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Abstract
The leachability of di(2-ethylhexyl)phthalate (DEHP), a phthalate plasticizer known for their adverse health effects 
in test animals and in humans, from commercial polyvinyl chloride (PVC) blood bag into aqueous organic solvents 
such as acetonitrile:water and methanol:water were studied. The effect of temperature and solvent composition 
were also studied. The order of migration of DEHP during initial hours was acetonitrile:water > methanol:water. 
Fickian approximation was used to calculate the diffusion coefficient (D) for DEHP migration.  Among the studied 
solvent systems, maximum D was observed (1.57 × 10-7cm2sec-1 at 60 oC) in 90% acetonitrile:water, and the least  
(1.36 × 10-10 cm2sec-1) in 70% methanol:water at 25oC. Kinetic parameters of DEHP migration were calculated using 
Arrhenius rate equation; energy of diffusion was calculated and the maximum was observed for 70% methanol:water 
(63.68 kJ/g mol) and the least was observed in 90% acetonitrile: water compositions (28.71 kJ/g mol). 

Keywords: Migration; Kinetics, PVC blood bag; Diffusion coefficient

Introduction
Phthalic acid esters or phthalates are ubiquitous 
environmental pollutants, known for their adverse health 
effects in test animals, and of late in humans, especially as 
endocrine disrupting chemical (EDC) [1, 2]. Employing 
in silico analyses, our group demonstrated the toxicity 
of phthalates and their metabolites [3, 4]. Among these 
toxic phthalates, di(2-ethylhexyl)phthalate (DEHP) 
is a widely used plastic softener  in polyvinyl chloride 
(PVC) products such as blood and plasma bags, dialysis 
materials,  tubing, toys, food packaging materials, 
building products, etc. [5-7]. PVC medical devices 
typically contain 10-40% DEHP by weight (singly or as 
a mixture of different phthalates including DEHP), and 
it can easily be leached out from the PVC matrix to the 
surroundings as it is not chemically bound to the PVC 
mesh [8, 9]. Migration of DEHP from PVC medical 
devices into the surrounding environments has been 
reported [10-12].
DEHP is  poorly soluble in water, but dissolves efficiently 
in oil or fatty foods, and thus its highest concentrations 
have been detected in milk, cheese and fat deposits [13, 
14]. DEHP is rapidly hydrolyzed into MEHP in human 
system and gets accumulated in tissues, blood cells 
and body fluids [15, 16], which in turn shown to cause 
hepatomegaly, reproductive and developmental toxicity, 
coupled with disruption of the endocrine system [17-

19]. Though the use of DEHP has partially or completely 
been banned in several countries, especially in toys, 
it is still the leading plasticizer being used in PVC-
borne medical devices, because of its low cost and easy 
availability.  David et al. [20] demonstrated that DEHP 
promoted the proliferation and hepatomegaly associated 
with hepatocellular tumorigenesis. Therefore, the 
European Union have banned the use of DEHP in toys, 
and restricted the daily intake upto 37 µg/kg. Migration 
of DEHP from the DEHP-PVC blood bag into the stored 
blood and blood components contained in it has much 
been studied. The release behavior of DEHP from flexible 
PVC is affected by the nature of surrounding medium, 
temperature, and the diffusion coefficient was directly 
proportional to the increasing temperature [8, 21]. 
Certain studies showed that treatment methods like UV-
irradiation, mixing PVC with binary blends of phthalates, 
etc. are found to reduce the release of plasticizer from 
PVC materials [22, 23].
The objective of the present study was to determine 
the relationship between the release behavior of DEHP 
from PVC blood storage bags into two aqueous organic 
solvents such as acetonitrile:water and methanol:water 
systems by varying the quantity of both and to calculate 
the kinetic and thermodynamic parameters of DEHP 
migration.
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Experimental
Reagents 
Analytical grade DEHP was procured from VWR BDH 
Prolabo, India; AR grade acetonitrile and methanol were 
procured from Merck India P. Ltd.  The commercial PVC 
blood storage bag (HL haemopack) was obtained from 
Hindustan Latex Ltd, Thiruvananthapuram, India (Batch 
No. HO 30419B, June 2013). 
DEHP extraction method
The anti-coagulant solution contained in the whole 
blood bag (sample id HPB) was drained off, and washed 
thoroughly with double distilled water. PVC blood bag 
specimens were cut into small pieces of square size (7 
mm2), and a weighed quantity (25 mg) of blood bag pieces 
was transferred into a refluxing apparatus containing 25 
mL of n-hexane (i.e., 1 mg/mL n-hexane) and refluxed 
for 3 h at 69 oC. The quantity of DEHP extracted into 
n-hexane from blood bag specimen was quantified using 
DEHP standard graph as described previously [8].
Migration study
For standard preparation, the optical density (OD) of 
known concentrations of DEHP in acetonitrile:water and 
methanol:water systems was measured using a UV-Vis 
spectrophotometer (Elico BL-200 Biospectrophotometer, 
India) at 275 nm. The migration behaviors of DEHP from 
blood bag into these solvent systems were studied at 25, 
40, 50 and 60oC (in a thermo-stated water bath). One 
mg blood bag per mL each of these solvents was used 
for quantifying the migrated DEHP (in standard flask) in 
definite time intervals. Migration of DEHP was analyzed 
(OD at 275 nm) continuously at definite time intervals. 
Samples were withdrawn at every 5 min during the first 
1 h, and then in every 30 min interval. Immediately 
after OD measurement, the sample poured back in the 
migration system so that the total volume was kept 
constant. The weight of migrated DEHP in solvents was 
calculated by fitting the values on to the standard graph 
as previously reported [8]. 
Statistics
One dimensional Fick’s law may describe the leaching, 
transferring and diffusion phenomena of relatively small 
molecules through flexible polymers, and it is represented 
by
 Mt / M∞ = 2 (Dt/πl 2 ) 1/2

