.4 11.8 - 

Density kgm-3 746.5 745 745 744 

A portion of the separated gas is compressed by a recycle 
gas compressor; then, it is recycled to the reactors. Finally, 
the liquid product leaving the separator is introduced to the 
gasoline stabilizer in which the LPG and light gases are 
separated from the gasoline to set the vapour pressure of the 
gasoline according to the market requirement. The 
distribution of catalyst between reforming reactors in the 
CCR plant studied in this work is shown in Table 2. 
Moreover, the normal operating conditions prevailing in this 
unit are presented in Table 3. 

Table 2. Catalyst distribution in reforming reactors studied 

Catalyst 
First 

Reactor 

Second 

Reactor 

Third 

Reactor 

Fourth 

Reactor 

     

Weight (kg) 5880 6754 10545 18984 

Distribution (wt %) 14 16 25 45 

 

Table 3. Operating conditions in the CCR plant studied  

Process variable Value 

 

Inlet temperature (°C) 500 - 515 

Hydrogen/hydrocarbon ratio (mol mol-1) 3-7 

LHSV (h-1) 1- 2 

Yield (vol %) 70 - 85 

Process Simulation  

Catalytic reforming process is often modeled and 
simulated based on the: 1. Number of reactive species, and 
2. Type of the used kinetic model.8,9,10 Moreover, presence 
of many components as reactants or intermediate products in 
the reactive mixture makes a sophisticated situation for 
modeling and simulating the process. To decrease these 
complications, reactants in the mixture are classified in 
certain and limited groups, called pseudo components. The 
number of selected pseudo components in the mixture is a 
determinant factor interested in designed models. 
Additionally, Arhenius and Langmuir–Hinshelwood kinetics 
are widely used for kinetic-based catalyst modeling and 
simulating of the catalytic naphtha reforming process11,12. 
Petro-sim simulator, developed by KBC, is capable to 
simulate industrial scale of catalytic reforming units.13 This 
simulator can also simulate the catalytic reforming plants 
with three or four reactors; so, it enables us to simulate 
reactors with different catalyst weights and different 
sizes.14,15 In this research, Petro-sim has been used to 
simulate and analysis of the CCR plant studied. 

To simulate the catalytic naphtha reforming process using 
Petro-sim, external calibration in order to determining the 
kinetic parameters is essentially needed. For this unit, Ref-
sim module is applied to provide these factors15,16. It should 
be mentioned that for generating these parameters i.e. 
frequency factors, activation energies and decay constants, 
actual test runs from the under study unit should be 
gathered. These parameters mainly consist of inlet and outlet 
reactor temperatures, catalyst weight, specification of feed 
and products, operating pressures, flow rates of makeup 
hydrogen, recycle rates and flow rates of all gaseous and 
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liquid products. After preparing test runs and running Ref-
sim module, calibration factors are sent to the Petro-sim 
environment in order to simulating and optimizing the under 
study plant. The algorithm to tune and simulate CCR 
process studied in this research is shown in Fig. 2. 

Figure 2. Algorithm of tuning and the CCR plant using Ref-sim 
module 

 

Results and discussions 

Actual test runs were gathered from the CCR unit 
described in the earlier sections. The data used for the 
calibration should be selected from the normal condition 
when no abnormalities, such as tower flooding, emergency 
depressurization and pump or compressor shut down were 
happen in the operation. Before using these data to estimate 
the tuning parameters, it was necessary to validate them. If a 
reasonable overall mass balance (±5%) cannot be calculated, 
the validity of test run was compromised. Additionally, from 
Table 1, it was found that the variation in feed specification 
was not considerable, and its effect on the yield and RON of 
the CCR plant can be ignored. The calibration parameters 
were then generated by Ref-sim module, and they were 
exported to the Petro-sim simulator to create the wide 
simulator of the CCR plant studied. The flow sheet of CCR 
wide simulator developed in Petro-sim environment is 
shown in Fig. 3. To evaluate and validate the simulation, the 
significant simulated variables i.e. outlet temperature of 1st, 
2nd, 3rd, and 4th reactors, product volume yield, product 
RON, H2 purity in recycle gas and coke deposition on the 
catalyst were compared against the actual data points.  

Comparison of these momentous process variables for 
four data sets obtained during 6 months of study are shown 
in Tables 4 and 5. From these tables, it can be concluded 
that the average AAD % of the calculated outlet 
temperatures using the CCR simulator was less than 0.5 % 
for all data sets. In addition, the AAD % of simulation for 
yield, RON of product, H2 purity in recycle gas and coke 
deposition on catalyst were 0.94 %, 1.098 %, 0.57 % and 
0.347 %, respectively. 

From the AAD% of the simulation, the validity of wide 
simulator was confirmed during 6 months of operation; 
therefore, it is reliable to study the under study CCR plant. 

 

Figure 3. Wide simulation of CCR plant studied 

After validating the CCR simulator, it was applied to 
sensitivity analysis of RON and yield of the produced 
gasoline. Fig. 4 and Fig. 5 show the sensitivities of RON 
and volume yield of the gasoline (or Reformate) to the 
temperature of reactors in the CCR plant studied.  

Figure 4. Effect of reactors inlet temperature on product RON 

Figure 5. Effect of reactors inlet temperature on product volume 
yield 

As observed in Figures 4 and 5, the RON of product was 
enhanced by increasing the temperature of reforming 
reactors. In contrast, the yield of the gasoline dropped by 
increasing the temperature.  
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Table 4. Comparison of outlet temperature of 1st to 4th reactors of the CCR plant studie 

AAD %  Test run 4 Test run 3 Test run 2 Test run 1 Unit Variable 

  S A S A S A S A  

0.417 394.3 396.7 392 393 397.0 395.8 395.1 393.1 ° C 1st reactor 

0.197 449.9 448.7 446.3 445.9 448.3 448.35 444.2 446.1 ° C 2nd reactor 

0.396 465.6 465.6 465.3 464.4 462.1 465.8 461.6 464.3 ° C 3rd reactor 

0.558 479.6 480.9 479.7 479.9 475.8 480.9 476.65 480.8 ° C 4th reactor 

A: Actual, S: Simulation, AAD: Absolute Average Deviation 

 

Table 5. Comparison of product yield, product RON, hydrogen purity in recycle gas and coke on catalyst of the CCR plant studied 

AAD% 
Test run 4 Test run 3  Test run 2  Test run 1 Unit Variable 

S A S A  S A  S A  

0.94 82.51 81.69 82.29 81.5 81.76 81.59 83.8 84.48 vol % Yield 

1.087 98.14 98.8 98.1 98.88 97.44 98.73 97.54 99.1 - RON 

0.57 89.13 88.37 88.95 88.3 88.87 88.48 89.49 89.27 mole % H2 purity 

0.347 4.48 4.5 4.29 4.3 5.57 5.6 4.48 4.5 wt %/ Coke  

 

It may be supposed that the hydrocracking reactions are 
promoted more than the cyclization of paraffins, in 
consequence with increasing RON of the product, and 
also decreasing the volume yield. From Fig. 5, the 
optimum inlet temperature for all reactors is determined 
about 515 °C. 

The effects of feed (heavy naphtha) and recycle flow 
rates on the RON and volume yield of gasoline are shown 
in Figw. 6 and 7. In these figures, for all cases, the left y-
axis and (▲) points show the volume yield and the right 
y-axis and (●) points show the RON of the product.  

Figure 6. Effect of feed flow rate on product RON and volume 
yield 

As illustrated by the (▲) points in Fig.6, by increasing 
the feed flow rate, the yield of the process (left y-axis) 
increases, but the right y-axis and (●) points show that 
increasing the feed flow rate drops the RON of the 
reformate. Since the inverse of the feed flow rate divided 
by the amount of catalyst is linked with the residence 
time of the reactor, it affects directly the kinetic of the 
reforming reactions. Decreasing the feed flow rate 
increases residence time in consequence with higher 
severity, hence it increases product RON, and decreases  

product yield. According to this figure, optimal feed flow 
rate of 148 m3 h-1 is determined. As illustrated by the (▲) 
points in Figs.7, increasing the recycle flow rate 
decreases the yield of the process (left y-axis), but the 
right y-axis and (●) points show that increasing this 
decision variable increases RON of the reformate. In fact, 
increasing the recycle flow rate elevates H2 to 
hydrocarbon ratio; therefore, hydrocraking reactions are 
strongly promoted. Enhancing hydrocracking reactions in 
reforming reactors increases RON of product, and 
decreases product volume yield. According to this figure, 
optimal recycle flow rate of 45000 m3 h-1 can be 
determined. 

Figure  7. Effect of recycle flow rate on product RON and 
volume yield 

 

Finally, to evaluate the optimal determined point for the 
CCR plant, reactor temperature of all reactors, feed flow 
rate and recycle flow rate were manipulated from 
512.9°C, 150 m3 h-1  and 45400 m3 h-1 to the estimated 
optimal point i.e. 515°C, 148 m3 h-1 and 45000 m3 h-1, 
respectively. It was observed that the actual RON and 
volume yield of the CCR plant were enhanced from 99.55 
and 82.04 % to 99.67 and 82.4 %, respectively.  
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Conclusion 

In this work, a commercial scale continuous catalytic 
reformer, a key process for producing high octane 
gasoline, was simulated. Operating data was obtained 
from a commercial scale CCR plant for calibrating the 
simulator using Ref-sim module; then, the wide simulator 
of CCR unit was created in Petro-sim environment. 
Results showed that for four data sets gathered during 6 
months of study, the average AAD % of the simulated 
outlet temperatures, volume yield, RON of product, H2 
purity and coke deposition on the catalyst against actual 
data were about 0.5 %, 0.94 %, 1.098 %, 0.57 % and 
0.347 %, respectively.    

After validating the simulation, sensitivity analysis 
showed that the RON of product increased by elevating 
the temperature of the reactors, but the yield of the 
gasoline dropped. Moreover, it was found that increasing 
the feed flow rate increased the yield of the process, but 
the RON of the gasoline decreased by increasing that. In 
contrast, increasing recycle flow rate increased the 
product RON, but it decreased the volume yield.  

According to this analysis, the optimal inlet 
temperature for all reactors, feed and recycle flow rates 
were 515°C, 148 m3 h-1 and 45000 m3 h-1, respectively. 
After setting the process variables on these optimal 
values, it was observed that the actual volume yield and 
RON of gasoline increased to 99.67 and 82.4 %, 
respectively. Therefore the efficacy of the presented 
optimization approach was confirmed.  
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β-Aminocarbonyl compounds are selectively synthesized in high yields under extremely mild conditions via the condensation of aromatic 

aldehydes, aryl amines and ketones using catalytic amount of iron (III) phosphate under solvent free conditions. The use of readily available 

iron (III) phosphate as a reusable and recyclable catalyst makes this process quite simple, convenient, and environment-friendly. 
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Introduction 

The Mannich reaction is an important carbon–carbon 
bond-forming process for the preparation of β-
aminocarbonyl compounds and 1,2-amino alcohols.1,2 
Several methods to improve and modify this three-
component reaction3,4 have been reported such as the use 
of microwaves,5,6 or ultrasound irradiation,4 Lewis acids,7-

10 Lewis bases,11 Bronsted acids,12,13 rare and transition 
metal salts,14-16 or organo catalysts.17-20 However, most 
catalysts are difficult to remove, and some of them are 
corrosive and volatile and often cause environmental 
problems. Hence, there is increased interest in the 
development of environmentally benign reactions and 
atom-economical catalytic processes for the synthesis of 
β-aminocarbonyl compounds. Herein, we report the three-
component Mannich reaction of acetophenone derivatives 
with a variety of aromatic aldehydes and aromatic amines 
at room temperature catalyzed by anhydrous FePO4 
(Scheme 1).  

 

Results and discussion 

To the best of our knowledge, the direct one-step 
Mannich reaction catalyzed by anhydrous ferric 
phosphate (FePO4) has not been reported previously. 
Although the reaction may be performed under solvent-
free conditions on a small scale, it may also be carried out 
in ethanol; hardly any reaction occurred in methylene 

chloride, THF, ether or water. Although they accelerate 
the rate and shorten the reaction time, higher temperatures 
(100°C) also promote side reactions and oxidation of the 
amines and of the aldehydes; thus the reaction in ethanol 
was performed at room temperature. From a green 
chemistry standpoint, solvent-free conditions are best and 
were chosen in the present investigation. 

Initially, optimized conditions for the reaction of 
acetophenone, benzaldehyde and aniline in the presence 
of a catalytic amount of anhydrous iron(III) phosphate (5 
mol %) were investigated under solvent-free conditions 
and at room temperature (Table 1). Various aromatic 
aldehydes, acetophenones and arylamines were used with 
catalytic amounts of FePO4 to define the scope of this 
new protocol. Aldehydes bearing either electron-
withdrawing groups (–Cl and –NO2) or electron-donating 
group (–OCH3) at the m- or p-positions were all suitable. 
The position of the substituents on the aromatic ring of 
amines has no obvious effect on this conversion. Other 
aromatic ketones such as propiophenone and 
desoxybenzoin, and aliphatic ketones such as 
cyclohexanone failed to give any product. The method is 
not applicable to aliphatic aldehydes (hexanal) and 
amines (cyclohexylamine).  

It is likely that FePO4 activates the aldehyde27-30 toward 
attack by the amine and also promotes the enolization of 
the acetophenones. Condensation of the amine with the 
aldehyde to the aldimine followed by nucleophilic attack 
by the enolized ketone on the aldimine would account for 
the formation of the observed product(Scheme 2). 

Experimentals 

Mps were measured in capillary tubes on an Electro 
Thermal 9200 apparatus and are uncorrected. IR spectra 
were recorded as on a KBr pellets Perkin Elmer FT-IR 
spectrometer. 1H NMR and 13C-NMR spectra were 
obtained on Bruker DRX-300MHZ NMR instrument in 
CDC13. Chemicals shifts are reported in parts per million 
(δ) relative to tetramethylsilane (δ 0.0) as an internal 
standard. Elemental analyses were performed by 
Elemental analyzer Vario EL. All starting materials were 
purchased from Merck Co. and used without further 
purification. 

 

O

R1 R3

NH2

R2

CHO

FePO4

Solventfree

r.t.

NH O

R3

R1R2

R1= H, 4-NO2, 4-MeO

R2= H, 4-NO2, 3-NO2, 4-Cl, 3-Cl, 2,5-diMeO, 2,6-diCl, 2,3-diMeO

R3= H, 4-Br, 4-NO2, 4-MeO, 2,4-diF, (2-Cl)-4-F, 3,4-diMeO

4(a-k)
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Table 1. FePO4-catalyzed Manich Reaction of Acetophenone with Aromatic Aldehydes and Aromatic amines under solvent-free 
conditions. 

Product R1 R2 R3 Time, min  Yield, % M.p., °C 

 Found Reported 

4a H H H 30 95 170-171         169-7023 

4b H 4-NO2 H 15 90 90-95              89-9124 

4c H 4-NO2 4-Br 20 90 180-186    Table 2 

4d H 3-NO2 4-Br 20 93 84-88              Table 2 

4e H 4-Cl H 30 91 114-115        114-11523 

4f 4-NO2 H H 45 87 169-171          170-17125 

4g H 3-Cl H 30 93 139-141          140-14126 

4h 4-MeO 4-NO2 4-MeO 25 94 100-101        Table 2 

4i H H 4-NO2 45 85 184-186          185-18618 

4j H 2,5-(MeO)2 H 20 93 125-127        126-12825 

4k 4-MeO H H 300 95 123-126          123-12526 

4la H 2-Cl H 300 75 135-137     134-13631 

4ma H H 2-Cl 300 60 111-113         113-11532 

4na H 2-Cl 2-Cl 300 - - - 

4oa H 4-Me2N H 300 60 200-201           202-23021 

4l H 2,6-Cl2 H 60 68 125-127           126-12826 

4m H H 2-Cl,4-F 60 70 162-163          163-16526 

4n H H 2,4-F2 60 50 175-176 174-17626 

4o H H 3,4-(MeO)2 40 92 144-146        145-14628 

4p H 2,3-(MeO)2 H 45 91 123-125          126-12731 

a) The reaction was stirred in ethanol.  

 

Table 2. M.p.’s, color, and elemental analysis data of 4c, 4d, 4h 

Product Mol. Formula M.p., 0C Color  Elemental Analysis (Calcd) 

 C H N 

4c C21H17BrN2O3 180-186 yellow 59.02 (59.31) 4.01 (4.03) 6.51 (6.59) 

4d C21H17BrN2O3 84-88                      yellow 59.02 (59.31) 4.02 (4.03) 6.50 (6.59) 

4h C23H22N2O5 100-101                   white 67.88 (67.97) 5.24 (5.46) 6.76 (6.89) 

 

Table 3. FT-IR, 1H NMR and mass spectroscopic data of 4c, d, h 

No. IR(KBr, cm-1) 1H NMR(δ: ppm) GC/Mass 

 

4c 3458.9(-NH stretching of secondary 

amine), 2978(-CH, stretching of 

aliphatic), 1690(C=O stretching of 

aromatic ketone), 1583, 1409.8(C=C- 

stretching of aromatic ring); 

 

8.28 (2H, d, J=8.6Hz, ArH), 8.02 (2H, d, J=8.6Hz, ArH), 7.89 

(2H, d, J=8.7Hz, ArH), 7.44 (1H, d, J=7.4Hz, ArH), 7.35 (1H,  

t, J=7.6Hz, ArH), 7.16 (1H, t, J=7.8Hz, ArH), 7.02 (2H, d, 

J=8.6Hz, ArH), 6.78 (1H, t, J=7.1 Hz, ArH), 6.66 (1H, d, 

J=7.8Hz, ArH), 5.07(1H, t, J=6.2Hz, NCH), 3.61 (2H, t, 

J=5.0Hz, COCH2); 

425(M+) 

427(M+2)+ 

4d 3434.8(-NH stretching of secondary 

amine), 2928(-CH, stretching of 

aliphatic), 1684(C=O stretching of 

aromatic ketone), 1563, 1353(C=C- 

stretching of aromatic ring) 

8.00 (2H, d, J=9.1Hz, ArH), 7.88 (2H, d, J=7.2Hz, ArH), 7.60 

(1H, t, J=7.2Hz, ArH), 7.51 (1H, s, ArH), 7.44 (2H, t, J=7.6Hz, 

ArH), 7.35 (1H, d, J=7.2Hz, ArH), 7.28 (1H, d, J=8.0HZ, ArH), 

7.18 (1H, t, J=8.0Hz, ArH), 6.60 (2H, d, J=9.2Hz, ArH),  5.58 

(1H, d, J=6.4Hz, NH), 5.02 (1H, q, J=6.0Hz, NCH), 3.48 (2H, 

d, J=6.0Hz, COCH2) 

 

425(M+) 

427(M+2)+ 

4h 3466(-NH stretching of secondary 

amine), 3077(-CH, stretching of 

aromatic), 1692(C=O stretching of 

aromatic ketone), 1587, 1295(C=C- 

stretching of aromatic ring) 

8.00 (2H, d, J=9.1Hz, ArH), 7.88 (2H, d, J=7.2Hz, ArH), 7.60 

(1H, t, J=7.2Hz, ArH), 7.51 (1H, s, ArH), 7.44 (2H, t, J=7.6Hz, 

ArH), 7.35 (1H, d, J=7.2Hz, ArH), 7.28 (1H, d, J=8.0Hz, ArH), 

7.18 (1H, t, J=8.0Hz, ArH), 6.60 (2H, d, J=9.2Hz, ArH),  5.58 

(1H, d, J=6.4Hz, NH), 5.02 (1H, q, J=6.0Hz, NCH), 3.48 (2H, 

d, J=6.0Hz, COCH2) 

406(M+) 
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General Procedure for the Synthesis of β-Aminocarbonyl 

Compounds 

A mixture of an aromatic aldehyde (5 mmol), an aromatic 
amine (5 mmol), the acetophenone (5.5 mmol) and FePO4 
(0.0375 g, 5.0 mol%) was ground using a mortar and 
pestle at room temperature for the indicated times in 
Table 1. After completion of the reaction (monitored by 
TLC, eluent: n-hexane/ethyl acetate: 4/1), ethyl acetate 
(10 ml) was added to the reaction mixture. After the 
catalyst was filtered off, 10 ml of a saturated NaHCO3 
solution was added, and the organic layer was separated 
using a separatory funnel and dried over MgSO4. The 
crude product obtained after evaporation of solvent was 
purified by recrystallization from ethanol or ethanol/water 
3:2 (v/v) to give the pure compounds. The pure products 
were identified by comparison of their mp, IR, 1H NMR 
with those of authentic samples5. Tables 2 and 3 provide 
the color, melting points, elemental analysis and 
spectroscopic data of new compounds 4c, 4d, 4h 
respectively. 

The reaction (entry 1, Table 1) was run in larger-scale 
using bezaldehyde (21.2 g, 200 mmol), aniline (18.6 g, 
200 mmol) and acetophenone (25.2 g, 210 mmol) and 
FePO4 (1.5 g, 200 mol%)  in 150 ml of ethanol at room 
temperature for 5.0 h. After completion of the reaction, 
ethanol was removed and the product was obtained 57.2 g 
in 95%. 

At the end of the reaction, the catalyst was recovered by 
gravity filtration and recycled after washing with ethyl 
acetate and could be subjected to five additional runs and 
after five runs the yield was reduced only slightly. 

 

Conclusion 

In summary, the present work has reported a general, 
efficient, convenient, catalytic and green reaction medium 
for the selective synthesis of β-aminocarbonyl 
compounds by the Mannich condensation of 
acetophenones with aromatic aldehydes and aromatic 
amines in the presence of anhydrous FePO4 catalyst. This 
general, simple, rapid and clean protocol does not require 
the organic solvent and energy and is atom-economical. 
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There are described the quasi-chemical reactions that take place between radiation defects and impurities in irradiated silicon. It has been 

experimentally investigated single-crystalline n- and p-type silicon doped, respectively, with phosphorus or boron, irradiated with high-

energy electrons or protons and subjected to the high-temperature isochronous annealing. Rates of quasi-chemical reactions are found to be 

dependent on the charge-states of reactants and then controllable by varying the irradiation conditions – beam-intensity, irradiation 

temperature and IR light exposure during the irradiation, as well as temperature of annealing of the previously irradiated samples. It is 

shown that the quasi-chemical reactions can serve as effective tools for tuning the electronic properties of silicon, the basic material of 

micro- and nanoelectronics. 
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Introduction 

As is known, structural imperfections and chemical 
impurities presented in a crystalline lattice can react quasi-
chemically with each other resulting in new defect-
complexes. In particular, some of quasi-chemical reactions 
in semiconductors lead the formation of electrically active 
defects those are thermally stable and, therefore, 
significantly affect electronic properties of the material. For 
this reason, the control utilizing quasi-chemical reactions 
should be considered as an important tool to obtain new 
crystalline semiconductor materials with predetermined set 
of desired electronic properties. 

A series of our previous studies (see, e.g., papers1-10) 
devoted to single-crystalline silicon, basic material of 
modern ICs, irradiated with high-energy particles has 
revealed a number of quasi-chemical reactions involving 
radiation-induced defects, which significantly affect 
semiconducting properties of this material. Here our purpose 
is to describe and systemize quasi-chemical reactions that 
take place in irradiated silicon, as well as identify their 
potential applications. The paper is organized as follows. 

After present Introduction we give the Experimental part 
describing the samples studied and the measuring methods 
applied. Following section characterizes the quasi-chemical 
reactions, which occur with primary radiation defects in 
silicon at low (room) temperature and low intensity of 
irradiation. 

Rate and even possibility of a quasi-chemical reaction are 
essentially determined by the charge-states of reactants as 
the strength of electrostatic attraction between oppositely 
charged defects and/or impurities and repulsion between 
like-charged ones, respectively, favors or hampers the 
reaction. But, charge-states of radiation-defects depend on 
the conditions of irradiation. It is a reason why special 
sections are devoted to the influence on quasi-chemical 
reactions in crystalline silicon of factors such as irradiation 
intensity and lightening or heating in process of irradiation. 

It should be borne in mind that the quasi-chemical 
reactions take place not only during the irradiation but also 
the aging of an irradiated sample in ambient conditions or its 
isochronous annealing at elevated temperatures. For this 
reason, the influence of annealing on the quasi-chemical 
reactions in irradiated silicon is presented by the special 
section as well. 

At the end of the paper we summarize obtained results and 
briefly outline their Prospects for practical applications. 

Experimental 

We have mainly investigated single-crystalline zone-
melted silicon (Si) containing background impurity oxygen 
(O) in concentration of ~1016cm–3 as it was determined from 
the IR absorption spectrum. The density of growth 
dislocations in test samples estimated from the etching pits 
does not exceed 4·104cm–2. In addition, it has been studied 
several samples grown by Czochralski method, i.e. with 
significantly higher oxygen content: ~1018cm–3. Samples of 
both origins contain ~1016cm–3 of background impurity 
carbon (C). It has been investigated samples of n- and p-type 
conductions doped with phosphorus (P) or boron (B) at 
concentrations of ~1013–1014 and ~1014cm–3, respectively. 
The samples were prepared in form of bars of sizes of 
1mm×3mm×10mm. 

These samples were irradiated with 2 and 8MeV electrons 
or 25MeV protons. Irradiation carried out in the direction 
perpendicular to the samples largest faces (111). Irradiation 
doses, 1.0∙1014–5.0∙1015 for electrons, and 2.7∙1012 and 
8.1∙1012cm–2 for protons, were adjusted so that at nitrogen 
boiling point (77K) the concentration of majority charge 
carriers trapped by radiation defects did not exceed the 
dopants concentration. Used intensities of electron- and 
proton-beams were of ~1012–1013 and ~1011cm–2∙s–1, 
respectively. Irradiations were carried out both at room 
(300K) and elevated temperatures during heating in the 
range 20–400°C. It has been also studied the effect of IR-
lightening during irradiation on the kinetics of defects 
formation. From levels corresponding the different radiation 
defects, electrons were excited into the conduction band by 
the IR monochromatic light with photons energy of hν=0.2–
0.5eV. The samples were annealed isochronously in the 
temperature range of 80–600°C with steps of 10°C for 
10min at a fixed temperature. 
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To identify the nature of electrically active defects 
resulting from quasi-chemical reactions accompanying 
irradiation and heat treatment, from Hall-measurements it 
was determined their ionization energies and thermal 
stabilities, i.e., annealing temperatures. Ohmic contacts 
necessary in such measurements were prepared by rubbing 
aluminum (Al) on surfaces of test samples. Temperature-
curves of majority carriers’ Hall-concentration N–T were 
taken from 77 to 300K. In order to illustrate, some of these 
characteristics are shown in Figure 1. Methodology of 
determining the concentration of defects in irradiated silicon 
from the curves N–T and N–Tann, where Tann is the annealing 
temperature, had been described in details in above cited 
papers. 

Figure 1. Temperature-dependence of electron concentration in n-
Si crystals 1 – before irradiation, 2 – after electron-irradiation with 
dose of 1.5∙1014cm–2 at 300K, and 3–5 – after annealing at 
temperatures 100, 150 and 300°C 

Effectiveness of introduction of various radiation-induced 
defects η=∂NRD/∂Φ, where NRD is the concentration of 
defects of given type and Φ is the irradiation dose, measured 
after cycles of irradiation accompanied with IR lightening or 
isochronous annealing. For this purpose, we used the 
method of local irradiation followed by the measuring the 
bulk photo-emf Uph along the irradiated part of the sample. 
These measurements were carried out at a fixed dose and, 
therefore, photo-emf was proportional of the effectiveness 
of introduction of radiation defects: Uph~η. The relative 
errors of all these measurements do not exceed ~10%. 

Results and Discussion  

Charge-states of vacancies and interstitials at their formation 

in process of low-intensity irradiation at room temperature 

As is known,11 the irradiation of silicon with beams of 
elementary particles forms primary radiation defects – 
vacancies and interstitials, so-called Frenkel pairs. Some of 
them experience mutual annihilation or recombination at 
crystal surfaces. The remaining nonequilibrium Si-
interstitials are more mobile than vacancies and, therefore, 
rapidly form complexes with background impurity O and/or 

C. Although, concentrations of these complexes are 
extremely low. The majority of interstitials tend to form 
clusters12 which substantially do not interact with other 
structural defects or impurity atoms. As for the non-
equilibrium (radiation) vacancies remaining in the bulk, they 
are also quite mobile and participate in different quasi-
chemical reactions forming radiation defects of high-orders. 
Many of these vacancy-complexes are electrically active and 
hence largely determine electrical parameters of the 
semiconducting material. 

In the quasi-chemical reactions occurring in irradiated n-
Si crystals, it can be formed following electrically active 
vacancy-complexes: A-center (background impurity oxygen 
+ vacancy: OV), E-center (dopant atom, usually, phosphorus 
+ vacancy: PV), divacancy V2 (or complex VV), etc. In p-Si 
crystals, there are formed complexes BV (dopant atom, 
usually, boron + vacancy), BIOV (interstitial boron atom + 
background oxygen + vacancy), OCV2 (background oxygen 
and carbon + divacancy), etc. 

In order to determine the sign of electric charge of 
vacancies in n-Si crystals, we irradiated them with 25MeV 
protons at 300K. It turned out that in initial samples in 
almost the entire temperature range of measurements, N–T 
dependence corresponds to ionization of shallow donors 
associated with P: N≈6·1013cm–3≈const (Figure 2, Curve 1). 
The temperature-dependence of the electron concentration 
measured after proton irradiation with the dose of 
2.7·1012cm–2 corresponds to depletion of centers with 
electron energy level at EC–0.17eV (Figure 2, Curve 6). 

Figure 2. Temperature-dependence of electron concentration in n-
Si crystals 1 – before irradiation, after irradiation at 300K by 
25MeV protons with doses of 2–5 – 8.1·1012 and 6 – 2.7·1012cm–2, 
and annealed at temperatures 4 – 150 and 5 – 300°C 

As a result of irradiation with dose of 8.1·1012cm–2, N–T 
curves reveal straight-line sections those correspond to 
depletion of centers at EC–0.42eV (Figure 2, Curve 3) or are 
associated with centers with energy levels placed at EC–
0.54eV (Figure 2, Curve 2). As is known,12 the level EC–
0.17eV is attributed with A-centers, the level EC–0.42eV 
with E-centers and divacancies V2 (or reveals their 
superposition), and, finally, the level EC–0.54eV with 



Quasi-chemical reactions in irradiated Si crystals          Section B-Research Paper 

Eur. Chem. Bull., 2013, 2(10), 785-793    DOI: 10.17628/ecb.2013.2.785-793 787 

centers whose nature remains uncertain (the assumption12 
that it belongs to divacancies has been questioned). Curves 4 
and 5 in Figure 2 correspond to depletion of A-centers and 
are obtained by measuring the samples irradiated with the 
dose of 8.1·1012cm–2 followed by annealing at 150 and 
300°C. 

Usually, in n-Si crystals irradiated with ~2MeV electrons 
at room temperature, formation efficiency of E-centers is 
somewhat higher than that for A-centers, notwithstanding 
the fact that the concentration of background O is about 3 
orders of magnitude higher compared to that of dopant P. 
The high efficiency of introduction of E-centers must be due 
to the negative charge-state of vacancies, namely, their 
Coulomb attraction by ionized donors P +. Thus, the quasi-
chemical reaction of formation of E-centers should be 
accompanied by the capture of an electron from the 
conduction band: 

P + + V – + e – → E –.      (1) 

At room temperature A-centers with level at EC–0.17eV 
are not filled and, therefore, are in electrically neutral state. 
On the other hand, as noted above in silicon background 
oxygen is electrically inactive as well. From this we 
conclude that formation of an A-center from the negatively 
charged vacancy should be accompanied by excitation of an 
electron: 

O + V – → A + e –.      (2) 

However, note that electron formed in this reaction, 
probably, does not move freely in the conduction band, but 
is captured by a deep center. As for the formed electrically 
neutral A-center, it can join with another (negatively 
charged) vacancy: 

A + V – → (OV2) –.       (3) 

At room temperature, this oxygen–divacancy complex 
with deeper level at EC–0.50eV is negatively charged and 
due to the electrostatic repulsion further joining with 
negatively charged vacancies highly unlikely. Since at room 
temperature the E-centers with electron level at EC–0.44eV 
are negatively charged, the formation of similar divacancy-
complexes is impossible as well. Joining of negatively 
charged vacancy V – directly with the divacancy is hampered 
because its level EC–0.39eV is too deep enough and, 
therefore, at room temperature divacancy is negatively 
charged: V2

–. It should be noted that the formation of 
divacancies V2 by diffusion mechanism during the 
irradiation at room temperature from pairs of negatively 
charged monovacancies is unlikely. It is assumed that 
divacancies are formed as primary radiation defects (along 
with Frenkel pairs). 

The reality of above listed quasi-chemical reactions is 
proved by the Figure 2, which shows that in n-Si during the 
irradiation at room temperature there are formed A- and E-
centers, divacancies and OV2-complexes. Note that the level 
EC–0.50eV corresponding to the complex OV2 we could not 
detect directly.  

However, the existence of such a defect can be argued 
indirectly, by the increase in electrons concentration in 
process of isochronous annealing in the temperature range 
≥500°C. 

Since impurity B-atom in silicon crystals creates the 
shallow acceptor level, then at room temperature B-atoms 
are ionized by capturing of electrons from the valence band: 
B –. Therefore, the dopant atoms in p-Si could not join with 
vacancies if they are negatively charged (like n-Si). On the 
other hand, in p-Si crystals produced by doping with boron 
and irradiated with electrons at room temperature there are 
found secondary radiation defects BV with the energy level 
at EV+0.45 eV. This is a deep level capable to capture a hole 
from the valence band, what will lead to a positively 
charged defect-complex. Thus, (BV) + complex should be 
formed by the following reaction: 

B – + V + + e + → (BV) +.    (4) 

Applying the method of local irradiation followed by the 
bulk photovoltage measurements, we have experimentally 
demonstrated1,5 that at room temperature and absence of any 
external influences the charges of primary radiation defects 
in n-Si crystals are of different sign of charge carriers, while 
in p-Si are of same sign. Therefore, we conclude that 
interstitials at the time of formation at room temperature 
both in n-Si and a p-Si should be charged positively. 

Influence of irradiation intensity on efficiency of introduction 

of radiation defects 

Influence of irradiation intensity φ on the efficiency of 
introduction of radiation defects η in n-Si has been studied 
for the series of three zone-melted samples doped to levels 
of 1∙1013, 6∙1013 and 2∙1014cm–3 irradiated with 2MeV 
electrons at the dose of 5∙1015cm–2. Measurements 
performed at room temperature, i.e. in the region of 
depletion of A-centers. Hence, the potential barrier between 
irradiated and non-irradiated parts of a sample was 
determined by changes in concentrations of radiation defects 
with deeper levels: E-centers and divacancies V2. It has been 
found that in certain interval the efficiency of introduction 
of radiation defects versus electron-beam intensity η(φ) 
achieves the maximum that with increasing in electron 
concentration N moves towards higher values of φ. In 
crystals with above levels of doping, the critical values of 
intensity, respectively, are 2∙1012, 5∙1012 and 1∙1013cm–2∙s–1 
(see Figure 3). 

The η(φ) curve having the maximum, position of which on 
φ-axis depends on N, suggest that there is satisfied an 
optimal relation between rate of creation of primary 
radiation defects, on the one hand, and changes in free 
charge carriers concentration, on the other hand. For small 
values of φ, all nonequilibrium vacancies become negatively 
charged and creation of divacancies by diffusion mechanism 
is unlikely because of strong electrostatic repulsion between 
vacancies. Under these conditions, high efficiency of 
formation of monovacancy defects, i.e. E-centers, according 
to the reaction (1) is expected. With increasing in the 
irradiation intensity not all the formed vacancies have a time 
to become negatively charged before joining with each other.  
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Figure 3. Bulk photo-emf versus electron-beam intensity in locally 
irradiated n-Si crystals. Energy of incident electrons is 2MeV and 
dose is 5∙1015cm–2. Concentration of electrons is: 1 – 1∙1013, 2 – 
6∙1013 and 3 – 2∙1014cm–3 

Accordingly, it increases the efficiency of formation of 
divacancies in the reaction, 

V + V + e – → V2
 –,       (5) 

which leads to the increase in share of divacancy complexes 
in the total concentration of radiation-induced defects. 

But, this also reduces the total concentration of defects. 
Accordingly, photovoltage Uph decreases and Uph(η) curve 
reveals a maximum. In crystals with different electron 
concentrations, the recharging of non-equilibrium vacancies 
occurs at different irradiation intensities that cause the 
different displacements of the maximum along the φ-axis. 

Figure 4. Bulk photo-emf versus electron-beam intensity in locally 
irradiated p-Si crystals. Energy of incident electrons equals to 
2MeV and dose is 5∙1015cm–2. 1 – without electric field and 2 – 
with biasing electric field of strength of 110V cm-1. 

Influence of the intensity of irradiation with 2MeV 
electrons on the defects formation in silicon has been also 
investigated for p-type material. It has been found that the 

shape and position of the maximum is not changed 
substantially upon application of a constant electric field to 
the sample during its irradiation (Figure 4). Consequently, a 
part of reagents would be uncharged. This result is 
consistent with above interpretation that in such conditions 
there are mainly formed charged complexes (BV) +. It is 
clear that such a product cannot be obtained via quasi-
chemical reaction between oppositely charged reagents. 
Complex (BV) + is formed from the neutral complex of 
ionized dopant plus current carrier, B – + e +, and charged 
vacancy V +. 

Influence of IR illumination in process of irradiation on defects 

formation 

To study the effect of IR illumination on the kinetics of 
defects formation in silicon during 2MeV electron 
irradiation at room temperature, it has been studied n-Si 
samples, in which electrons from different levels of 
radiation defects are excited into the conduction band by 
monochromatic IR illumination with appropriate photon 
energies. 

Isochronous annealing of irradiated crystals were 
performed at 200, 300 and 600°C, which are sufficient for 
complete annealing, respectively, E-centers, divacancies and 
complex-defects with high thermal stability – PV2, O2V2, 
etc.12 

As can be seen from Figure 5, the ηE(hν) dependence has 
two minima at hν1=0.28eV and hν2=0.44eV (Curve 1); 
ηA(hν) has the sharp maximum at hν1 and it passes through 
the minimum at hν2 (Curve 2); the ηTSC(hν) has two maxima 
at hν1 and hν2 (Curve 3). As for the ηV2(hν) dependence, it 
has the single maximum at hν1 (Curve 4). 

Figure 5. Efficiency of introduction of radiation-induced defects in 
n-Si versus energy of quantum of IR illumination in process of 
electron-irradiation: 1 – E-centers, 2 – A-centers, 3 – defects with 
high thermal stability, 4 – divacancies 

As noted above, at 300 K in n-Si crystals primary 
radiation defects – interstitial atom and vacancy – are 
charged oppositely: I + and V –. Therefore, in dark the rate of 
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their recombination should be too high. On the other hand, it 
is known13 that monovacancy in the charge state V – 
corresponds to the energy level located at EC–0.28eV. When 
samples during irradiation are exposed by monochromatic 
IR light with quanta energy of hν1=0.28eV, the vacancies 
are transferred into the neutral charge state and, accordingly, 
the rate of self-recombination of positively charged 
interstitials and neutral vacancies decreases. It takes also the 
place the increase in the concentration of non-equilibrium 
neutral vacancies, what leads to an increase in the efficiency 
of introduction of majority of secondary radiation defects. 
Although, in view of reducing in electrostatic attraction 
between ionized, i.e. positively charged, P atom and neutral 
vacancy the efficiency of introduction of E-centers 
decreases. In addition, some of the generated E-centers 
participating in quasi-chemical reactions with neutral 
vacancies are rebuilt in form of divacancy-defects, 

E – + V → (PV2)  –,      (6) 

It leads to an additional decrease in ηE and the deep 
minimum on ηE(hν) curve (Figure 5). 

Non-equilibrium neutral vacancies that were not captured 
by positively charged P atoms are trapped by neutral O-
atoms, the concentration of which is almost 3 orders of 
magnitude greater: 

O + V → A.        (7) 

As a result, ηA(hν) curve reveals the sharp peak at 
hν1=0.28eV. For a neutral vacancy it will also be easier to 
interact with other deep and, therefore, negatively charged at 
room temperature complexes, what makes it possible the 
following series of conversions:12 

OV + V + e – → (OV2) –,      (8) 

(OV2) – + V → (OV3) –,      (9) 

(O2V2) – + V → (O2V3) –.      (10) 

Defect-complexes formed in reactions (6–10) are 
characterized by high thermal stability and lead to an 
increase in ηTSC (Figure 5, Curve 3). It should be noted that 
complexes OV2 and O2V2 exist in low concentrations and, 
therefore, complexes OV3 and O2V3 formed at their basis can 
be found in negligible concentrations. Hence, in the vicinity 
of hν1 the value of ηTSC is mainly determined by the 
concentration of complexes PV2. 