Where, Mt represents the DEHP released at time t and 
M∞ is the total DEHP originally present in the specimen 
(blood bag), D is the diffusion coefficient (D) and l 
denotes the thickness of the specimen.
Percentage of phthalate migration was calculated using 
the formula, 
 % = (Ct / Ci) × 100
Where Ci is the total phthalate contained in the blood 
bag, and Ct is the quantity of phthalate migrated in to 
the surrounding solvent in time t. Thermodynamic 
calculations were done using the relations as given below.
Energy of migration can be calculated using Arrhenius 
equation,

 D = D0e – E
D

 / RT 
Where D is the diffusion coefficient, D0 is the diffusion 
coefficient at standard temperature (25 oC), R is the 
universal gas constant (8.314 JK-1mol-1) and ED is the 
energy of diffusion. The data presented here are average 
values of at least three independent values with ± SD. 
Microsoft Excel was used to plot the graph. 

Results and discussion
Migration pattern of DEHP 
After extraction with n-hexane, it was found that the 
commercial blood bag used for this study contained 
35.48±0.30% DEHP by weight. Figure 1A-D depicts 
the release behavior of DEHP from HPB blood bag into 
three different aqueous compositions of acetonitrile at 
25, 40, 50 and 60 oC. Of the three aqueous compositions, 
90% acetonitrile emerged as good solvent for faster 
migration of DEHP. A total of 25.13, 31.10 and 37.45% 
of DEHP were found to be migrated into 70, 80 and 90%, 
respectively at 25 oC for 1 h (Figure 1A). Compared to 
the weight of PVC blood bag, 8.99, 11.14 and 13.40% 
weight loss were observed in 70, 80 and 90%, respectively 
at 25 oC for 1h.  DEHP migration rate at 40 oC (Figure 
1B) and 50 oC (Figure 1C) was in between 25 and 
60 oC. Figure 1D depicts the migration of DEHP in 
acetonitrile:water at 60 oC for 1h. Maximum DEHP 
migration was observed at 60 oC, i.e., 50.91, 62.79 and 
68.08% DEHP were found to be migrated into 70, 80 and 
90% acetonitrile, respectively. At this temperature, total 
weight loss of blood bag was 18.22, 22.48 and 24.37 at 
70, 80 and 90% acetonitrile, respectively for 1h. It is very 
clear that DEHP migration increases upon increasing the 
temperature of the surrounding medium (Figure 1A-D). 