The cascade mechanism of formation of divacancies 
prevails over the diffusion mechanism, i.e. divacancies are 
mostly formed as primary radiation defects. The small 
increase in ηV2 at hν1 (Figure 5, Curve 4) can be attributed to 
the increased probability of formation of divacancies from a 
pair of neutral monovacancies by diffusion mechanism: 

V + V + e – → V2
 –.      (11) 

As a result of all these processes in n-Si crystals irradiated 
with electrons under the IR illumination with photon energy 
of hν1=0.28eV, the total concentration of radiation-induced 
defects, and, hence, the efficiency of their introduction 
remains essentially unchanged: it increases only ~1.2-times. 

Note for comparison that the doping with germanium (Ge) 
perhaps more than 7-fold increases the radiation resistance 
of silicon due to practically complete eliminating the 
formation of A-centers even in crystals with elevated 
concentration of oxygen.14-17 

When n-Si crystal in process of irradiation is exposed to 
the light with energy of quanta of hν2=0.44eV, negative E-
centers become neutral. And due to the weakening in the 
electrostatic interaction between a neutral E-center and a 
negative vacancy the probability of formation of PV2 
complexes increases: 

E + V – → (PV2) –.        (12) 

If we assume that the irradiation produces only 
monovacancy defects, then the concentrations of radiation-
induced defects NRD and primary vacancies NV are the same: 
NRD=NV. But, if in parallel with monovacancies there are 
formed divacancies then NRD<NV. This inequality explains 
the observed decrease in ηE and ηA (Figure 5, Curves 1 and 
2), appearance of the peak on ηV2(hν) curve (Figure 5, 
Curve 3) and the slight (~1.2-fold) decrease in the number 
of radiation-induced defects in n-Si crystals irradiated under 
the IR illumination with photon energies of hν2=0.44eV. 

Thus, our studies have shown that IR illumination with 
suitable photon energy can significantly alter the efficiency 
of introduction of various radiation-induced defects in 
crystalline silicon, but the total efficiency will remain almost 
unchanged. 

Influence of irradiation temperature on efficiency of defects 

introduction 

The change in the charge-state of radiation defects occurs 
not only under the IR illumination, but also due to changes 
in irradiation temperature Tirr. Effect of the Tirr on the defects 
kinetics in silicon we have investigated for n-type crystals 
doped with phosphorus. Namely, we used zone-melted 
single crystals with electrons concentration of 6∙1013cm–3. 
Figure 6 shows the efficiency of defects introduction versus 
the irradiation temperature. As one can see, at 150°C ηE=0, 
and ηA(Tirr) and ηTSC(Tirr) pass through maxima (Curves 1 
and 4). In the region 100–150°C, Curve 2 passes through the 
minimum and in the region 170–440°C efficiency decreases 
monotonically. This means that ηTSC≈ηPV2+ηOV2+ηO2V2+ηOV3. 

Figure 6 of defects introduction versus irradiation temperature in . 
Efficiency n-Si crystals irradiated by 2MeV electrons: 1 – A-
centers, 2 – divacancies, 3 – E-centers, 4 – defects with high 
thermal stability 
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The ηE decreases with increasing Tirr up to 100–150°C, 
apparently, due to two processes: dissociation of a PV 
complex into P and V and transformation of a neutral E-
center into more complex and more stable defect PV2: 

E + V + e – → (PV2) –.      (13) 

Certain part of the non-equilibrium vacancies that have not 
been captured by neutral E-centers can be used for the 
formation of A-centers, on the basis of which the OV2 
complexes are formed in subsequent reaction 

A + V – → (OV2) –.      (14) 

Within the band gap, OV2 complexes correspond to the level 
of EC–0.50eV.12 Consequently at room temperature these 
complexes are negatively charged like the monovacancies 
and the electrostatic repulsion hampers extension of the 
reaction (14) to form the complex OV3. 

Non-monotonic ηV2(Tirr) curve can be explained by 
changes in the charge-state of monovacancies. At low 
irradiation temperatures (20–80°C), with the accumulation 
of E-centers and the removal of electrons from the 
conduction band, up to the temperature of deionization of E-
centers, the deal of neutral vacancies increases and crystal 
satiation by the vacancies is avoided by forming the 
divacancies V2. Dissociation of E-centers increases the deal 
of negative vacancies. In corresponding region, dependence 
of the efficiency of introduction of negative divacancies on 
irradiation temperature passes through the minimum 
(Figure 6, Curve 2), probably, due to electrostatic repulsion 
of charged vacancies those in more extent are spent on the 
formation of A-centers. Further increase in Tirr shifts the 
Fermi level to the middle of band gap and it starts 
recharging of vacancies: V – → V + e –. The deal of neutral 
vacancies and ηV2 again increase. These processes can 
explain the existence of peaks in the vicinity of 150°C in the 
Figure 6 (Curves 1 and 4). At higher temperatures, Tirr≥150–
300°C, the dissociation of A-centers dominates and V2 and 
OV2 form more stable defect-complexes: 

OV2 + O → O2V2         (15) 

and 

OV2 + V → OV3,        (16) 

which are annealed at 410 and 470°C, respectively.12 

When Tirr=400°C, there is satisfied the approximate 
equations: ηE=ηA=ηTSC≈0 (Figure 4, Curves 1 and 2), despite 
the fact that the annealing temperature for these complexes 
≥400°C. This fact indicates that they are formed on the basis 
of the E- and A-centers according to reactions (13–16). In 
the range 20–150°C, efficiency of introduction of radiation 
defects with high thermal stability ηTSC increases due to the 
formation of PV2 complexes on the basis of neutral E-
centers, while in the range of 150–400°C it reduces what can 
be attributed to the decrease in ηE and ηA, i.e. rates of 
formation of E- and A-centers, which are formed on the 
basis of thermal-stable complexes PV2, OV2, O2V and OV3. 
Last is annealed at ≥400°C. 

Summarizing the results we can conclude that the increase 
in the irradiation temperature of silicon doped with 
phosphorus leads to the increase in efficiency of 
introduction multi-vacancy phosphorus- or oxygen-
containing radiation defects. 

Quasi-chemical reactions in irradiated silicon in process of 

isochronous annealing 

When the annealing temperature increases, products of 
dissociation of relatively less stable defect complexes 
increasingly come into quasi-chemical reactions with 
impurity atoms or structural imperfections of the structure. 
The result is the formation of new more stable complexes, 
the increase in the concentration of some existing defects or 
their conversion into different type defects. In electron-
irradiated zone-melted n-Si crystals with relatively low 
content of oxygen, 9∙1015cm–3, formed complexes mainly 
are A- and E-centers and divacancies V2. 

For test samples irradiated with 2MeV electrons at room 
temperature and annealed in the range of 80–400°C, it has 
been shown that E-centers are annealed in the range o100–
150°C, V2 – 250–300°C, and A-centers – around 300°C 
(Figure 7, Curves 1, 2 and 3). As can be seen from Figure 7, 
during the annealing of E-centers the concentration of A-
centers increases (Curves 1 and 2). Presumably, one of the 
decay products of E-centers – monovacancy – participates 
into quasi-chemical reaction with impurity atom of oxygen 
that results in the effect observed at 150°C: 

E + O → P + + e – + V + O → P + + A + e –.  (17) 

Figure 7. Changes in concentrations of 1 – E-centers, 2 – A-centers 
(2) and 3 – divacancies in electron-irradiated zone-melted n-Si 
versus isochronous annealing temperature 

The increase in the concentration of A-centers is also 
observed due to conversion of V2 in the range 250–300°C: 

V2 + O → A + V.        (18) 

As can be seen from Figure 7, after the conversion of 
divacancies with concentration of 2∙1013cm–3 there are 
formed A-centers with concentration of 1∙1013cm–3 
(Curves 2 and 3). The decay of V2 means the formation of a 
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pair of vacancies. And for the formation of a single A-center 
it is sufficient only single vacancy. It turns out that the 
formation of A-centers consumed about a quarter of the 
annealed V2. Apparently, other divacancies are annealed by 
conversion into other defects such as complexes OV2, which 
in the silicon crystalline lattice are situated near the Si–O–Si 
bonds. At the first stage, it forms A-center via reaction O + 
V → A (formation mechanism of such a center is easy to 
analyze for the structure of silicon dioxide18). And after that, 
a second vacancy is added: A + V → OV2. The OV2 
complexes correspond to the energy level at EC–0.50eV and 
they are annealed at 350°C. It is possible that annealing of 
V2 occurs by partially converting them into phosphorus-
containing complexes PV2. These complexes in n-Si crystals 
are formed during a long exposure or isochronous annealing 
of irradiated samples.19 Under these conditions divacancies 
are transferred into the neutral charge-state and PV2 
complexes are formed by the reaction: 

P + + V2 + e – → PV2.    (19) 

It is known14 that in silicon crystals grown by Czochralski 
method, i.e. with high oxygen content, the dominant 
radiation defect is A-center – OV complex. If isochronous 
annealing is conducted at ≥300°C, a significant part of these 
centers is transformed into O2V. With increasing annealing 
temperature O2V transforms into O3V (450°C), then O3V into 
O4V (450–485°C), etc. The O2V complexes are formed via 
capturing diffusing A-centers by interstitial oxygen, while 
the centers with higher content of oxygen are formed via 
capturing of diffusing oxygen by the complexes O2V, O3V, 
O4V, etc.14 

Figure 8. Activation energy of vacancy migration in silicon versus 
its charge-state 

For p-Si crystals obtained by the Czochralski method and 
irradiated with 8MeV electrons at the dose of 5.0∙1015cm–2, 
we identified (see the characteristics below) the values of 
the activation energy of migration Em for vacancies in the 
charge-states of 0 and +2 as 0.35 and 0.60eV, respectively. 
These results, together with available data20 are shown in 
Figure 8. As one can see, the activation energy of vacancy 
migration is linearly increasing function of the charge 
number Z of the defect. Therefore, it seems natural to 

assume the same behavior for OnV complexes (n=1,2,3,...). 
With increasing in the annealing temperature it changes 
their charge state: they lose electrons and become positively 
charged. Consequently, the activation energy of migration of 
OnV complexes increases. When this value exceeds the 
activation energy of migration of interstitial oxygen atoms 
(2.54eV12), complexes of higher order are formed mainly in 
the process of capture of diffusing background oxygen by 
the already existing oxygen–vacancy complexes. 

A minority of A-centers has to be annealed at 300°C by 
the dissociation reaction: 

A → O + V,     (20) 

and rest of these centers is annealed by conversion. 
Produces are higher order radiation defects, 

A + O → O2V, 

O2V + O → O3V, 

and 

O3V + O → O4V,    (21) 

respectively, at 300, 450 and 485°C. 

Simultaneously with the formation of OnV complexes, 
there are also formed OVn complexes (n=1,2,3,...). As noted 
above, in n-Si the level EC–0.28eV corresponds to 
nonequilibrium vacancy and, therefore, at room temperature 
they are charged negatively. In these conditions, reactions 
(2) and (3) form only A-centers and OV2. However, 
annealing at ≥500°C transforms negative vacancies to the 
neutral state and then it starts the formation of radiation-
induced defects in the high-order reactions: 

OV + V → OV2, 

OV2 + V → OV3 

and 

OV3 + V → OV4,     (22) 

respectively, at 20, 300 and 450°C. 

Annealing of A-centers at 350°C makes it possible the 
conversion 

V2 + O + O → O2V2.    (23) 

The concentration of O2V2 complexes should be very low 
because most of oxygen atoms return to interstitials, the 
normal position for this impurity in silicon lattice. At 400°C, 
the capture of vacancy or A-center by O2V2 complex 
transforms it, respectively, into complexes O2V3 or O3V3: 

O2V2 + V → O2V3,      (24) 

O2V2 + A → O3V3,    (25) 
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Figures 9 and 10 show the changes in the concentration of 
major carriers depending on the measurement temperature 
and annealing temperature; and concentrations of major 
carriers and various radiation defects depending on the 
temperature of isochronous annealing in p-Si crystals doped 
up to level of 6∙1013cm–3 and irradiated with 8MeV electrons. 
The sharp increase in the hole concentration in the range of 
Tann=170–200°C is due to the annealing of defects with the 
level at EV+0.45eV and concentration of 5∙1012cm–3. This 
level belongs to the complex of dopant impurity B with a 
vacancy, i.e. BV.12 

Figure 9. Temperature-dependence of hole concentration in p-Si 
crystals irradiated with 8MeV electrons at the dose of 5.0∙1015cm–2: 
1 – before annealing and after annealing at 2 – 100, 3 – 170, 4 – 
240, 5 – 270, 6 – 300, 7 – 400 and 8 – 500°C 

In the range Tann=260–300°C, there are annealed defects 
with the energy level at EV+0.28eV and concentration of 
about 8∙1012cm–3 (Figure 9, Curve 3). Judging from  
annealing temperature and the energy level, these centers are 
divacmcies.12 Annealing of divacancies lead to a sharp 
increase in the concentration of defects with the energy level 
at EV+0.22eV, so-called H-centers (Figure 9, Curve 4). 
Concentrations of divacancies broken by thermal treatment 
in the range 270–290°C, on the one hand, and formed 
centers with level at EV+0.22eV, on the second hand, are 
equal within the measurements error limits. From this we 
can conclude that H-centers contain divacancies. On the 
stepped Curve 5 of Figure 9, third step corresponds to the 
transition of electrons from the valence band to the level at 
EV+0.22eV, what leads to the increase in the hole 
concentration. As seen from Figure 9, the process ends at 
temperature of about 220K. Naturally, at higher (e.g., room) 
temperature electrons cannot return to the valence band 
causing compensation of holes. 

Like a P-atom in n-Si, which forming E-center together 
with a vacancy, takes its fifth valence electron from the 
conduction band, in p-Si divacancy forming the level at 
EV+0.22eV takes an electron from the valence band. 
Therefore, annealing should increase the hole concentration. 
Although, in the range of Tann=270–290°C the hole 
concentration remains almost unchanged (Figure 10, 
Curve 1). The explanation lies in the fact that the complexes 
formed during annealing of divacancies should contain 

dopant B-atoms. Concentrations of boron atoms blocked by 
the formation of H-centers and major carriers formed during 
the annealing of divacancies are equal. Therefore, in the 
range 270–290°C there are no changes in concentration of 
holes. These results confirm the previously expressed view 
on the existence in irradiated p-Si crystals complexes of 
boron dopants with divacancies, BV2, which are annealed at 
higher temperatures, in the range of 350–400°C. 

Figure 10. Concentrations of 1 – holes and 2–4 – some of radiation 
defects in p-Si crystals irradiated with 8MeV electrons at dose 
5.0∙1015cm–2 versus isochronous annealing temperature 

The activation energy of the migration of divacancies is 
about 1.30eV, while the binding energy of this defect is 
higher: 1.47eV.12,21 Therefore, in the crystal divacancies can 
migrate without dissociation. It is also known that the BV 
complexes are annealed at 180°C (Figure 10, Curve 2) and 
thus they cannot participate in the formation of BV2 
complexes in higher temperature range of 270–290°C. From 
the above it can be assumed that BV2 complexes are formed 
by conversion of divacancies, 

B + V2 → BV2,      (26) 

rather than sequential capture by B-atoms of vacancies V 
generated by irradiation, as it had been assumed previously. 

As seen from Figure 10, H-centers are annealed in two 
stages: at 300–320 and 360–440°C. The initial concentration 
of H-centers is 3.5∙1012cm–3 and the same concentration of 
centers is annealed at the first stage. The concentration of 
decayed centers at second stage coincides with the 
concentration of divacancies formed during annealing of 
complexes BV2 (3.5∙1012cm–3). These results suggest that the 
so-called H-center with the energy level at EV+0.22eV 
actually is the superposition of two defects, H1- and H2-
centers, of different types with different annealing 
temperature intervals: 300–320 and 360–440°C, respectively. 
At the first stage, there is annealed a center of currently 
unknown nature, and at the second stage – BV2 complexes, 
which are formed during conversion of divacancies at 270–
290°C by joining with substituting B-atoms. After annealing 
at 300°C the change in the hole concentration may be due to 
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dissociation or formation of O2V2 complexes, so-called K-
centers (O + C + V2),22 and other deep and thermally stable 
centers. 

Conclusion - Prospects for practical applications 

Conducted investigation has shown that the variation in 
the parameters of irradiation by beams of elementary 
particles – temperature, intensity, IR illumination of crystals 
during irradiation – affects the quasi-chemical reactions that 
occur in silicon during irradiation and isochronous annealing 
of the irradiated material. 

Control over quasi-chemical reactions allows obtaining of 
crystals with different sets of radiation-induced defects, i.e. 
crystals with certain electrical, optical or recombination 
properties. It is also possible to change the type of the 
dominant defect. In this regard, we note that most of the 
oxygen-containing complexes formed with high-temperature 
annealing of irradiated silicon are optically and electrically 
active and can significantly affect the characteristics of the 
silicon-based electronic devices. 

Another example of this type is associated with changes in 
the charge-state of nonequilibrium vacancies formed in the 
process of irradiation, which react quasi-chemically with 
already existing defects. With this process it is possible to 
stimulate the formation of defects, such as multi-vacancy 
complexes OVn, PVn, etc (n=1,2,3,...). But, the more primary 
radiation defects, in particular, vacancies are spending per 
complex defect, the higher is the radiation resistance of the 
material. If, for example, instead of PV complexes (E-
centers) there are formed PV4 complexes it is possible to 
expect the 4-fold increase in the radiation resistance of 
crystalline silicon doped with phosphorus in regard to the 
concentration of majority charge carriers, i.e. electrons. 

Quasi-chemical reactions also can control formation of 
“dielectric” and “metallic” nano-inclusions in the irradiated 
silicon and, hence, the electronic properties of this material. 
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MANAGEMENT OF PETROPORPHYRINS IN A CRUDE OIL 

POLLUTED ENVIRONMENT 
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Keywords: Vanadyl porphyrins; Fenton’s reagent; potassium permanganate; potassium persulfate; tar balls 

The ability of three chemical oxidants(Fenton’s reagent, Potassium permanganate and Potassium persulfate) to degrade one of the 

recalcitrant non-hydrocarbon components of crude oil- the porphyrins at three different pH media  was investigated in this work and the 

results showed that the oxidants removed less than 10% of the porphyrins on the average, after two months of treatment. The porphyrins 

were found to experience degradation of 5%,7% and 4% on the average for the acidic, neutral and basic soils respectively for the vanadyl 

(VO2+) porphyrins and a reduction of 7%,15% and 7% on the average for the acidic ,neutral and basic soils respectively for the Nickel 

(Ni2+) porphyrins. This highlighted the recalcitrant nature of porphyrins, but also showed that they are not perfectly so in the presence of 

chemical oxidants. 
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Introduction 

The largest source of hydrocarbons is crude oil. Crude oil 
contains different types of hydrocarbons – aliphatic 
(saturated and unsaturated) and aromatic (isolated rings and 
condensed ringed) hydrocarbons. Some crude oil 
components are non-hydrocarbon and are highly recalcitrant,  
remaining essentially undegraded many years after crude oil 
spillage. Prominent among these degradation-resistant 
components of crude oil are the porphyrins or more 
specifically the petroporphyrins or metalloporphyrins. They 
are highly conjugated heterocyclic organometalic 
compounds found in crude oil. The porphyrins consists of 
four pyrole rings joined at α-carbon atoms by four methine 
bridges to give a highly conjugated macromolecule. 

 

 

 

 

 

 

 

They are aromatic and can form intensely coloured 
complexes with metals at the centre of the molecule called 
metalloporphyrins. For example, in association with iron 
they form a metalloporphyrin called haem, a component of 
haemoglobin found  in red blood cells. When they complex 
with magnesium they form a derivative of chlorophyll, the 
green colouring matter in plants that is used in 
photosynthesis. In combination with cobalt, they form 
vitamin B12 complex and when they combine with vanadium 

and nickel, they form complexes called petroporphyrins 
because they are found in abundance in coals, bitumen and 
heavy crude oils.1,2 

The petroporphyrins are stable and resistant to weathering 
and biodegradation unlike chlorophyll and haem. In fact, 
they have been said to be the products of haem and 
chlorophyll transformation. They are the last to degrade in 
petroleum among the petroleum residues. They are 
responsible for the formation of tar balls and other 
degradation resistant  deposits at coastal shores long after oil 
spills.  Thus, they are always used as biomarkers in the 
study of the origin/source and migration of petroleum 
residues.3  They exist predominantly as vanadyl (VO2+) and 
nickel (Ni2+) compounds of two structural types; 
deoxyphyloerythroetioporphyrins (DPEP) and 
etioporphyrins (ETIO).4 

Their highly conjugated nature makes it possible for them 
to be studied using  u.v/visible  spectroscopy.5-7  Studies  on 
the degradation and stability of petroleum products and 
components cannot be complete without these compounds. 
They are very resistant to degradation by microorganisms 
and do not volatilize from crude oils. A good understanding 
of their nature and behaviour will be very useful in the 
management of crude oil polluted soils and waters. The use 
of chemical oxidants in the remediation of crude oil / 
hydrocarbon polluted environments is an emerging trend 
that has received international acclaim.8,9 Its advantages 
cannot be overemphasized. Researches in this area is 
ongoing and is yielding good results.  

Experimental  

Ten millilitres of vacuum distilled crude oil (500 oC) in 
ten 50 ml volumetric flasks are treated with three oxidants 
(Fenton’s reagent, potassium permanganate and potassium 
persulfate) at different pH ranges  and left to stand for two 
months. An untreated sample exposed to the same 
conditions was made to act as control. Subsequently the 
samples were separated into the soluble maltenes and the 
insoluble ashphaltenes. This was done by dissolving the 
samples in hexane, agitating them in a mechanical shaker 
for six hours and allowing it to stand overnight. The 
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dissolved samples are then filtered with a sintered glass 
funnel and a 342-whatman filter paper using a vacuum 
pump. The residue (ashphaltenes) are then eluted with 
dichloromethane (DCM) and hexane in a glass column (50 
ml x 1 cm) packed with silica gel according to the outline  in 
Scheme 1. 

Scheme 1. Steps involved in the extraction of the vanadyl and 
nickel porphyrins from the crude oil sample.  

The different porphyrins are determined using uv-visible 
spectrophotometer at (550 nm-570 nm). The concentration 
of the nickel and vanadylporphyrins calculated using 
coefficient of extinction of 2.7 x 104 and 2.9 x 104 L-(mole.cm) 
respectively.7,10 

 

Results and discussion  

The results of the absorbance of nickel and vanadyl 
porphyrins are presented in Tables 1 and 2 respectively. The 
results show that the porphyrins decreased in concentration 
after two months of treatment with the oxidants. This 
supports the generally accepted view that porphyrins are 
recalcitrant or resistant to degradation.11 It is worthy of note 
that this reduction in the amount of porphyrins was noticed 
after the sample was treated with the oxidants for two 
months. Thus, it might be that after a prolonged period of 
time, the effect may become pronounced. Porphyrins have 
been fingered  as the main constituents of tar balls – a dark 
and hard ball deposited at shore lines after incidents of oil 
spillage in rivers and oceans.7 Therefore oil spillage in water 
bodies managed with chemical oxidants like Fenton’s 
reagent and potassium permanganate may prevent formation 
of tar balls. 

 

Table 1. Absorbance of the VO2+porphyrins from the oil samples 
treated with the different oxidants at the different pH media. 

Oxidant pH=5 pH=7 pH=9 

Femton’s reagent 0.004 0.001 0.004 

K2S2O8 0.041 0.038 0.041 

KMnO4 0.002 0.002 0.003 

Untreated 0.051 0.055 0.052 

 

Figure 1.  Chart showing the effect of the different oxidants on the  
VO2+ porphyrin concentration at the different pH media 

Table 2. Absorbance of the Ni2+porphyrins from the oil samples 
treated with the oxidants at different pH media 

Oxidant pH=5 pH=7 pH=9 

Fenton’s reagent 0.003 0.004 0.002 

K2S2O8 0.037 0.043 0.005 

KMnO4 0.003 0.003 0.003 

Untreated 0.061 0.054 0.058 

Figure 2. Chart showing the effect of the different 
oxidants(Fenton’s reagent, potassium persulfate and potassium 
permanganate) on the  Ni2+ porphyrin concentration at the different 
pH media 

Although all the oxidants used had a slight effect on the 
amount of the porphyrins, the inactivity is more pronounced 
in the use of persulfate as oxidant (Tables 1 and 2). This 
seems to explain why persulfate were ineffective in the 
removal of the PAHs from the soil samples at all pH 
media.12 Since PAHs and porphyrins dominate ashphaltic 
crude oils, it implies that persulfates may not be the right 
oxidants for the remediation of ashphaltic crude oils. 
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Conclusion 

This study has shown that even though the 
petroporphyrins are recalcitrant in the environment, they can 
be removed with time using Fenton,s reagent and potassium 
permanganate as chemical oxidants. 

The study also revealed that potassium persulphates may 
not remove petroporphyrin when used as oxidants even after 
a long period of time. 
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SOME UNCOMMON REACTIONS OF 1-PHTHALIMIDO-

METHYL-4(3H) PHTHALAZIN-4-ONE 

 

Dalal B.Guirguis 

Keywords: phthalimides, phthalazinones, Grignard reagents, triazoles, quinazolinones, bond cleavage 

A new series of phthalazin-4-one derivatives have been synthesized from the phthalazinone 1 as starting material with some active 

methylene compounds, Grignard reagents, acetylation, benzoylation and Mannich reaction. A triazolo derivative was also obtained via 

chlorination of 1 and addition of propionic hydrazide. A C-N bond cleavage occurred accompanied by a good leaving of the phthalimide 

nucleus upon subjecting 1 to Mannich reaction. A gentle competition between the phthalimide and the phthalzine nucleii was also observed 

specially upon treatment of Grignard reagent. The structures of the newly synthesized derivatives were confirmed by their elemental 

analysis, IR, 1H-NMR as well as mass spectral studies of the synthesized compounds were discussed. 
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Introduction 

Phthalazinone derivatives have found application in 
clinical medicine1 due to their pronounced antipyretic, 
analgesic, and tuberculostatic activity and also vasodialator  
and antihypertensive properties.2,3 Also, they posses 
anticonvulsant,4-6 cardiotonic,7 antitumor,8-11 and 
antidiabetic.12 It was reported that phthalazine-1(2H)-ones 
bearing a substitution at C-4 represent key intermediates in 
the synthesis of various compounds with highly interesting 
pharmacological properties.13 Therefore, the phthalazinone 
nucleus has been proved to be a versatile system in 
medicinal chemistry. The present paper studies the synthesis 
of some pthalazinone derivatives. Also, it studies the 
behavior of some reactions using variable conditions.  

Results and Discussion  

The previously obtained phthalazinone compound (1) 
namely, 2-(4-oxo-3,4-dihydrophthalazine-1-ylmethyl)-1H-
isoindole-1,3(2H) -dione was allowed to react with a variety 
of some active methylene compounds namely ethyl 
acetoacetate and ethyl cyanoacetate in n-butanol afforded 2 
and 3.13 The structures of  2 and 3 were illustrated from their 
analytical as well as spectral data. The 1H NMR spectrum of  
2 (DMSO-d6 ) showed signal at δ 1.07 (s, 3H, CH3) as well 
as correct mass ion peak at m\z 327 (4 %), also the IR 
showed the disappearance of one C=O of the phthalimide. 
The IR of 3 showed absorption frequencies at 3166 and 
3427 cm-1 attributed to νNH2 and νNH respectively. Also its 
1H NMR spectrum (DMSO-d6 ) showed signal at δ 12.0 (s, 
2H, NH2 exchangeable with D2O). In the case of using ethyl 
chloroformate, the reaction products depended on the 
reaction conditions, i.e. in the case of refluxing the reactant 
in n-butanol 4 was obtained while upon using anhydrous 
potassium carbonate in dry acetone with ethyl chloroacetate 

4a was obtained with m/z (M++ 4) 406 (4 %), IR spectrum 
showed a characteristic bands at γ1641 cm-1 and γ1602 cm-1 

corresponding to C=O and C=N, respectively (Scheme 1). 
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Scheme  - 1 - 

It was reported that when the phthalazinones was 
submitted to Grignard reagents afforded a phthalazine 
derivatives.14,15 However, in our case, upon the addition of 
the Grignard reagents namely (methyl and/or ethyl bromide 
in THF) to the phthalazinone 1, the phthalazinones 5a and 
5b were formed due to the loss of water molecule from the 
phthalimide nucleus. The phthalazinones 5a and  5b were 
confirmed from their IR which show a complete 
disappearance of the two γC=O of the phthalimide and the 
remaining of the γC=O at 1660 cm-1of the phthalazinone.  

Also acetylation and benzoylation using acetic anhydride  
and benzoyl chloride took place giving 6 and 7 respectively. 
The IR of 6 showed  characteristic band of νC=O at 1737  
cm-1 , characteristic of  νOCO   (Scheme 2). 
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Extending the study of 1, Mannich reaction was tried 
using piperidine and ethyl piperazine-1-carboxylate in the 
presence of formaldehyde and HCl in methanol to afford 8 
and 9, respectively with a good leaving of the phthalimide 
nucleus i.e. cleaving of the C-N bond (Scheme 3) . 
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On the other hand, upon treatment of 1 with different 
aldehydes namely benzaldehyde, 2-chloro-5-nitrobenzalde-
hyde, and anisaldehyde in acetic anhydride and acetic acid 
afforded 10a-c respectively, while upon fusion of 1 with 
benzaldehyde 10d was achieved with m|z 236 which may 
have the following structure with also a cleavage of the 
phthalimide nucleus (Scheme 4). 

 

 

On the other hand, upon treatment of 1 with a mixture of 
POCl3 and PCl5 on a water bath for 3 h, afforded the 
chlorophthalazinone 11 which on turn reacted with 
hydrazine hydrate giving the hydrazinophthalazinone 12 via 
SN2 mechanism on the electron deficiency center of [C(1) in 
phthalazine nucleus which was activated by the adjacent 
nitrogen atom] and also gave the triazolo derivative 13 upon 
treatment with propionic hydrazide with m/e 357  (Scheme 
5) .13,15,16 

 

Experimental 

All melting points are uncorrected and were measured on 
an electrothermal melting point apparatus. Elemental 
analyses were performed using a Heraeus CHN Rapid 
analyzer at the Microanalytical unit, Cairo University. Thin-
layer chromatography (TLC) was performed on Merck TLC  
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aluminium sheets silica gel 60 F254 with detection by UV 
quenching at 254 nm. IR spectra were measured on a 
Unicam SP-1200 spectrophotometer using KBr wafer 
technique. 1H NMR spectra were measured in DMSO-d6 on 
a Varian plus instrument (300 MHz). Mass spectra were 
recorded on a Shimadzu GC-MS QP 1000 EX instrument 
operating at 70 eV in EI mode . 

Preparation of 2-methyl-3-[(4-oxo-3,4-dihydrophtha-
lazin-1-yl)]pyrrole[2,1-a]isoindole-5-one (2), 2-amino-3-
[(4-oxo-3,4-dihydrophthalazin-1-yl)]pyrrole[2,1-a]isoind-
ole-5-one (3), and 3-chloromethylene-2-[(4-oxo-3,4-
dihydrophthalazin-1-yl)methyl]-1H-isoindole-1-one (4) 

A mixture of (0.01 mol) of (1) and (0.01 mol) of ethyl 
acetoacetate, ethyl cyanoacetate and/or ethyl chloroacetate  
in n-butanol was refluxed for 3 h, a ppt. was formed after 
evaporation of the solvent containing a mixture of 2, 3, and 
4 respectively. 2: Pale yellow crystals, 40 % yield, m.p. 230-
232 °C, crystallized from n-butanol. 1H NMR (DMSO-d6) δ: 
1.07(s, 3H, CH3), 7.85-7.89 (m, 4H, Ar-H), 7.91-8.08 (m, 
4H, ArH) 11.24 (s, 1NH, exchangeable with D2O); IR (KBr) 
γmax: 3474 (NH), 1660, 1640 (C=O), (C=N) cm-1; MS m/z 
(%) 327, M+(4), 312 (40), 181 (64), 153 (52), 105 (28), 77 
(100). Anal. calcd for C20H13N3O2 (327): C 73.39, H 3.9, N 
12.8; found: C 74.0, H 4.2, N 13.1.  (3): Pale yellow 
crystals, 35 % yield, m.p. 115-117 °C, crystallized from 
butanol. 1H NMR (DMSO-d6) 1.34 (s, 1H, =CH), 7.86-7.89 
(m, 4H, Ar-H), 7.9-8.08 (m, 4H, Ar-H, 11.4 (s, 2H, NH2 

exchangeable with D2O); IR (KBr) γmax: 3327, 3280 (NH2), 
3166 (NH), 1602 (C=N), 1660 (C=O) cm-1; MS m/z (%) 328 
(M+ (2), 311 (4), 167 (66), 105 (100). Anal. calcd for 
C19H12N4O2 (328): C 69.5   H 3.65, N 17.0; found: C 69.12, 
H 4.2, N 17.3. (4): Grey crystals, 40 % yield, m.p. 200-202 
°C, crystallized from n- butanol. 1H NMR (DMSO-d6) δ: 
1.88 (s, 1H, =CH), 6.09 (s, 2H, CH2), 7.87-7.89 (m, 4H, Ar-
H), 7.9-8.1 (m, 4H, Ar-H), 11.2 (s, 1NH, exchangeable with 
D2O); IR (KBr) γmax: 3323 (NH), 1657 (C=O), 1556 (C=N) 
788 (C-Cl). Anal. calcd for C18H12ClN3O2 (337.5): C 64.0, H 
3.5, N 12.4; found: C 64.6, H 3.1, N 11.9. 

Preparation of 4a 

A mixture of (0.01 mol) of 1, (0.2 moles) of ethyl 
chloroformate and dry potassium carbonate in dry acetone 
was refluxed for 24 h. After evaporation of acetone and 
washing with water, solid 4a was obtained 50% yield, m.p. 
160 -162 °C, crystallized from ethanol. IR (KBr) γmax 

 3423 
(NH), 1657 (C=O), 1602 (C=N), 788 (C-Cl) cm-1; MS m\z 
(%) 406 (M+ 4) 

Preparation of 2-[(4-oxo-3,4-dihydrophthalazin-1-
ylmethyl]isoindole-1,3-bis(ethylidene) (5a) and 2-(4-oxo-
3,4-dihydrophthalazin-1-ylmethyl)isoindole-1,3-bis(me-
thylidene) (5b). 

To a suspension of 1 (0.01 mol) in THF, a solution of 
Grignard reagents (0.03 mol) (methyl iodide and/or ethyl 
iodide) was added. The reaction mixture was refluxed on a 
water bath for 4 h, poured on crushed ice and HCl, a solid 

was separated giving 5a and 5b respectively. 5a: 30 % yield, 
m.p. 220 -222 °C, crystallized from methanol. 1H NMR 
(DMSO-d6) δ: 1.09 (s, 4H, 2 CH2), 6.2 (s, 2 H, CH2), 7.85-
8.04 (m, 8H, Ar-H), 11.7(s, 1H, NH, exchangeable with 
D2O); IR (KBr) γmax 3165, 3018 (NH), 1661(C=O), 1602 
(C=N) cm-1. Anal. Calcd for C19H15N3O (301): C 75.7, H 
4.9, N 13.9; found: C 75.5, H 5.2, N 13.5. 5b: 30 % m.p. 
300-302 °C, crystallized from methanol. 1H NMR (DMSO-
d6)  δ: 1.18 (s, 6H, 2CH3), 1.23 (s, 2 H, 2CH), 6.7 (s, 4H, 
2CH2) 7.85-8.04 (m, 8H, Ar-H),11.7 (s, 1H, NH, 
exchangeable with D2O); IR (KBr) γmax: 3165 (NH), 1661 
(C=O), 1601 (C=N) cm-1.  Anal. calcd for C21H19N3O (329): 
C 76.5, H 5.7, N 12.7; found: C 77.0, H 5.9, N 13.1. 

Preparation of 2-[4-acetoxy-3H-phthalazin-1-ylmethyl]-
1H,3H-isoindole-1,3-dione (6) 

A mixture of (0.1 mol) of 1 and (0.1mole) of acetic 
anhydride in glacial acetic acid was refluxed for 3 h. The 
mixture was poured on water to give 6. 6: yellow crystals, 
40 % yield, m.p. 260- 262 °C crystallized from ethanol. IR 
(KBr) γmax: 1737 (OCO), 1769, 1701(C=O), 1600 (C=N) 
cm-1. Anal. calcd for C19H13N3O4 (347): C 65.7, H 3.7, N 
12.1; found: C 66.0, H 4.1, N 11.9. 

Preparation of 2-[3-benzoyl-3,4-dihydrophthalazin-1-
ylmethyl]-1H,3H-isoindole-1,3-dione (7) 

A mixture of (0.01 mol) of (1) and (0.01 mol) of benzoyl 
chloride in ethanol was refluxed for 3 h, a precipitate was 
formed after cooling and evaporation of solvent to give 7. 7:  
grey precipitate, 25 % yield, m.p. 190-192 °C crystallized 
from ethanol. 1H NMR (DMSO-d6)  δ: 5.9 (s, 2H, CH2), 7.8-
8.1 (m, 13H, Ar-H); IR (KBr) γmax: 1764, 1672 (C=O), 1600 
(C=N) cm-1, MS, m/z (%), M+ 409 (40), 146 (10), 104 (100), 
77 (51).. Anal. calcd for C24H15N3O4 (409): C 70.4, H 3.6, N 
10.2; found: C 71.0, H 3.2, N 10.5 

Preparation of 4-hydroxymethyl-2-(piperidin-1-ylme-
thyl)-1-oxo-1,2-dihydrophthalazine (8), and 4-hydr-
oxymethyl-2-(4-hydroxymethylpiperazin-1-ylcarbonyl)-
1-oxo-1,2-dihydrophthalazine (9) 

A mixture of (0.01 mol) of 1 with (0.01 mol) of  
(piperidine or piperazine ethyl 1-carboxylate), few drops of 
formaldehyde and few drops of HCl in methanol was 
refluxed for 3 h, and cooled at room temperature. The 
resultant solid was filtered and crystallized from the proper 
solvent giving 8 and 9. (8):  Pale yellow ppt, 20% yield, 
m.p. 287-288 °C, crystallized from methanol. IR (KBr) γmax, 
3169 (OH), 1672 (C=O), 1600 (C=N) cm-1;  MS, m\z (%), 
M+ 273 (0.5), 256 [(2), M+.-H2O)], 130 (27), 104 (100), 97 
(8). Anal. Calcd for C15H19N3O2 (273): C 65.9, H 6.9, N 
15.3; found: C 66.2, H 6.8, N 15.4.  (9): Beige ppt, 25% 
yield, m.p. 318- 320 °C, crystallized from methanol. 1H 
NMR (DMSO)-d6) δ: 2.49 (s, 2H, CH2), 2.50 (s, 2H, CH2), 
3.35 (s, 8H), (7.85-8.04, m, 4H, Ar-H), 11.5 (s, 2H, 2OH, 
exchangeable with D2O); IR (KBr) γmax , 3438, 3318 (OH), 
1660, 1603 (C=O), 1600 (C=N) cm-1;  MS, m\z (%); M+, 
318 (5), 162 (42), 104 (100). Anal. Calcd for C15H18N4O4 

(318): C 56.6,H 5.6,N 17.6; found: C 56.5,H 5.4, N 17.8.    
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General procedure for the condensation of (1) with 
different aldehydes.  2-[(4-Oxo-3,4-dihydrophthalazine-
1-yl(phenyl)methylene]-1H,3H-isoindole-1,3-dione (10a), 
2-[4-oxo-3,4-dihydrophthalazin-1-yl(2-chloro-5-nitrophe- 
nyl)methylene]-1H,3H-isoindole-1,3-dione (10b), and 2-
[4-oxo-3,4-dihydrophthalazin-1-yl(4-methoxyphenyl)me-
thylene]-1H,3H-isoindole-1,3-dione (10c) 

A mixture of (0.01 mol) of 1 and  (0.01 mol) of different 
aldehydes namely benzaldehyde, 2-chloro-5-nitrobenzalde-
hyde, and anisaldehyde in a mixture of acetic anhydride and 
acetic acid was refluxed for 3 h, a ppt. was formed giving 
rise to 10a-10c. 10a: yellow crystals, 30 % yield, m.p. 164-
166 °C crystallized from ethanol. 1H NMR (DMSO-d6) δ: 
2.9(s, 1H, =CH), 7.8-8.1 (m, 13H, Ar-H) ,11.6 (s, NH, 
exchangeable with D2O); IR (KBr) γmax: 3440, 3168 (NH), 
1764, 1672 (C=O), 1600 (C=N) cm-1. Anal.: calcd for  
C24H15N3O3 (393): C 73.2, H 3.8, N 10.6; found : C 72.9, H 
3.5, N 10.2. 10b: yellow crystals, 52 % yield, m.p. 190-192 
°C, crystallized from ethanol. 1H NMR (DMSO-d6) δ: 2.9 (s, 
1H, =CH), 7.8-8.1 (m, 11H, Ar-H) ,11.6 (s, NH, 
exchangeable with D2O); IR (KBr) γmax:  3440, 3168 (NH), 
1764, 1672 (C=O), 1600 (C=N), 770 (C-Cl)  cm-1. Anal. 
Calcd for C24H13ClN4O5 (472.5): C 60.9, H 3.17, N 11.8; 
found: C 61.2, H 2.9, N 12.2. 10c: grey crystals, 30 % yield, 
m.p. > 320 °C. IR (KBr) γmax:   3440, 3168 (NH), 1764, 
1672 (C=O), 1600 (C=N) cm-1. Anal.Calcd for C25H17N3O4 
(423): C 70.9, H 4.0, N 9.92; found: C 70.5, H 4.4, N 10.1.    