Figure 1. Migration behavior of DEHP in 
acetonitrile:water at different temperatures; (A). at 25oC, 
(B). at 40oC, (C). at 50oC and, (D). at 60oC.
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The release behaviors of DEHP from HPB PVC blood 
bag into methanol:water systems at 25, 40, 50 and 60oC 
for 6h were investigated (Figure 2A-D). During the 
analysis, at 25 oC (for 6 h), PVC blood bag showed a 
weight loss of 2.24, 3.52 and 4.54%, respectively in 70, 
80 and 90% methanol (Figure 2A). Migration rates at 
40 (Figure 2B) and 50 oC (Figure 2C) were in between 
25 and 60 oC. At 60 oC (for 6 h), 6.57, 11.44 and 13.42% 
weight loss were observed in blood bag in 70, 80 and 
90% methanol, respectively (Figure 2D). When the 
release behavior of DEHP from PVC blood bag into 
these two aqueous organic solvents was compared, 
acetonitrile:water was emerged as a good solvent system 
for the faster migration analysis.  It is evident that, DEHP 
migration increases upon increasing the temperature 
of the methanol:water system (Figure 2A-D). Gotardo 
and Monteiro, [24] reported the migration of DEHP 
from PVC bags into intravenous cyclosporine solutions. 
Transport phenomena of DOP into and out of plasticized 
PVC sheets in alcohols were studied [25]. Migration of 
plasticizers from PVC gaskets of lids for glass jars into 
oily foods [26], aqueous solvents [21], organic solvents 
[8] were reported.  Plasticizer transfer from plasticized 
PVC sheets into petroleum oils have been explained and 
aspects of D have been reported [27]. Marcilla et al. [28] 
introduced a method for the study of migration of the 
plasticizer from a plasticized PVC,  when it comes in 
contact with unplasticized polymer.

Figure 2. Migration behavior of DEHP in methanol:water 
at different temperatures; (A). at 25oC, (B). at 40oC, (C). 
at 50oC and, (D). at 60oC.

Diffusion coefficient (D)
Fick’s law of diffusion was applied for the calculation of 
the diffusion coefficient (D). Assume that PVC films are 
perfectly planar and DEHP primarily diffuses through 
the surface of the film (i.e., release of DEHP through 
the edge of the film is negligible), and the volume of 
leaching solvent is very large, compared to the amount of 
released DEHP, good linear functional relation between 
Mt/M∞ and t½ at various compositions (90, 80 and 70%), 
and at different temperatures (25, 40, 50 & 60 oC) were 
obtained. The D calculated from the modulus of the 
straight line is listed in Table 1. The present data depict 
that D was directly proportional to the temperature of 
the surrounding medium and the percentage of the 
organic solvent (Figures 3). D is maximum in 90% 
acetonitrile:water, which is 1.57×10-7cm2 sec-1 at 60 oC. In 
70% methanol:water at 25oC, D was 1.36×10-10cm2sec-1 
(Table 1). At 30 and 40 oC, DEHP migration and D were 
calculated for 30/70, 40/60 DEHP/PVC plasticized PVC 
sheets into acetonitrile and ethanol:water mixtures, and 
D was in between 2.72-10.1×10-10cm2sec-1 [21]. Similarly, 
D was calculated for PVC tubing used for intravenous 
administration, and PVC membrane at 5 and 40 oC were 
9.1 and 156×10-10 cm2min-1 in aqueous Tween 80 solutions 

[11]. According to the previous reports, D depends on 
the nature of surrounding medium, temperature of the 
surrounding medium [11, 29], the molecular weight 
of the plasticizers used [28], decrease with increase in 
alkyl group length, decrease with increase in alkyl group 
branching [30], and circulation speed of the circulating 
fluids through the PVC tubings [11].

Figure 3. Linearity of the diffusion coefficient (D) with 
the varying percentage of; (A). Acetonitrile:water. (B). 
Methanol:water at different temperatures.
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Thermodynamics of DEHP migration

Table 1. Diffusion coefficient (D) of DEHP calculated using Fick’s first law of diffusion in the aqueous mixtures of 
acetonitrile and methanol.

Diffusion coefficient, D (cm2sec-1)

70% 80% 90%

Temp (oC) acetonitrile methanol acetonitrile methanol acetonitrile methanol
25 2.27×10-8 1.36×10-10 3.49×10-8 4.28×10-10 4.81×10-8 6.13×10-10

40 4.41×10-8 7.94×10-10 5.87×10-8 1.32×10-9 7.49 ×10-8 1.76×10-9

50 6.31×10-8 1.15×10-9 9.05×10-8 2.58×10-9 1.21×10-7 3.78×10-9

60 8.88 ×10-8 2.12×10-9 1.21×10-7 5.86×10-9 1.57×10-7 8.58×10-9

Table 2. Energy of diffusion calculated for DEHP migration from HPB into aqueous mixtures for various compositions.