Preparation of 1-phenylacetylene-4-oxo-3,4-dihydro-
phthalazine (10d) 

(0.01 mol) of 1 was fused with (0.01 mol) of 
benzaldehyde. The reaction was poured on water giving 10d 
20% yield, m.p. > 260 °C, crystallized from acetic acid; IR 
(KBr) γmax cm1, 3168 (NH), 1714, 1661 (C=O), 1602 (C=N) 
cm-1. MS, m\z (%), M+ 236 (71). 

2-[(4-Hydrazinophthalazin-1-yl)methyl]-1H-isoindole-1,3 
(2H)-dione (12) 

A mixture of (0.01 mol) of 11 and (0.02 mol) of hydrazine 
hydrate were fused . The product was diluted with water 
giving a dark brown precipitate 12: 35% yield, m.p. > 320  
°C, crystallized from acetic acid. IR (KBr) γmax: 3338, 3290 
(NH2), 3210 (NH), 1715 (C=O), 1645, 1630 (C=N) cm-1. 
Anal.: calcd  for C17H13N5O2 (319): C  67.2, H 4.2, N 19.6; 
found: C 67.5, H 4.3, N 19.5.     

1-(1,3-Dioxo-1H,3H-isoindolin-2-ylmethyl)-4-ethyl-1,2,4-
triazolo[1,2-b]phthalazine (13) 

A mixture of (0.01 mol) of 11 and (0.02 mol) of propionic 
hydrazide in n-butanol was refluxed for 4 h giving brown 
precipitate 13: 45% yield, m.p.228-230 °C. 1H NMR 
(DMSO-d6) δ: 0.09 (q, 3H, 2CH3), 1.30 (t, CH2 ) 6.3(s, 2 H, 
CH2), 7.85-8.04 (m, 8H, Ar-H); IR (KBr) γmax: 3171,  (NH), 
1720, 1670 (C=O) ,1612 (C=N) cm-1.  

 

MS, m\z (%), M+ 357 (33), 147 (44), 105 (44), 77 (100). 
Anal. calcd. for C20H15N5O2 (357): C 63.9, H 4.0, N 21.9; 
found: C 64.2, H 3.7, N 21.6. 

Conclusion 

This work showed several reactions which were carried 
out on the phthalazinone 1 .A gentle competition was found 
between the phthalimide and the phthalazinone nuclei 
leading in some cases to the departure of the phthalimide 
nucleus depending on the reaction conditions. 
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CATALYTIC ACTIVITY OF CETYLTRIMETHYLAMMONIUM 

BROMIDE (CTAB) IN THE REACTION OF  NINHYDRIN AND  

ZINC  GLYCYLTYROSINE COMPLEX  
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The kinetics of interaction between ninhydrin and zinc-dipeptide (glycyl-tyrosine),  [Zn(II)-Gly-Tyr]+ complex have been studied in 

aqueous and in micelles formed by the cationic surface active material, cetyltrimethylammonium bromide (CTAB) at 80 C and pH 5.0. 

The reaction follows first- and fractional- order kinetics with respect to [Zn(II)-Gly-Tyr]+ and [ninhydrin], respectively, both in the absence 

and presence of cationic CTAB micelles. The catalytic role of [CTAB] can be related to the extent of incorporation or association of the 

[Zn(II)-Gly-Tyr]+complex and ninhydrin into the micelles. CTAB micelles decrease the activation enthalpy and make the activation 

entropy less negative. The micellar catalysis is explained in terms of the pseudo-phase model of the micelles.  Binding constants KS for 

[Zn(II)-Gly-Tyr]+ and KN for ninhydrin with micelles are calculated with the help of observed kinetic data. 
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Introduction 

Surfactants, due to containing both hydrophilic and 
hydrophobic properties in the same molecule, are 
amphipathic. The different interaction of these two moieties 
with water is an important cause for surfactants to self-
aggregate into micelles and other nanometer scale structures 
in aqueous solution.1a The nature of a surfactant plays a very 
important role in micellar catalysis. A little change in 
structure of surfactant can induce changes in the surface 
properties and rigidity of the micelle which remarkably 
affect the reactivity of substances. Because of widespread 
uses and application of surfactants as well as their micellar 
aggregates in chemical, biochemical, pharmaceutical, and 
industrial fields, detailed investigations on the fundamentals 
of aggregation of existing conventional and newer 
amphiphiles are in progress.1b Cationic surfactants are useful 
as antifungal, antibacterial, and antiseptic agents and have 
attracted recently more attention with reference to their 
interaction with DNA and lipids,2 whereas the nonionic 
surfactants are useful as detergents, solubilizers, and 
emulsifiers.3 The size, nature, and position of the head group 
and the length of the hydrophobic chain are all important 
factors.  

Chemical reactivity in ionic colloidal self-assemblies (e.g., 
micelles, microemulsion droplets, and vesicles) has obtained 
importance owing to similarities in action with the 
enzymatic reactions (e.g., shape and size, polar surfaces, and 
hydrophobic cores). Micelles are known to provide different 
microenvironment for different parts of the reactant 
molecules; i.e., a non-polar hydrophobic core can provide 
binding energy for similar groups while the outer shell 
interacts with the reactant’s polar groups. These properties 
of micelles play an important role in influencing the rates of 
reactions. In micellar solutions, reactions can be both 

accelerated and inhibited compared to that in pure water.4,5  
Such studies are expected to provide information: (i) to 
further understand factors that influence the rates of 
reactions; (ii) to gain additional insight into the exceptional 
catalysis of enzymatic reactions; and (iii) to explore the 
utility of micellar systems for the purpose of synthesis. 

Various kinetic studies have examined the following types 
of micellar catalysis: (1) reactions in which the micelles are 
reagents; (2) reactions in which interactions between the 
micelles and the reacting species affect the kinetics; and (3) 
reactions in which the micelles carry catalytically active 
substituents.6 The present studies were undertaken to 
provide experimental evidence of catalytic effect of cationic 
CTAB micelles on the reaction of [Zn(II)-Gly-Tyr]+ 
complex with ninhydrin. Ninhydrin has been well 
recognized for the detection and quantitative estimation of 
amino acids/peptides from biological fluids.7 It has been 
used also in bio-analytical work for visualization of 
fingerprints in forensic science. It has been established that 
metal ions preserve the colored product of ninhydrin-amino 
acids/peptides reaction. Order of mixing of metal ions also 
plays an important role as colors vary depending upon the 
order of mixing of reactants.8 Metal ion complex formations 
are among the prominent interactions in the nature. Metal 
coordination also plays an important role in biological 
processes involving metal-enzyme systems, considerable 
research has been carried out on modeling binary and mixed 
ligand complexes.9-11  

Experimental Section 

Materials and Methods 

All the solutions were prepared in double-distilled and 
deionized water (specific conductance (1-2).10-6 ohm-1 cm-1). 
CTAB (Merck, 99.0%), ninhydrin (Merck, 99.0%), Gly-Tyr 
(SRL, 99.0%), acetic acid (Merck, 99.0%), sodium acetate 
(Merck, 99.0%) and zinc sulphate heptahydrate (Merck, 
99.0%) were used as supplied. An acetate buffer of pH 5.0 
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was used as solvent for preparing all the stock solutions. The 
pH measurements were performed using ELICO LI-122 pH 
meter in conjunction with a combined glass and calomel 
electrode. 

Spectra of the reaction mixture containing [ninhydrin] (6.0 
x 10-3 mol dm-3) and [Zn(II)-Gly-Tyr]+ (3.0 x 10-4 mol dm-3)  
recorded using UV-visible spectrophotometer 
(SHIMADZU-model UV mini 1240) in the aqueous and in 
the presence of CTAB micelles, are shown in Figure 1.  The 
spectra of the product consists of λmax = 400 nm in both the  
media (although the absorbance is higher in presence of 

CTAB, which may be due to strong association between the 
product and CTAB micelles). 

Figure 1. Spectra of the reaction product of ninhydrin with [Zn(II)-
Gly-Tyr]+ in buffer solution at pH = 5.0, [ninhydrin] = 6.0 x 10-3 
mol dm-3, [Zn(II)-Gly-Tyr]+ = 3.0 x 10-4 mol dm-3 and temperature 
= 80 ºC: (a) in the absence of CTAB, and (b) in presence of CTAB 
= 30 x 10-3 mol dm-3. 

The composition of the reaction product between [Zn(II)-
Gly-Tyr]+ complex and ninhydrin was determined by Job’s 
method of continuous variations in aqueous and in CTAB 
micellar media. It was found that one mole of [Zn(II)-Gly-
Tyr]+ complex associates with one mole of ninhydrin to give 
the reaction product. 

Kinetic Studies  

Under the conditions used in our studies, zinc(II) forms a 
1:1 complex with glycyl-tyrosine. A 1:1 solution (3 x 10-4 
mol dm-3) of the two reactants was therefore taken in a 
graduated standard flask, boiled for 1 min and heated in a 
controlled manner at 90°C for 1 h (the flask was fitted with 
a double-surface condenser to prevent evaporation). After 
reaction, the flask was brought to room temperature and loss 
in volume, if any, was maintained with the buffer. The 
complex was then stored in dark. For each set of kinetic 
experiments, the requisite quantities of violet [Zn(II)-Gly-
Tyr]+ complex and buffer solution were taken in a three-
necked reaction vessel. The mixture was allowed to attain 
the desired temperature. Pure nitrogen gas (free from CO2 
and O2) was bubbled through the mixture for stirring and 
maintaining an inert atmosphere. The reaction was then 
initiated by adding appropriate amount of ninhydrin; the 
zero-time was taken when half of the ninhydrin solution had 

been added. During the kinetic experiments pseudo-first-
order conditions were maintained by using ≥ 10-fold excess 
of [ninhydrin] over [Zn(II)-Gly-Tyr]+. In the present 
investigations, the progress of reaction was followed 
spectrophotometrically by pipetting out aliquots at regular 
time intervals and monitoring the absorbance at λmax (= 400 
nm). The pseudo-first-order rate constants in aqueous (kobs, 
s-1) and in micellar medium (kΨ,  s-1) were calculated up to 
completion of 80% of the reaction by using a computer 
programme. More details related to kinetic measurements 
can be found elsewhere in the literature.12-14  

Critical Micellar Concentration (cmc) Measurements 

The critical micellar concentration (cmc) determinations 
by conductivity measurements were carried out by using a 
Systronic conductivity meter 306 (cell constant = 0.10 cm-1). 
First the conductivity of the solvent was measured and then 
conductivity was recorded every time after addition of small 
volumes of cationic cetyltrimethylammonium bromide 
(CTAB) solution ensuring complete mixing with and 
without reactants (i.e., ninhydrin and [Zn(II)-Gly-Tyr]+) 
under different experimental conditions. The specific 
conductance was calculated by applying solvent correction. 
The cmc values of surfactant in absence and presence of 
reactants were obtained from break points of nearly two 
straight line portions of the specific conductivity vs. 
concentration plots.15 The experiments were carried out at 
30 ºC and 80 ºC under varying different experimental 
conditions of solvent, i.e., water, water + ninhydrin, water + 
[Zn(II)-Gly-Tyr]+, water + ninhydrin + [Zn(II)-Gly-Tyr]+ 
and the respective cmc values are: (x 103) 0.91, 0.89, 0.92 
and 0.93 (at 30 ºC); 1.37, 1.28, 1.05 and 1.04 mol dm-3 (at 
80 ºC). 

Results and Discussion 

Spectra of the product of [Zn(II)-Gly-Tyr]+–ninhydrin 
reaction has a absorption maximum at λmax = 400 nm in the 
absence and presence of CTAB micelles. As no change in 
the absorption maximum (λmax = 400 nm) occurred in the 
absence as well as the presence of CTAB surfactants, we 
can conclude that the same product is formed in the two 
systems.  

The kinetic studies of [Zn(II)-Gly-Tyr]+ (3.0 x 10-4 mol 
dm-3) and [ninhydrin] (6.0 x 10-3 mol dm-3) interaction were 
made in the pH range 4.0 to 6.0 under both the conditions, 
i.e., aqueous and  CTAB micellar media ([CTAB] = 30 x  
10-3 mol dm-3) at 80 ºC. It was found that the value of rate 
constant increased sharply in pH up to 5.0 and thereafter 
became almost constant in both the media. Consequently, all 
the subsequent measurements were made at pH 5.0 (Table 
1). 

To see the role of [Zn(II)-Gly-Tyr]+ complex on the 
reaction rate, the kinetic experiments were carried out with 
different concentrations of [Zn(II)-Gly-Tyr]+ varying from 
2.0 x 10-4 mol dm-3 to 4.0 x  10-4 mol dm-3 at fixed 
[ninhydrin] (6.0 x 10-3 mol dm-3), temperature (80 ºC) and 
pH (5.0) (Table 1). It was found that the order of the 
reaction with respect to [Zn(II)-Gly-Tyr]+ complex is unity 
in both the systems (i.e., aqueous and micellar media) as the  

400 440 480 520 560 600

0,0

0,2

0,4

0,6

0,8

b

a

A
b
s
o
rb

a
n
c
e

 (nm)



Catalytic activity of [C16H33NMe3]Br in ninhydrin-zinc dipeptide reaction     Section A-Research Paper 

Eur. Chem. Bull., 2013, 2(10), 801-806    DOI: 10.17628/ecb.2013.2.801-806 803 

Table 1 Dependence of pseudo-first-order rate constants (kobs or k) on [Zn(II)Gly-Tyr]+, pH and [ninhydrin] for the reaction of 
[Zn(II)Gly-Tyr]+ with ninhydrin at 80 ºC. 

104 [Zn(II)Gly-Tyr]+, mol dm-3 103 [ninhydrin], mol dm-3 pH 105 kobs
a , s-1 105 kb, s-1 

     

3.0 6 4.0 2.0 8.5 

3.0 6 4.5 3.1 22.4 

3.0 6 5.0 8.8 36.7 

3.0 6 5.5 12.5 38.3 

3.0 6 6.0 14.2 39.2 

2.0 6 5.0   8.4 36.3 

2.5 6 5.0 8.5 36.7 

3.0 6 5.0 8.8 36.7 

3.5 6 5.0 8.7 36.8 

4.0 6 5.0 8.5 36.9 

3.0 6 5.0 8.8 36.7 

3.0 10 5.0 17.0 40.4 

3.0 15 5.0 22.7 44.5 

3.0 20 5.0 26.0 47.6 

3.0 25 5.0 30.0 49.5 

3.0 30 5.0 32.5 51.1 

3.0 35 5.0 35.2 52.2 

3.0 40 5.0 37.5 53.0 

aAbsence of CTAB, b[CTAB] = 30 x 10-3 mol dm-3 

 

value of rate constant is independent of the initial 
concentration of the complex.  Therefore, the rate law is 
given as Eq. (1): 

 

rate 
dt

Pd ][
 = (kobs or kΨ) [complex]                        (1) 

The effect of ninhydrin concentration was determined by 
carrying out the kinetic experiments with different 
[ninhydrin] ranging  from 6 to 40 x 10-3 mol dm-3 at constant 
values of [Zn(II)-Gly-Tyr]+ (3.0 x 10-4 mol dm-3), 
temperature (80 ºC) and pH (5.0) (Table 1). The plots of rate 
constants vs. [ninhydrin] are non-linear and pass through the 
origin (Figure 2), that indicates the order to be fractional 
with respect to [ninhydrin] under both the conditions.  

Activation parameters were evaluated from the linear 
Eyring plots by studying the reaction at varying temperature 
(Table 2). 

Reaction in Aqueous Medium 

It is well known that lone pair electrons of amino group 
are necessary for nucleophilic attack on the carbonyl group 
of ninhydrin.16-19 In complex ([Zn(II)-Gly-Tyr]+), this lone 
pair is not free, and therefore, neucleophilic attack is not 
possible. The reaction, therefore, proceeds through 
condensation of coordinated carbonyl group of ninhydrin 
(Nin) within the coordinated coordination sphere of Zn(II). 
The coordination of both reactants (ninhydrin and Gly-Tyr) 
with the same metal ion (Zn(II)) is an example of template 
mechanism.8b 

On the basis of the above results and previous 
observations, the mechanism shown in Scheme 1 has been 
proposed for the reaction of [Zn(II)-Gly-Tyr]+ complex with 
ninhydrin. According to this Scheme, the rate equation is 
given as Eq. (2): 

[Nin] 1 

[complex] [Nin] ][

K

K
k

dt

Pd


                                       (2) 

On the basis of Eq. (1) and Eq. (2) we can write: 

 

where [Nin] is the total concentration of ninhydrin. Eq. (3) 
can be written as Eq. (4): 

 

 

 

Thus, a plot of 1/kobs vs. 1/[Nin] should yield a straight 
line with an intercept (1/k) and a positive slope (1/kK). 
Indeed, it was found so and the values of k and K were 
found to be 5.0 x 10-4 s-1 and 44.2 mol-1 dm3, respectively, in 
aqueous medium. The calculated values of rate constants 
(kcal), obtained by substituting k and K in Eq. (3), are in 
close agreement with the kobs, which supports the proposed 
mechanism and confirms the validity of Eq. (3). 

 
 

Nin
(3)

obs 1 Nin

K
k k

K




 obs

1 1 1
1 (4)

Nink k K
 

 
 
 



Catalytic activity of [C16H33NMe3]Br in ninhydrin-zinc dipeptide reaction     Section A-Research Paper 

Eur. Chem. Bull., 2013, 2(10), 801-806    DOI: 10.17628/ecb.2013.2.801-806 804 

K

Table 2 Pseudo first-order rate constants, activation parameters, 
and binding constants for the reaction of [Zn(II)Gly-Tyr]+ and 
[ninhydrin] in absence and presence of CTAB (30x10-3 mol dm-3)c. 

Temperature, ºC 105 kobs, s-1 105 kψ, s-1 

   

70   4.3   24.3 

75   7.4   30.3 

80   8.8   36.7 

85 18.0   46.8 

90 31.3   49.1 

Parameters   

Ea (kJ mol-1) 115.1   44.3 

H (kJ mol-1) 112.2   41.4 

-S (J K-1 mol-1)   307.0 309.0 

103 km (s-1)d -   14.1 

105 kw (mol-1dm3 s-1)d -     8.8 

KS (mol-1 dm3)d -   24.0 

KN (mol-1 dm3)d -   58.9 

104 k2
m (mol-1dm3 s-1)d    -     2.0 

c[Zn(II)Gly-Tyr]+ = 3.0 x 10-4 mol dm-3, [ninhydrin] = 6.0 x 10-3 
mol dm-3, pH = 5.0. dAt 80 ºC 

 

Figure 2. Plots of rate constant (k) vs. [ninhydrin] for the reaction 
of ninhydrin with [Zn(II)-Gly-Tyr]+ at pH = 5.0, temperature = 80 
ºC, and [Zn(II)-Gly-Tyr]+ = 3.0 x 10-4 mol dm-3: (a) in the absence 
of CTAB, and (b) in presence of CTAB = 30 x 10-3 mol dm-3. 

Figure 3. Effect of CTAB on the rate constant (k) for the reaction  
of ninhydrin with [Zn(II)-Gly-Tyr]+ at pH = 5.0, temperature = 80 
ºC, [ninhydrin] = 6.0 x 10-3 mol dm-3, and [Zn(II)-Gly-Tyr]+  = 3.0 
x 10-4 mol dm-3. 

Reaction in CTAB Micellar Medium  

Preliminary experiments indicated that the absorbance of 
the end product increased as the concentration of CTAB 
micelles increased, but the wave length of maximum 
absorbance remained unchanged. It is inferred that there is 
no change in the products of the two systems. To find out 
the behaviour of cationic CTAB micelles on the reaction 
rate, the effect of CTAB was examined by varying amount 
of CTAB at fixed concentration of reactants (i.e., 
[ninhydrin] = 6.0 x 10-3 mol dm-3, [Zn(II)-Gly-Tyr]+ = 3.0 x 
10-4 mol     dm-3), temperature = 80 ºC and pH = 5.0 (Table 
3). The first-order rate constant (kΨ) increased from 8.8 to 
37.2 x 10-5 s-1 on increasing [CTAB] from 0 to 20 x 10-3 mol 
dm-3 but further increment in [CTAB] had a decreasing 
effect on the reaction rate (Figure 3). The plot of kΨ vs. 
[CTAB] is perfectly general being common characteristic of 
bimolecular reactions catalyzed by micelles.20 The order of 
reaction with respect to [complex] was found first-order 
kinetics which shows that rate does not depend upon the 
initial [complex]. The plot of kΨ–[ninhydrin] shows that the 
reaction rate increases on increasing [ninhydrin] but non-
linearly (Figure 2). The above studies confirm that the order 
of reaction with respect to [complex] and [ninhydin] is the 
same as that in aqueous medium.   
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Scheme  1.  Ninhydrin-[Zn(II)–Gly-Tyr]+ reaction mechanism. 
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KS

The observed enhancement in the reaction rate is 
quantitatively treated on the basis of the pseudo-phase 
model (Scheme 2), proposed by Menger and Portnoy,21 and 
developed by Bunton4 and Romsted22 (Scheme 2). 

([Zn(II)-Gly-Tyr]+)w + Dn                       ([Zn(II)-Gly-Tyr]+)m   

Scheme 2. Ninhydrin–[Zn(II)-Gly-Tyr]+ reaction mechanism in 
CTAB micellar medium. 

Although several kinetic equations based on the general 
Scheme have been produced, the most successful seems to 
be that of Romsted22 who suggested an expression (Eq.(5), 
which takes into account the solubilization of both the 
reactants into the micelles as well as the mass action model: 

 

                   

 

In the above equation, kw and km are the second order rate 
constants, referring to bulk and micellar pseudophases, 
respectively. KS and KN are the binding constants of [Zn(II)-
Gly-Tyr]+ complex and ninhydrin to cationic micells, MN

S 
being the molarity of ninhydrin bound to the micellar head 
group, [Dn] represents micellized surfactant ([CTAB]-cmc) 
and  NDn and ([Zn(II)-Gly-Tyr])+

m are micellized ninhydrin 
and complex,  respectively. 

Table 3 Effect of [CTAB] on pseudo-first-order rate constant (k) 
for the reaction of [Zn(II)-Gly-Tyr]+ (3.0 x 10-4 mol dm-3 ) with 
ninhydrin (6.0 x 10-3 mol dm-3) at 80 ºC and their comparison with 
calculated values (kcal). 

103 [CTAB ],  

mol dm-3 

105 k,  

s-1 

105 kcal, 

(s-1) 

 








 

Ψ

ΨcalΨ

k

kk
 

 

 

0 

  

  8.8 

  

 -   - 

5 31.3 30.5 +0.03 

10 32.6 33.0  -0.01 

15 35.4 35.9  -0.01 

20 37.2 37.6  -0.01 

25 37.0 36.8 +0.01 

30 36.7 37.1  -0.01 

35 36.4 36.3   0.00 

40 36.2 37.0  -0.02 

45 36.0 36.4  -0.01 

50 35.7 35.3 +0.01 

55 35.5 34.7 +0.02 

60 35.4 34.8 +0.02 

70 35.1 35.6  -0.01 

80 34.8 35.0  -0.01 

To find out KS and km, the non-linear least squares 
technique was used for Eq. (5). This process gave the value 

of least squares; i.e., Σdi
2 (di = kψ obsi - kψ cali) at ith KS. The 

calculation was repeated for different values of KS and the 
best value was the one for which Σdi

2 was minimum. The KS, 
thus obtained, was used to obtain the value of km.  

As pointed out earlier, the micellar pseudo-phase has 
different properties. Therefore, it is not possible to precisely 
locate the exact site of the reaction but at least localization 
of the reactants can be considered. The reactant ninhydrin, 
having the -electrons, enhances the possibility of its 
partitioning between water and cationic charged micelles.23 
The micellar surface can attract or repel ionic species due to 
electrostatic interactions whereas hydrophobic interactions 
can bring about the incorporation of the reactants into 
micelles. Thus, overall increment of rate occurs due to the 
increased concentration of both ninhydrin and [Zn(II)-Gly-
Tyr]+ complex in the Stern layer of micelle (Figure 4). The 
slow decrease in rate constant (kψ) beyond [CTAB] = 20 x 
10−3 mol dm−3 can be explained as follows. At [CTAB] > 20 
x 10−3 mol dm−3, practically all the substrate has been 
incorporated into the micellar phase. When bulk of the 
substrate is incorporated into the micelles, addition of more 
CTAB generates more cationic micelles, which simply take 
up the ninhydrin molecules into the Stern layer, and thereby 
deactivate them, because a reactant molecule in one micelle 
could not react with the other in another micelle.20 Another 
reason of decrease in kψ could be a result of counter ion 
inhibition. 

General 

The rate constants km (whose unit is reciprocal seconds) in 
the micellar pseudo-phase cannot be compared directly with 
the second-order rate constant in water kw (mol-1 dm3 s-1), 
because the km is calculated by taking concentration as a 
mole ratio, 

S

N
M . To compare km with kw, Bunton and 

others4,20,24 used the volume element for reaction within the 
micellar pseudo-phase. Stern layer volume of one mole of 
CTAB is about 0.14 mol dm-3.  The second-order rate 
constant (k2

m, mol-1 dm3 s-1) for reaction in the Stern layer is 
then given as k2

m = 0.14 km. For bimolecular reactions, in 
general, kw > k2

m.25,26 In the present case, the two values are 
comparable. Micellar surfaces are water rich but are less 
polar than pure water and do not provide a uniform reaction 
medium because micelle is a porous cluster with a rough 
surface and deep water filled cavities. On the other hand, the 
variations in kw/k2

m are not related in any obvious way to 
estimate polarities of micellar surfaces.   

Activation Parameters 

In order to learn more about the microenvironments of 
submicroscopic assemblies, a series of kinetic experiments 
were made at constant [Zn(II)-Gly-Tyr]+ (3.0 x 10-4 mol  
dm-3), [ninhydrin] (6.0 x 10-3 mol   dm-3) and pH 5.0 in the 
temperature range 70 ºC to 90 ºC presence of surfactant 
(Table 2). The values of enegy of activation (Ea), enthalpy 
of activation (ΔH) and entropy of activation (ΔS) are given 
in Table 2. On comparing the values of these parameters to 
those of aqueous medium, we observe a large decrease in 
energy of activation and enthalpy of activation with 
substantial negative entropy which suggests the formation of 
a well-structured activated state in which the reactive groups 
are closely associated with less degree of freedom. 
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Figure 4. Schematic model representing probable location of 
reactants for the cationic micellar catalyzed condensation 
reaction between [Zn(II)-Gly-Tyr]+ complex and ninhydrin.
   

Conclusions 

Kinetic runs were carried out spectrophotometrically at 
fixed concentrations of [Zn(II)-Gly-Tyr]+ (3.0 x  10-4 mol 
dm-3), [ninhydrin] (6.0 x 10-3 mol dm-3), temperature (80 ºC) 
and pH 5.0 at λmax = 400 nm,  in the absence and presence of 
CTAB micellar media. The presence of CTAB micelles do 
catalyze the reaction and provide new path of the ninhydrin 
reaction and thus enhance the sensitivity of the 
technique/reaction. 
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CORROSION INHIBITION BY POLYMERS – A BIRD’S 

EYEVIEW   
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Keywords: adsorption site, active centres, conducting polymers, corrosion inhibition, electron rich, polymers. 

 

Polymers are macromolecules. They have high molecular weight. They cover a large surface area and hence act as effective corrosion 

inhibitors. They have been used to control corrosion of various metals such as mild steel, copper, aluminium and stainless steel. They have 

been used in acidic, basic and neutral mediums. Adsorption of polymers on metal surface obeys various isotherm such as Langmuir, Temkin, 

Freundlich and Frumkin. Methods such as weight loss and electrochemical studies have been used to evaluate the corrosion inhibition 

efficiency of polymers. Surface analysis techniques such as FT-IR, SEM and AFM   have been used to study the surface morphology of the 

protective films.  
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Introduction 

Macromolecules, also known as polymers, are very high 
molar mass compounds consisting of several structural units 
inter-connected by covalent bonds. The molar mass varies 
from 5,000 to several millions. There are polymers which 
are soluble in water, ethanol, and chloroform, but insoluble 
in ether. The use of polymer in corrosion prevention is due 
to the fact that polymer has excellent film forming, 
emulsifying, and adhesive properties. It is resistant to oil, 
grease and solvent. It is odourless and non-toxic. It has high 
tensile strength and flexibility. It is used as stabiliser and 
clarifying agent. Due to these properties polymers are used 
in corrosion resistant materials. Polymers have functional 
groups such as –OH, –NH2, –PO4

– and oxygen linkage. 
These groups interact with metal surface through active 
centers of polymer. Conducting polymers, due to their 
inherent nature, offer better inhibition efficiency than 
organic compounds because of conjugated systems which 
possess alternate single and double bonds. Rich in electrons 
it gets effectively adsorbed on metallic surface. It acts as 
protective film and prevents corrosion. 

Metals  

Polymers1-102 have the ability to control the corrosion 
process of various metals such as mild steel,2,15,18,23, 

26,27,33,36,40,48,61,62,63,65,67,70,71,77,83,84,86,89,90,100 carbon steel,1,12,24, 

32,35,47,51,69,72,75,87,91,95,99  stainless steel,4,9,37,39,46,68,97 alumi-

nium,10,17,22,31,43,49,56,57,58,60,73,79,92,94,98 iron,8,11,13,21,25,28,30,38,44,50,54, 

64,66,80,93,96  zinc,7,14,42,59,76  copper,3,5,20,101  brass,19,45,88  tin,29,52 

cadmium,78 cerium,34 amorphous alloy,53 gold,55,85 and 

magnesium.74  

Medium 

The inhibition efficiency of polymers in controlling 
corrosion of metals in various corrosive environment such 
as acidic medium2,3,10-12,16-18,21,23,25,27,29,33-36,38,43-44,46-48,50-52,59-

66,68,70-73,77,78,80,82,83,85-86,90-93,95,97,100, alkaline medium19,56,74,88  

NaCl medium4,6,7,24,31,32,49,54,67,69,76,81,87,99 water 41,57-58,101, 
seawater13,15,22,39,94 aqueous medium5,9,45,53,55,84,89 surfactant 
solution,30 ground water1 borax buffersolution20  acetonitrile 
medium37 hypochlorite solution40  deionised water42 and 
potassium chlorite solution96 has been investigated. 

Additives 

The inhibition efficiency of polymers have increased by 
addition of   halides.16,34,36,43,46,100 

Methods 

Various methods used to evaluate the inhibition efficiency 
of  inhibitors include weight loss method,1,2,10,12,17,18,23,25,26, 

47,56,57,60,63,69,70,73,83,84,86,93-96,99,100  electrochemical studies,2-5,12, 

15,18,19,21,27-30,33-35,37,38,41,46,47-50,59,61,64,66,67,72,74,77-82,85-88,92,94,97,101, 
open-circuit potential,3,8,37,39 hydrogen evolution 
method,17,43,100  and  cyclic voltammetry.2,3,11,52,73,85,90,91,97,98 

Adsorption isotherm 

Corrosion inhibition by polymers is mainly due to 
adsorption of polymers on metal surface. Adsorption on 
metal surface obey various isotherms such as  Langmuir 
isotherm,2,18,25,26,36,59,83,85,95 Freundlich isotherm,93 Temkin  
isotherm,6,17,33,61,62,71,78,86,92  and Frumkin isotherm93.  
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Thermodynamic parameters such as changes in free energy, 
enthalpy and entropy have been calculated for proposed 
isotherm. Adsorption occurs through polar atoms such as O, 
N, P and sulphur present in polymers.  

Surface analysis 

The protective film formed on the metal surface has been 
analysed by various surface analysis techniques  such as 
FTIR,1,2,11-13,22,30,35,37,50,54,58,62,66,69,75,82,84,91,94,99 uv-visible 
spectra,11,12,44,66,69,75,82  SEM,1,3,4,15,19,30,47,48,55,58,75,81,94 
EDAX,30,45,56 AFM,4,58,66,82,99 and X-ray photoelectron 
spectroscopy.11,15,22,39,54,66,76,82,101 

Advantages and limitation 

Polymers have high molecular weight. Hence as the size 
of inhibitor increses inhibition efficiency also increases. 
Polymers have many active centres compared to monomer. 
Hence they have excellent inhibition efficiency. However  
the main  disadvantage their low solubility in aqueous 
medium. They have been used  in the cooling water system. 
Polymers such as carboxymethylellulose,99 polyvinyl-
alcohol,33,36,43,102 polyacrylamide,1,25,84,85 polyvinyl 
pyrrolidone,10,17,69,100 poly-o-ethoxy-aniline6,12,71,75 and 
polyaniline9,15,21,27,32,34,37,38,66,67,75,81,82,87,97,98 have been used 
as  corrosion inhibitors. Rajendran et al. have used polymers 
such as polyacrylamide,1,84 polyvinylpyrrolidone69 and 
polyvinylalcohol102 as corrosion inhibitors. 

Conclusion 

This review paper will be useful to a researcher who 
would like to select polymer as inhibitors to control 
corrosion of metals and its alloys in different kinds of 
environments.  
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STRUCTURE-REACTIVITY CORRELATION IN THE 

OXIDATION OF SUBSTITUTED BENZYL ALCOHOLS 

BY IMIDAZOLIUM FLUOROCHROMATE 

Poonam, D. Sharma[a], P. Panchariya[a], P. Purohit[a] and Pradeep K. Sharma[a]* 

 

Keywords: Correlation analysis; halochromates; imidazolium fluorochromate; kinetics; mechanism; oxidation 

Oxidation of benzyl alcohol and some ortho-, meta- and para-monosubstituted ones by imidazolium fluorochromate (IFC) in dimethyl 

sulphoxide (DMSO) leads to the formation of corresponding banzaldehydes.  The reaction is of first order with respect to IFC. A Michaelis 

– Menten type of kinetics were observed with respect to the alcohols. The reaction is promoted by hydrogen ions; the hydrogen-ion 

dependence has the form kobs= a + b [H+]. Oxidation of ,-dideuteriobenzyl alcohol (PhCD2OH) has exhibited a substantial primary 

kinetic   isotope effect (kH/kD = 5.86 at 298 K). The reaction has been studied in nineteen organic solvents and the effect of solvent analysed 

using Taft's  and Swain's multi-parametric equations. The rates of oxidation of para- and meta-substituted benzyl alcohols have been 

correlated in terms of Charton’s triparametric LDR equation whereas the oxidation of ortho-substituted benzyl alcohols with 

tetraperametric LDRS equation. The oxidation of para-substituted benzyl alcohols is more susceptible to the delocalization effect than that 

of ortho- and meta- substituted compounds, which display a greater dependence on the field effect. The positive value of  suggests the 

presence of an electron-deficient reaction centre in the rate-determining step. The reaction is subjected to steric acceleration by the ortho-

substituents. A suitable mechanism has been proposed. 
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Introduction 

Halochromates have been used as mild and selective 
oxidizing reagents in synthetic organic chemistry1.  
Imidazolium fluorochromate (IFC) is also one of such 
compounds used  as mild and selective oxidizing agent in 
synthetic organic chemistry 2. A few reports on the 
oxidation aspects of halochromates, including IFC are 
available in the literature3-6. We have been interested in 
the kinetic and mechanistic studies of the reactions of 
chromium (VI) species. In continuation of our earlier 
work7-10, we report in the present article the kinetics of 
oxidation of some monosubstituted benzyl alcohols by 
IFC in DMSO as solvent. Attempts have been made to 
correlate reactivity and structure in this reaction. 
Oxidation of benzyl alcohols with various oxidants is an 
important area of chemistry both from kinetics11 and 
preparative point of views12.  

Experimental Section 

Materials 

IFC was prepared by the reported method2 and its 
purity checked by an iodometric method. The procedure 
used for the purification of alcohols has been described 
earlier13a. ,-Dideuteriobenzyl alcohol (PhCH2OH) was 

prepared by  the reported method13b. Its isotopic purity, as 
ascertained by its  NMR  spectra, was  95  4%.    Due to 

non-aqueous nature of the solvent, toluene-p-sulphonic 
acid (TsOH) was used as a source of hydrogen ions.  
Solvents were purified by the usual methods13c. 

Product analysis 

The product analysis was carried out under kinetic 
conditions. In a typical experiment, benzyl alcohol (5.4 g, 
0.05 mol) and IFC (3.10 g, 0.01 mol) were made up to 50 
cm3 in DMSO and kept in the dark for ca. 15 h to ensure 
completion of the reaction.  The solution was then treated 
with an excess (200 cm3) of a saturated solution of 
2,4-dinitrophenylhydrazine in 2 mol dm-3 HCl and kept 
overnight in a refrigerator. The precipitated 
2,4-dinitrophenylhydrazone  (DNP) was filtered off, dried, 
weighed, re-crystallized from ethanol, and weighed again.  
The yields of DNP before and after re-crystallization 
were 2.59 g (91 %) and 2.26 g (79 %) respectively.  The 
DNP was found identical (m.p. and mixed m.p.) with the 
DNP of benzaldehyde. Similar experiments were 
performed with other alcohols also. The oxidation state of 
chromium in completely reduced reaction mixtures, 
determined by an iodometric method was 3.950.1. 

Kinetic measurement  

The pseudo-first order conditions  were attained by 
maintaining a large excess ( 15 or more) of the alcohol 
over IFC. The solvent was DMSO, unless specified 
otherwise. The reactions were followed, at constant 
temperatures (0.1  K),  by monitoring  the decrease in 
[IFC] spectrophotometrically at  354  nm.  No other 
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reactant or product has any significant absorption at this 
wavelength.  The pseudo-first order rate   constant, kobs, 
was evaluated from the linear (r=0.990 - 0.999) plots of 
log [IFC] against time for up to 80% reaction.   Duplicate 
kinetic runs showed that the rate constants were 
reproducible to with in 3 %.  The second order rate 
constant, k2, was obtained from the relation: 
k2=kobs/[alcohol]. All experiments, other than those for 
studying the effect of hydrogen ions, were carried out in 
the absence of TsOH.  

Results and Discussion 

The rates and other experimental data were obtained for 
all the alcohols.  Since the results are similar, only 
representative data are reproduced here. 

Stoichiometry 

Oxidation of benzyl alcohols by IFC results in the 
oxidation of corresponding benzaldehydes. Analysis of 
products and the stoichiometric determinations indicate 
the following overall reaction (1). 

ArCH2OH+CrO2FOIH  ArCHO + (HO)2CrFOIH (1) 

Thus IFC undergoes a two electron change. This is in 
accord with the earlier observations with other 
halochromates7-10 also. It has already been shown that 
both PFC14 and PCC15 act as two electron oxidants and 
are reduced to chromium (IV) species, by determining the 
oxidation state of chromium by magnetic susceptibility, 
ESR and IR studies  

Rate laws 

The reactions are of first order with respect to IFC. 
Figure 1 depicts a typical kinetic run. Further, the pseudo-
first order rate constant, kobs is independent of the initial 
concentration of IFC. The reaction rate increases with 
increase in the concentration of the alcohols but not 
linearly (Table 1)..  

Table 1. Rate constants for the oxidation of benzyl alcohol by 
IFC at 298 K 

103[IFC], 

mol dm3  

[Alcohol], 

mol dm3 

[TsOH], mol 

dm3 

104 kobs, s1 

1.0  0.10 0.0 4.62 

1.0 0.20 0.0  6.89 

1.0 0.40 0.0 9.12 

1.0 0.60 0.0 10.2 

1.0 0.80 0.0 10.9 

1.0 1.00 0.0 11.3 

1.0 1.50 0.0 12.0 

1.0 3.00 0.0 12.7 

2.0 0.40 0.0 10.8 

4.0 0.40 0.0 11.7 

6.0 0.40 0.0 10.2 

8.0 0.40 0.0 10.5 

1.0 1.00 0.1 5.46 

1.0 1.00 0.2  6.42 

1.0 1.00 0.4 7.84 

1.0 1.00 0.6 9.27 

1.0 1.00 1.0 12.6 

1.0 0.40 0.0 9.72* 

*contained 0.001 mol dm-3 acrylonitrile   

Figure 1.  Oxidation of Benzyl alcohol by IFC: A typical 
kinetic run 

A plot of 1/kobs against 1/[Alcohols] is linear (r>0.995) 
with an intercept on the rate-ordinate (Figure 2). Thus, 
Michaelis-Menten type kinetics are observed with respect 
to the alcohols. This leads to the postulation of following 
overall mechanism (2) and (3) and rate law (4). 

 

Alcohol    +    IFC   
K      [complex]      (2) 

 

[Complex]    2
k

     Products     (3) 

 

 

The dependence of reaction rate on the reductant 
concentration was studied at different temperatures and 
the values of formation constants K and decomposition 
constants of the complex k2 were evaluated from the 
double reciprocal plots. The thermodynamic parameters 
of the complex formation and activation parameters of the 
decomposition of the complexes were calculated from the 
values of K and k2 respectively at different temperatures 
(Tables 2 and 3). 

Tests for free radicals 
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The oxidation of benzyl alcohol by IFC, in an 
atmosphere of nitrogen failed to induce the 
polymerisation of acrylonitrile. Further, an addition of a 

radical scavenger, acrylonitrile, had no effect on the rate 
(Table 1). 

Table 2.  Rate constants and activation parameters of oxidation of substituted benzyl alcohols by IFC 

Substance 104 k2, dm3 mol-1 s-1 H*,  

kJ mol-1 

S*,  

J mol-1 K-1 

G*, 

 kJ mol-1 288 K 298 K  308  K  318 K 

H 5.76 13.5 31.5 71.1 61.30.6 95 2 89.30.5 

p-Me 12.5 28.3 63.0 135 57.90.4 991 87.50.3 

p-OMe 26.1 59.0 126 270 56.60.4 981 85.70.3 

p-F 5.36 12.8 30.6 70.2 62.80.6 902 89.50.5 

p-Cl 3.37 8.19 19.8 46.5 64.10.6 892 90.60.5 

p-NO2 0.23 0.64 1.76 4.67 73.90.6 782 96.90.5 

p-CF3 0.72 1.87 4.85 12.1 69.20.7 852 94.20.5 

p-COOMe 0.99 2.54 6.45 15.8 67.80.6 872 93.50.5 

p-Br 3.29 8.01 19.4 45.5 64.20.7 892 90.60.5 

p-NHAc 12.6 28.8 64.8 141 58.80.6 972 87.50.4 

p-CN 0.42 1.13 3.02 7.74 71.50.2 812 95.50.5 

p-SMe 14.4 34.6 77.4 162 58.90.5 951 87.10.1 

p-NMe2 132 270 531 1080 51.60.5 992 82.20.4 

m-Me 10.4 23.4 52.8 115 58.50.6 992 88.00.5 

m-OMe 10.8 23.7 51.9 108 56.00.4 1081 87.90.3 

m-Cl 1.76 4.29 10.4 24.3 64.20.6 952 92.20.5 

m-Br 1.74 4.23 10.3 23.4 63.60.4 961 92.20.4 

m-F 2.16 5.18 12.3 27.9 62.50.5 992 91.70.4 

m-NO2 0.18 0.51 1.39 3.67 73.90.5 792 97.50.4 

m-CO2Me 0.95 2.43 6.17 15.3 68.00.8 862 93.60.6 

m-CF3 0.65 1.69 4.37 10.8 68.90.6 862 94.50.5 

m-CN 0.33 0.89 2.38 6.12 71.60.6 822 96.10.5 

m-SMe 7.35 16.5 36.9 79.2 57.80.5 822 96.10.5 

m-NHAc 6.51 14.8 33.3 72.9 58.80.6 1042 89.10.4 

o-Me 58.5 117 239 468 50.40.6 1132 83.90.5 

o-OMe 40.5 81.9 167 324 50.40.5 1161 84.90.4 

o-NO2 0.61 1.53 3.98 9.81 68.20.9 903 94.70.7 

o-COOMe 4.86 11.2 25.7 56.7 59.90.9 1012 89.80.5 

o-NHAc 72.0 142 279 522 47.90.3 1201 83.50.3 

o-Cl 12.6 27.0 59.4 124 55.70.7 1082 87.60.5 

o-Br 17.1 36.9 77.4 159 54.00.4 1111 86.90.3 

o-I 30.2 62.1 126 251 51.20.5 1161 85.60.4 

o-CN 1.32 3.24 7.92 18.9 65.00.7 942 92.90.6 

o-SMe 63.0 124 243 459 48.00.4 1211 83.90.3 

o-F 6.75 15.3 34.2 74.7 58.50.5 1032 89.00.4 

o-CF3 13.5 28.7 61.2 126 54.20.5 1122 87.50.4 

,’-BA 0.94 2.34 5.73 13.7 65.50.6 952 93.70.5 

kH/kD                                       6.12   5.77    5.50 5.19    

 

Effect of acidity 

The reaction  is  catalysed by hydrogen ions.  The 
hydrogen-ion dependence taking the form: kobs = a + 
b[H+] (Table 1).  The values for a and b for benzyl 
alcohol are 4.670.25104 s1 and 8.140.41104 mol1 
dm3 s1 respectively (r2 = 0.9898) 

Kinetic isotope effect  

To ascertain the importance of the cleavage of the 
CH bond in the ratedetermining step, oxidation of 
,-di-deuterio benzyl alcohol was studied.  Results 

showed the presence of a substantial primary kinetic 
isotope effect (Table 2). 

Effect of solvents 

The oxidation of benzyl alcohol was studied in 19 
different organic solvents. The choice of solvents was 
limited by the solubility of IFC and its reaction with 
primary and secondary alcohols.  There was no reaction 
with the solvents chosen. Kinetics were similar in all the 
solvents. The values of K and k2 are recorded in Table 3.  

The correlation between activation enthalpies and 
entropies of oxidation of the thirty three alcohols is not 
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very good (r2 = 0.9042).  The value of     the    isokinetic 
temperature is 59333 K.  However, according to Exner16, 
an isokinetic relationship between the calculated values of 
activation enthalpies and entropies is often vitiated by 
random experimental errors.  

 

Table 3. Formation constants for the decomposition of IFCAlcohol complexes and thermodynamic parameters 

Substance K, dm3 mol-1 -H,  

kJ mol-1 

-S,  

J mol-1 K-1 

-G, 

 kJ mol-1 288 K 298 K  308 K   318 K 

H 5.85 5.21 4.56 3.88 12.30.3 201 6.560.2 

p-Me 5.46 4.82 4.22 3.60 13.00.4 231 6.370.3 

p-OMe 5.32 4.70 4.05 3.42 13.70.5 252 6.290.4 

p-F 5.56 4.95 4.32 3.65 13.10.6 232 6.420.5 

p-Cl 5.90 5.26 4.65 4.03 12.10.4 191 6.590.3 

p-NO2 6.18 5.53 4.95 4.28 11.70.4 171 6.720.3 

p-CF3 5.89 5.25 4.65 4.02 12.10.4 191 6.580.3 

p-COOMe 5.44 4.82 4.17 3.51 13.60.6 252 6.350.4 

p-Br 5.81 5.22 4.50 3.96 12.40.4 191 6.590.3 

p-NHAc 6.02 5.40 4.78 4.14 12.00.4 181 6.650.3 

p-CN 6.22 5.57 4.95 4.32 11.70.4 171 6.730.3 

p-SMe 6.15 5.53 4.90 4.30 11.60.3 171 6.710.3 

p-NMe2 5.66 5.04 4.41 3.78 12.70.4 211 6.470.4 

m-Me 5.73 5.13 4.49 3.87 12.40.4 201 6.510.4 

m-OMe 5.45 4.81 4.20 3.53 13.40.6 242 6.360.4 

m-Cl 6.13 5.51 4.88 4.23 11.40.3 161 6.700.2 

m-Br 5.49 4.86 4.22 3.60 13.20.4 231 6.380.4 

m-F 5.99 5.35 4.75 4.12 11.90.4 181 6.630.3 

m-NO2 6.02 5.40 4.77 4.13 12.00.4 191 6.650.3 

m-CO2Me 6.05 5.42 4.80 4.15 12.00.4 181 6.660.3 

m-CF3 5.98 5.36 4.71 4.06 13.20.4 231 6.380.4 

m-CN 60.3 5.41 4.76 4.15 12.10.4 191 6.600.3 

m-SMe 5.31 4.70 4.06 3.45 12.00.4 181 6.650.3 

m-NHAc 5.94 5.31 4.67 4.06 13.40.5 242 6.290.4 

o-Me 5.27 4.65 4.03 3.40 13.60.5 252 6.270.4 

o-OMe 6.18 5.56 4.95 4.28 11.70.5 171 6.720.4 

o-NO2 5.91 5.29 4.65 4.05 12.10.4 191 6.590.3 

o-COOMe 5.45 4.82 4.20 3.57 13.20.5 232 6.360.4 

o-NHAc 5.92 5.28 4.65 4.05 12.10.3 191 6.590.3 

o-Cl 5.61 4.97 4.32 3.75 12.70.3 221 6.440.2 

o-Br 5.83 5.21 4.58 3.92 12.50.5 212 6.550.4 

o-I 5.79 5.18 4.50 3.93 12.40.4 201 6.530.3 

o-CN 6.04 5.40 4.77 4.14 12.00.4 191 6.650.3 

o-SMe 5.88 5.22 4.62 4.01 12.20.3 191 6.570.3 

o-F 5.86 5.23 4.61 3.95 12.40.5 202 6.570.4 

o-CF3 5.76 5.13 4.52 3.88 12.50.4 201 6.520.3 

,’-BA 5.31 4.66 4.03 3.40 13.80.5 262 6.280.4 

 

Exner suggested an alternative method for establishing 
the isokinetic relationship. Exner's plot between log k2 at 
288 K and at 318 K was linear (r2 = 0.9990) (Figure 3). 

The value of isokinetic temperature evaluated from the 
Exner's plot is 69037 K.  The linear isokinetic 
correlation  implies that  all the alcohols   are oxidized by 
the same mechanism and the  changes in the  rate  are 
governed   by  changes  in  both  the enthalpy 
and  entropy of  activation. 

Reactivity oxidizing species 

The observed hydrogen-ion dependence suggests that 
the reaction follows two mechanistic pathways, one 
acid-independent and another acid-dependent. The 
acid-catalysis may well be attributed to a protonation of 
IFC as equation 5 to yield a protonated Cr(VI) species 
which is a stronger oxidant and electrophile. 
Formation  of a protonated Cr(VI) species has  earlier 
been postulated in the reactions of structurally similar 
PCC17. 

 

IHOCrO2F + H+  IHOCr(OH)OF    (5) 
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The rate constants, k2,  in seventeen  solvents (CS2 was 
not considered as the complete  range of solvent 
parameters   was  not  available)  were correlated in terms 

of linear solvation energy  relationship (Eqn. 6) of Kamlet 
et al18. 

 

Figure 2.  Oxidation of benzyl alcohol by IFC: A double 
reciprocal plot 

 

log k2  =  A0   +  p*  +  b  + a       (6) 

 

In Eq. (3) * represents the solvent polarity,  the 
hydrogen bond acceptor basicities and   is the hydrogen 
bond donor acidity.  A0 is the intercept  term. It may be 
mentioned here that out of the 18 solvents, 13 has a value 
of zero for . The results of correlation analyses terms of 
Eq. (3), a biparametric equation involving * and ,   and 
separately with  * and  are given below (equation 
7 - 10). 

log k2 = 3.71 + 1.60(0.21)* + 0.19(0.17) +  

0.09(0.16)  (7) 

R2  =0.8409;  sd=0.19; n=18;  =0.44 

 

log k2= 3.73 + 1.63(0.20)* + 0.15(0.16)     (8) 

R2 = 0.8371; sd = 0.19; n = 18;  = 0.43 

 

log k2 =  3.70 + 1.67(0.19)*                            (9) 

r2 = 0.8271; sd = 0.19; n = 18;   =  0.43 

 

log k2 =   3.02  +  0.45 (0.36)                  (10) 

r2  = 0.0878; sd = 0.43;    n = 18;      =  0.98 

Here n is the number of data points and  is Exner's 
statistical parameter19. 

Kamlet's19 triparametric equation explains ca.  84 % of 
the effect of  solvent  on  the oxidation. However, by 
Exner's criterion the correlation is   not even satisfactory 
(cf. equation 7). The major contribution is of solvent 
polarity.  It alone accounted for ca. 83 % of the data.  
Both  and  play relatively minor roles. 

The data on the solvent effect were also analysed in 
terms of Swain's equation20 of cation- and anion-solvating 
concept of the solvents equation 11. 

 

log k2  =  a A + b B  +  C                        (11) 

 

Here A represents the anion-solvating power of the 
solvent and B the cation-solvating power of the solvent. C 
is the intercept term. (A+B) is postulated to 
represent  the  solvent polarity.  The rates in different 
solvents were analysed in terms of equation (11), 
separately with A and B and with (A + B). 

 

log k2 = 0.69 + (0.05)A + 1.71 (0.03)B  3.95 (12) 

R2 = 0.9941;  sd = 0.04; n = 19;  =  0.08 

 

log k2  =  0.45 (0.57)A   2.77               (13) 

r2 = 0.0358;  sd = 0.46;  n =  19;  = 1.01 

 

log k2 = 1.38 (0.13)B  3.62                         (14) 

r2  = 0.8625;  sd = 0.17; n = 19;   =  0.38 

 

log k2 = 1.66  0.13 (A+B)  3.63        (15) 

r2  = 0.9099;  sd = 0.14;  n = 19;  = 0.31 

 

The rates of oxidation of benzyl alcohol in different 
solvents show an excellent correlation in Swain's equation 
(12) with the cation-solvating   power  playing the major 
role.  In fact, the cation-solvation alone accounts for ca. 
99% of the data. The solvent polarity, represented by (A + 
B), also accounted for ca. 91% of the data. In view of the 
fact that the solvent polarity is able to account for ca. 
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91 % of the data, an attempt was made to correlate the 
rate with the relative permittivity of the solvent.  
However, a plot of log(rate) against the inverse of the 
relative permittivity is not linear (r2 = 0.0584 sd = 0.33,  
 = 0.99). 

Figure 3. Exner’s Isokinetic Relationship in the oxidation of 
benzyl alcohols by IFC 

Correlation analysis of reactivity 

The effect of structure on reactivity has long been 
correlated in terms of the Hammett equation21 or with 
dual substituent-parameter equations22,23. In the late 
1980s, Charton24 introduced a triparametric LDR 
equation for the quantitative description of structural 
effects on chemical reactivities. This triparametric 
equation results from the fact that substituent types differ 
in their mode of electron delocalization. This difference 
reflected in a different sensitivity to the electron demand 
for the phenomenon being studied. It has a advantage of 
not requiring a choice of parameters as the same three 
substituents constants are reported to cover the range of 
electrical effects of the substituents. In this work we have 
applied the LDR equation 16 to the rate constants, k2. 

 

log k2 = Ll + Dd + Re + h         (16) 

 

Here,  l  is  a localized (field and/or inductive) effect 
parameter, d is the intrinsic delocalized electrical effect 
parameter when  active  site electronic demand is minimal 
and  e represents the sensitivity of the substituent to 
changes in electronic demand by the active site.  The 
latter two substituent parameters are related by equation 
(17). 

 

D = e + d                                   (17) 

 

Here  represents the electronic demand of the reaction 
site and is given  by    = R/D, and D represents the 
delocalized electrical parameter of the diparametric LD 
equation. 

For ortho-substituted compounds, it is necessary to 
account for the possibility  of steric effects and Charton24, 
therefore, modified the LDR equation to generate the 
LDRS equation (15). 

 

log k2= Ll + Dd + Re + S + h    (18) 

 

where   is the well known Charton's steric parameter 
based on Van der Waals radii.25 

 

Table 4 - Solvent effect on the oxidation of benzyl alcohol by 
IFC at 298 K 

Solvents  K, 

dm-3 mol-1 

104 k2,  

s-1 

Chloroform 5.58 41.7 

Toluene 5.31 10.7 

1,2-Dichloroethane   4.76 51.3 

Acetophenone  6.21    60.3 

Dichloromethane   4.35 39.8 

THF   4.75 19.1  

DMSO    5.21  135 

t-Butylalcohol   4.38  17.8 

Acetone    5.33 44.7 

1,4-Dioxane   4.27 20.4  

DMF 4.65 64.6 

1,2-Dimethoxyethane  5.40  12.3 

Butanone    5.85   32.4 

CS2     4.95  5.25 

Nitrobenzene   4.67 47.9 

Acetic acid   5.90  7.94 

Benzene  6.03  15.5  

Ethyl acetate    5.40 16.6 

Cyclohexane   5.25 1.51 

The rates of oxidation  of ortho-, meta- and 
para-substituted benzyl alcohols show an excellent 
correlation in terms of the LDR/LDRS   equations (Table 
4).   We have used the standard deviation  (sd),  the 
coefficient of multiple determination (R2), and Exner's19 
parameter, , as the measures of goodness of fit.  

The comparison  of  the L and D values for the 
substituted benzyl alcohols showed that the 
oxidation  of  para-substituted  benzyl alcohols is more 
susceptible to the delocalization effect than to the 
localized effect. However, the oxidation of ortho- and 
meta-substituted compounds exhibited a greater 
dependence on the field effect. In all the cases, the 
magnitude of the reaction constants decreases with an 
increase in the temperature, pointing to a decrease in 
selectivity with an increase in temperature.  
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All three regression coefficients, L, D and R, are 
negative indicating an electron-deficient carbon centre in 
the activated complex for the rate-determining  step. The 
positive value of   adds a negative increment to  d, 

reflecting the electron-donating power of the substituent 
and its capacity to stabilise a cationic species.  The 
positive value of S indicates that the reaction is subject to 
steric acceleration by an ortho-substituent.   

Table 5 - Temperature dependence for the reaction constants for the oxidation of substituted benzyl alcohols by IFC 

T/K L D R S  R2 sd  PD PS T/K 

Para-substituted 

288 1.71 1.98 1.40     - 0.71 0.9999 0.009 0.01 53.7    - 288 

298 1.62 1.89 1.36     -  0.72 0.9989 0.001 0.01 53.8    - 298 

308 1.53 1.80 1.26     - 0.70 0.9998 0.003 0.02 54.1    - 308 

318 1.43 1.71 1.21     - 0.71 0.9998 0.007 0.02 54.5    - 318 

Meta-substituted 

288 1.99 1.45 1.16     - 0.80 0.9998 0.002 0.02 42.2    - 288 

298 1.89 1.35 1.09     - 0.81 0.9999 0.001 0.01 41.7    - 298 

308 1.80 1.26 0.99     - 0.79 0.9999 0.001 0.01 41.2    - 308 

318 1.72 1.16 0.94     - 0.81 0.9998 0.004 0.02 40.3    - 318 

Ortho-substituted 

288 1.89 1.53 0.79 1.44 0.52 0.9999 0.003 0.01 44.7 25.5 288 

298 1.80 1.44 0.70 1.35 0.49 0.9998 0.004 0.02 44.4 25.5 298 

308 1.71 1.35 0.65 1.26 0.48 0.9999 0.002 0.01 44.1 25.4 308 

318 1.62 1.26 0.55 1.17 0.44 0.9998 0.003 0.02 43.8 25.4 318 

 

To test the significance of localized, delocalized and 
steric effects in the ortho-substituted benzyl alcohols, 
multiple regression analyses were carried out with (i) l, 
d and e (ii) d, e and  and (iii) l , e and . The 
absence of significant correlations showed that all the 
four substituent constants are significant. 

 

log k2 =1.52(0.50) l  1.53(0.39)d  3.32(2.25)e 

 2.41       (19) 

R2 = 0.7628; sd = 0.34; n = 12;  =  0.56 

 

log k2 = 1.61(0.46)d  1.28(2.87)e + 1.06 (0.53)  

 3.43    (20) 

R2  = 0.6638; sd = 0.41; n = 12;   =  0.67 

 

log k2 = 2.02(0.61)l  0.05(2.94)e + 1.47(0.55)  

 2.22  (21) 

R2  = 0.6457;  sd = 0.42; n = 12;   =  0.69 

 

Similarly in the cases of oxidation of para- and meta-
subsituted benzyl alcohols, multiple regression analyses 
indicated that both localization and delocalization effects 
are significant. There is no significant collinearity 
between the various substituents constants for the three 

series.  The percent contribution26 of the delocalized 
effect, PD, is given by equation (22). 

 

 

 

 

Similarly, the percent contribution of the steric 
parameter25 to the total    effect of the substituent, PS, was 
determined by using equation (23). 

 

 

The values of PD and PS are also recorded in Table 5.  
The value of PD for the oxidation of para-substituted 
benzyl alcohols is ca. 54% whereas the corresponding 
values for the meta- and ortho-sobstituted alcohols are ca. 
42 and 44% respectively. This  shows that the balance of 
localization and delocalization effects  is different for 
differently substituted benzyl alcohols. The less 
pronounced resonance effect from the ortho-position than 
from  the para-position may be due to the twisting away 
of   the alcoholic group from the plane of the benzene 
ring.  The magnitude  of  the PS value shows that the 
steric effect is significant in this reaction. 

The positive value of S showed a steric acceleration of 
the reaction. This may be explained on the basis high 
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ground state energy of the sterically crowded alcohols. 
Since the crowding is relieved in the in the product 
aldehyde as well as the transition state leading to it, the 
transition state energy of the crowded and uncrowded 
alcohols do not differ much and steric acceleration, 
therefore results. 

Mechanism  

A hydrogen abstraction mechanism leading to the 
formation of the free radicals is unlikely in view of the 
failure to induce polymerization of acrylonitrile and no 
effect of the radical scavenger on  the reaction rate. The 
presence of a substantial kinetic isotope effect confirms 
the cleavage of a -C-H bond in the rate-determining step.  

The negative values of the localization and 
delocalization electrical effects i.e. of L, D and R points 
to an electron-deficient reaction centre in the 
rate-determining step. It is further supported by the 
positive value of , which indicates that the substituent is 
better able to stabilise a cationic or electron- deficient 
reactive site. Therefore, a hydride-ion transfer in the 
rate-determining step is suggested. The hydride-ion 
transfer mechanism is also supported by the major role of 
cation-solvating power of the solvents.  The hydride ion 
transfer may take place either by a cyclic process via an  
ester intermediate or by an acyclic one-step bimolecular 
process. Kwart and Nickle26 have shown that a 
dependence of kinetic isotope effect on temperature can 
be gainfully employed to determine whether the loss of 
hydrogen proceeds through a concerted cyclic process or 
by an acyclic one.   

The data for protio-and deuterio-benzyl alcohols, fitted 
to the familier expression: kH/kD=AH/AD(H*/RT)27,28 
show a direct correspondence with the properties of a 
symmetrical transition state in which activation energy 
difference for protio  and  deuterio  compounds is equal to 
the difference in the zero-point energy for  the  respective 
CH and CD bonds (4.5 kJ mol-1) and the entropies of 
activation of the respective reactions are almost equal. 
Similar phenomena were also observed earlier in the 
oxidation of benzaldehydes by IFC.29 Bordwell30 has 
documented a very cogent evidence against the 
occurrence of concerted one-step bimolecular processes 
by hydrogen transfer and it is evident that in the present 
studies also the hydrogen transfer does not occur by an 
acyclic biomolecular process.   

It is well-established that intrinsically concerted 
sigmatropic reactions, characterised by transfer of 
hydrogen in a cyclic  transition state, are the only truly 
symmetrical processes involving a  linear hydrogen 
transfer.31 Littler32 has also shown that a cyclic hydride 
transfer, in the oxidation of alcohols by  Cr(VI), involves 
six  electrons and, being a  Huckel-type system,  is an 
allowed process. Thus, a transition state having a planar, 
cyclic and symmetrical structure can be envisaged for the 
decomposition of the ester intermediate. Hence, the 
overall mechanism is proposed to involve the formation 
of a chromate ester in a fast pre-equilibrium step and then 
a decomposition of the ester in a subsequent slow step via 
a cyclic concerted symmetrical transition state leading to 
the product (Schemes 1 and 2).  

The observed negative value of entropy of activation 
also supports the proposed mechanism. As the charge 
separation takes place in the transition state, the charged 
ends become highly solvated.  This results in an 
immobilization of a large number of solvent molecules, 
reflected in the loss of entropy.33 

 

 

Conclusion 

The reaction is proposed to proceed through a hydride-
ion transfer from alcohol to the oxidant in the rate-
determining step. It has also been observed that an -C-H 
bond is cleaved in the rate-determining step. Both 
deprotonated and protonated forms of IFC are the reactive 
oxidising species.  
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A simple and rapid synthetic methodology has been explored exhibiting the use of a magnetically separable copper ferrite (CuFe2O4) 

nanocatalyst in water for the construction of medicinally privileged quinoxalines under sonication. High catalytic activity and ease of 

recovery using an external magnetic field are additional eco-friendly attributes of this catalytic system.  
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INTRODUCTION  

During the last decade, there is a growing emphasis in 
synthetic chemistry towards the development1 of sustainable 
and ecofriendly methodologies. The critical emphasis is 
towards the growth of green chemistry. The important 
aspect of green chemistry is the utility of environmentally 
friendly catalysts with easy recovery of the catalyst after the 
completion of the reaction. 

Considering the above concept, nano catalysts have 
several benefits over the conventional catalytic systems 
used.2 Although, a significant improvement of catalytic 
activity can be achieved by utilizing a catalyst in nanometer 
dimensions due to the increment of its surface area upto 
many folds. But the recovery of these tiny nanocatalysts 
from the reaction mixture is not easy. Most of the 
heterogeneous catalytic systems require a filtration or 
centrifugation step or a troublesome work-up of the reaction 
mixture to recover the nanocatalyst. Conventional 
techniques (such as filtration) are not efficient for the 
separation of nanocatalyst on account of the nano size of the 
catalytic particles. This drawback hampers the economics 
and sustainability of these protocols. To overcome the 
separation problem of the nano catalysts, magnetically 
active nano particles have recently emerged as viable 
alternatives to conventional nanomaterials for catalyst 
supports.3 

Further, the application of sonochemical energy delivery4 
has become an exciting field of research during the last few 
years. Ultrasonic irradiation arises from acoustic cavitation, 
which involves sequential formation, growth and explosive 
collapse of millions of vaporized bubbles in an irradiated 
liquid.5 Cavitation stimulates very high local temperature to 
a very large amount of molecules fulfilling their requirement 

to attain sufficient active energy for a reaction.6 Clearly, 
reduction in reaction times, improved yields and suppression 
of side products, less severe reaction conditions,7 are some 
added benefits of this emerging technology making 
synthetic protocols greener. 

Nitrogen-containing heterocyclic molecules are the 
fundamental structural units studied both by the chemists 
and biologists. Quinoxalines are one of the important 
nitrogen-containing heterocyclic compounds which are the 
core constituents of many pharmacologically active agents.8 
Quinoxaline drugs CQS (chloroquinoxaline sulfonamide) 
and XK469 were observed to have anticancer activity 
against solid tumors. (2-Quinoxalinyloxy)phenoxy 
propanoic acid derivatives, such as Assure are well known 
to act as herbicide (Fig. 1).9 Quinoxaline structural motif is 
found in several natural products and antibiotics such as 
echinomycin, leromycin, and actinomycin,10 which are 
known to inhibit the growth of gram-positive bacteria. 
Compounds with quinoxaline core are used as allosteric dual 
Akt1 and Akt2 inhibitors,11a human cytomegalovirus 
polymerase inhibitors,11b Src-Family Kinase p56Lck 
inhibitors,11c SRPK-1 inhibitors,11d monoamine oxidase A 
inhibitors.11e Some pyrrolo[1,2-a]quinoxaline derivatives are 
found to be potent and selective 5-HT3 ligands.12 Therefore, 
these compounds have distinguished themselves as 
heterocycles with chemical and biological significance. As a 
result of these significant properties, a variety of synthetic 
approaches have been reported for the synthesis of 
quinoxalines.  

 

 

 

 

 

 

Figure 1. Representatives of quinoxaline ring containing 
molecules. 
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The literature survey reveals several reports on the 
synthesis of quinoxalines using different catalysts such as 
amidosulfonic acid,13a p-TSA,13b Mn octahedral molecular 
sieves,13c ionic liquid (Hbim)BF4,13d Ga(OTf)3,13e SnCl2,13f 
montmorillonite K-10,13g DMSO-PdI2,13h oxalic acid,13i 

Bi(III),13j Zr(DS)4,13k ZrO2 mixed metal oxide,13l silica 
bonded S-sulfonic acid,13m ZnI2,13n silica supported SbCl3,13o 
NbCl5,13p amberlyte-15,13q I2,13r Ru/C,13s. 

Recently, several workers have also improved the 
synthesis of quinoxalines using some modified catalyst and 
reagent like clayzic,14a silicagel,14b Zr(IV) modified silica 
gel,14c alumina,14d DABCO,14e Sm(OTf)2,14f PEG-400 in 
MW,14g PEG-water,14h glycerol,14i silica sulfuric acid in 
PEG,14j CeCl3.7H2O in glycerine,14k FeCl3 with 
morpholine,14l triethylamine/O2,14m Ga(ClO4)3 14n and 
graphite14o. 

Though the reported methods provide good yields, these 
methods suffer from several disadvantages such as tedious 
work-up, harsh and longer reaction times, critical product 
isolation procedures that limit their use under the aspect of 
environmentally benign processes. In view of this, there is 
still need to design a simple and recyclable catalytic system 
that promotes efficient one-pot synthesis of the 
functionalized quinoxaline derivatives. 

During the course of our studies towards the synthesis of 
biologically active heterocycles and nanocatalysis,15 we 
demonstrated the high catalytic activity of nano crystalline 
copper ferrite (CuFe2O4) for the synthesis of quinoxalines by 
the reaction of phenanthrenequinone with o-
phenylenediamine (Scheme-1) in aqueous media for the first 
time. The method has advantages of ambient reaction 
condition, environmentally acceptable solvent, high yields, 
simple work-up and easy catalyst recovery and reusability.  

RESULTS AND DISCUSSION 

The detailed characterization viz., Transmission Electron 
Microscopy (TEM), Scanning Electron Microscopy (SEM) 
and X-ray diffraction (XRD) analyses and synthetic 
experimental procedure of copper ferrite (CuFe2O4) has 
been published in our previous paper.16 The quick recovery 
of the catalyst prompted us to explore its potential use for 
the synthesis of quinoxalines.  

To achieve suitable conditions, the reaction of 
phenanthrenequinone 1 and o-phenylenediamine 2 was 
chosen as the model reaction to find best conditions for 
synthesizing 3a in the presence of catalytic amount of 
copper ferrite (10 mol %) NPs. In our initial study for the 
optimization of the reaction conditions, a screening was 
performed with a variety of different solvents like ethanol, 
methanol, toluene, acetonitrile and water (Table 1). We 
noticed that the polar protic solvents afforded better yield 
than other solvents and the best catalytic activity of nano 
copper ferrite (10 mol %) was observed in aqueous medium 
(Table 1). As cavitation in water is most effective as 
compared to other solvents, the ultrasonic intensity in 
aqueous solutions is higher because of the low sound 
absorption coefficient,17 hence, the effect of nature of 
solvent on the reactivity is predominant in the present 
reaction. 

The catalytic activity of various catalysts including acidic 
and nano catalysts such as p-TSA, L-proline, sulfamic acid, 
ZnS and magnetically separable copper ferrite nanoparticles 
were employed to test their efficacy for the synthesis of 3 
using water as solvent under sonication and the results are 
summarized in Table 2. It was clear that copper ferrite 
nanoparticles successfully promoted this reaction with high 
isolated yields. In the absence of catalyst, lower yield of 
product was obtained under sonication. Therefore, this 
catalyst appears to be superior to any of the other catalysts 
tested. Further, to check the role of ultrasound, the reaction 
was also carried out in boiling water using conventional 
heating in absence of sonication. In this case, lower yield 
was obtained with prolonged reaction time. Hence, there is a 
combined effect of ultrasound and copper ferrite 
nanoparticles to promote the present reaction. 

The quantity of the catalyst plays a vital role for the 
formation of the desired product. In evaluating the effects of 
catalyst concentration, the best yields were found in the 
presence of just 10 mol % copper ferrite NPs. A higher 
amount of catalyst did not improve the results to an 
appreciable extent. 

Scheme 1: Copper ferrite catalysed synthesis of quinoxalines 

 

Table 1. Effect of different solvents in presence of copper ferrite 
NPs (10 mol %) under sonication. 

Entry Solvent Time, min Yield %* 

1. Water 20 95 

 

2. Ethanol 60 80 

 

3. Methanol 60 79 

 

4. Toluene 60 74 

 

5. Acetonitrile 60 82 

*Isolated Yield  

 

Table 2. Effect of different catalysts in aqueous medium under 
sonication 

Entry Catalyst Time, min Yield %* 

1. - 120 55 

2. p-TSA 60 78 

3. Sulfamic acid 60 83 

4. L-proline 60 61 

5. CuFe2O4 NPs (5 mol %) 60 89 

6. CuFe2O4 NPs (10 mol %) 20 95 

7. CuFe2O4 NPs (20 mol %) 20 95 

*Isolated yield  
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Table 3. Synthesis of compounds (3a-f) under sonication 

Entry  Carbonyl compound Amine  Product Time (min.)  Yield (%)* 

1 
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*Isolated Yield  

To generalize the scope and versatility of this protocol, 
different diketones and diamines are used for the synthesis 
of substituted quinoxalines (Table 3).  

Scheme 2. Proposed mechanism for the synthesis of quinoxaline 
derivatives. 

The proposed mechanism for the formation of quinoxaline 
derivatives is shown in scheme 2. Diketones stabilized with 
the interaction of Fe3+ by partial polarization of carbonyl 
group reacts readily with o-phenylenediamine. 

The resultant amino-1,2-diol undergoes base-induced 
dehydration on account of interaction of O2- to give 
quinoxaline as the end product. 

Here, oxide (O2-) of the copper ferrite nanoparticle acts as 
a Lewis base and Fe3+ as a Lewis acid coordinates with the 
carbonyl oxygen atom of diketones, thus increasing the 
electrophilicity of the carbonyl carbon.  

EXPERIMENTAL SECTION 

Melting points were determined on a Toshniwal apparatus. 
The purity of compounds was checked on thin layers of 
silica gel in various non-aqueous solvent systems, e.g. 
benzene : ethylacetate (8 : 2), benzene : dichloromethane 
(9 : 1). 1H NMR and 13C NMR spectra were recorded on 
Bruker 400 Avance III using DMSO-d6 at 400 and 100 MHz, 
respectively. TMS was used as internal reference. ESI Mass 
spectra of representative compounds were recorded on 
Waters UPLC-TQD Mass spectrometer. The ultrasound-
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assisted reactions were carried out using ultrasonic 
processor probe system (Processor SONOPROS PR-
1000MP, OSCAR ULTRASONICS made) operating at 20 
KHz, 750 W with 6 mm/12 mm tip diameter probes and 
provided with an infrared sensor for temperature 
measurement.  

Synthesis of quinoxaline and pyrido[2,3-b]pyrazine derivatives 

(3a-f).  

A mixture of appropriate diketone 1 (1.0 mmol) and 
diamine 2 (1.0 mmol) in water (10 ml) were taken in a flask. 
The flask was attached to a 12 mm tip diameter probe and 
the reaction mixture was sonicated for the specified period 
at 50 % power of the processor at 4 s pulse mode. After the 
completion of the reaction, TLC was checked and the flask 
was detached from the probe and the content was transferred 
into a beaker. The formed product was filtered and washed 
well with water to afford the pure crystalline product. 

Dibenzo[a,c]phenazine (3a) 

Yield: 95 %; mp 229-231 °C (lit. 228-229 °C 13d); 1H 
NMR (400 MHz, DMSO-d6) δ: 7.64 (d, 2H, J = 7.2 Hz), 
7.89 (dd, 2H, J = 5.6, 2.4 Hz), 8.07-8.96 (m, 8H); 13C NMR 
(100 MHz, DMSO-d6) δ: 121.3, 122.4, 122.8, 123.7, 124.6, 
125.8, 126.9, 127.7, 128.5, 129.4, 130.6, 131.3, 133.4, 
135.1, 141.8, 142.4, 143.2, 143.8; MS (ESI): m/z 
281[M+H]+. 

Acenaphtho[1,2-b]quinoxaline (3b) 

Yield: 92 %; mp 228-230 °C (lit. 224 °C 14a); 1H NMR 
(400 MHz, DMSO-d6) δ: 7.69-7.92 (m, 6H), 7.83 (dd, 2H, J 
= 6.0, 2.8 Hz), 8.05 (d, 2H, J = 7.6 Hz); 13C NMR (100 
MHz, DMSO-d6) δ: 122.1, 122.7, 123.6, 124.8, 125.2, 
125.9, 126.3, 126.8, 127.1, 128.3, 128.7, 130.4, 134.9, 
140.2, 141.3, 141.9; MS (ESI): m/z 255[M+H]+. 

2,3-Diphenylquinoxaline (3c) 

Yield: 91 %; mp 125-127 °C (lit. 126-127 °C 14a); 1H NMR 
(400 MHz, DMSO-d6) δ: 7.02-7.19 (m, 6H), 7.26-7.38 (m, 
4H), 8.10 (d, 2H, J = 7.6 Hz), 8.17 (dd, 2H, J = 6.0, 3.2 Hz); 
13C NMR (100 MHz, DMSO-d6) δ: 124.1, 124.7, 125.2, 
125.4, 126.3, 127.0, 128.1, 128.6, 129.7, 130.3, 132.6, 
133.9, 134.5, 135.8, 141.7, 142.3, 152.3, 152.9; MS (ESI): 
m/z 283[M+H]+. 

5,6-Diphenyl-2,3-dihydropyrazine (3d) 

Yield: 93 %; mp 162-164 °C (lit. 160-162 °C 13i); 1H 
NMR (400 MHz, DMSO-d6) δ: 3.56 (s, 4H), 7.08-7.19 (m, 
6H), 7.38-7.67 (m, 4H); 13C NMR (100 MHz, DMSO-d6) δ: 
38.9, 39.4, 125.7, 126.2, 127.4, 127.9, 128.3, 128.8, 129.3, 
130.1, 131.2, 158.7, 159.3; MS (ESI): m/z 235[M+H]+. 

Dibenzo[f,h]-pyrido[2,3-b]quinoxaline (3e) 

Yield: 89 %; mp 226-228 °C (lit. 228-229 °C 13e); 1H NMR 
(400 MHz, DMSO-d6), δ: 7.07 (d, 1H, J = 7.6 Hz), 7.18-
7.26 (m, 4H), 7.39-7.47 (m, 4H), 7.86 (d, 1H, J = 7.0 Hz), 

8.51 (d, 1H, J = 7.2 Hz); 13C NMR (100 MHz, DMSO-d6), 
δ: 123.9, 124.2, 127.8, 129.1, 129.8, 130.4, 131.2, 132.5, 
137.3, 138.6, 139.1, 141.2, 142.4, 145.0, 145.9, 157.5, 
158.2; MS (ESI): m/z 282[M+H]+. 

2,3-diphenylpyrido[2,3-b]pyrazine (3f) 

Yield: 90 %; mp 136-138 °C (lit. 135-136 °C13q); 1H NMR 
(400 MHz, DMSO-d6), δ: 7.18-7.23 (m, 4H), 7.40-7.48 (m, 
4H), 7.71 (d, 1H, J = 7.6 Hz), 7.83 (t, 1H, J = 8.0 Hz), 8.65 
(d, 1H, J = 7.2 Hz); 13C NMR (100 MHz, DMSO-d6), δ: 
121.3, 123.6, 124.5, 127.8, 131.6, 131.8, 132.4, 135.7, 
136.6, 139.1, 139.4, 139.8, 141.0, 142.3, 153.8, 154.6, 
155.7; MS (ESI): m/z 284[M+H]+. 

CONCLUSION  

In conclusion, we have developed a novel, efficient and 
eco-friendly synthetic strategy for the synthesis of 
quinoxaline derivatives from various 1,2-diketones and 1,2-
diamines using magnetically separable copper ferrite 
(CuFe2O4) nanocatalyst. Use of water as a reaction medium 
rendered this procedure cost-effective and environmentally 
benign. In addition to its efficiency and simplicity, this 
method provided high yields of biologically potent 
quinoxalines in shorter reaction time with the use of 
ultrasonic irradiation. 
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