Solvent (%) Energy of diffusion, ED (KJ/g mol)
Acetonitrile:water Methanol:water

70 32.16 63.68
80 29.82 60.95
90 28.71 61.16

Conclusions
When effects of two aqueous organic solvents such 
as acetonitrile:water, methanol:water on the rate of 
migration of intact DEHP from blood bag were tested 
at various temperatures and compositions of water, 
the order of migration of DEHP during initial hours 
was acetonitrile:water > methanol:water. The D was 
the maximum in 90% acetonitrile:water (1.57×10-7 cm2 

sec-1) at 60 oC, and the least (1.36×10-10 cm2 sec-1) was 
found in 70% methanol:water at 25 oC. Comparison of 

D in acetonitrile:water and methanol:water at different 
temperatures and at various aqueous compositions 
showed that the diffusion process was temperature 
dependent, in tune with the Fickian approximation and 
Arrhenius relation.
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Abstract
Two new azo dyes synthesized from a natural renewable source, 3-(pentadeca-8-enyl)phenol and ortho substituted 
anilines, o-aminophenol and o-toluidine were characterized using UV-Visible and FTIR spectroscopy. The compounds 
were evaluated for their antibacterial activity against Staphylococcus aureus and Escherichia coli by disc diffusion 
method. The screening data revealed that the dyes exhibited potent antibacterial activity against both bacterial strains.

Keywords: azo dyes, 3-(pentadeca-8-enyl) phenol, o-aminophenol, o-toluidine, antibacterial

1. Introduction
Azo dyes are majorly used in textile industry, besides 
their applications in fields like cosmetics, food industry, 
medicines, plastics, automobile industry etc1 -4. Azo dyes 
were reported to have been synthesised with the coupling 
reactions 3-(pentadeca-8-enyl)phenol, a meta substituted 
unsaturated phenol obtained from cashew nut shell 
liquid a natural renewable source, with the diazotized 
aniline, m-toluidine5, p-anisidine and p-sulphanilic acid6. 
Antibacterial activity of azo dyes is also well-known7. The 
dyes synthesized from p-anisidine and p-sulphanilic acid 
exhibited potent antibacterial activity against B. cereus 
and K. pneumonia6.
In the present study o-aminophenol and o-toluidine 
are diazotized separately and then coupled with 
3-(pentadeca-8-enyl) phenol (figure 1) to produce 
diazotized o-aminophenol 3-(pentadeca-8-enyl) 
phenol dye and diazotized- o-toluidine 3-(pentadeca-
8-enyl) phenol dye respectively. They are characterized 
by UV and FT-IR spectroscopic techniques and their 
antibacterial activity has also been studied. 

2.Materials and Method
3-(Pentadeca-8-enyl) phenol was obtained from M/s 
Golden Cashew Chemicals Ltd, Mangalore. Sodium 
nitrite, potassium hydroxide, o-aminophenol, o-toluidine 
and methanol were received from Loba Chemie. The 
chemicals were used as received. Ultraviolet spectral 
analysis was carried out in a SCHIMADZU 1800 UV 
Spectrophotometer. Infrared spectra were taken in a 
PERKIN-ELMER Spectrum 400 IR spectrophotometer 
by KBr pellet method. 
2.1 Synthesis of the Dyes
The procedure adopted for the synthesis of dyes was as 
reported earlier8. orthoaminophenol (3g - 27.5 μmol) 

was dissolved in 25 mL of 1:1 Hydrochloric acid. A 
solution of sodium nitrite (0.92g - 13.3 μmol) in distilled 
water (3mL) was prepared and added drop wise to the 
acidic solution of amine over a period of 10 min and 
the mixture was stirred at 0 oC for 50 min. The pH of 
diazonium solution of amines was adjusted to 8 by the 
addition of appropriate amount sodium bicarbonate 
(1M) solution. The pre-cooled solution of 3-(pentadeca-
8-enyl) phenol (3.2g - 10.7 μmol) in 15 mL ethanol was 
injected drop wise to the above pH monitored solution at 
0 oC. The reaction mixture was stirred at 0 oC for 40 min 
by which time the product was precipitated. The water 
insoluble portion was extracted with diethyl ether, the 
organic layer was washed repeatedly with 50 mL distilled 
water and solvent was removed under reduced pressure. 
Resulting dye was dried in vacuum oven. A portion of 
the dye was recrystallised from hexane –chloroform (8:2) 
mixture.
Similarly o-toludine-3-(pentadeca-8-enyl) phenol azo 
dye was synthesised following the same procedure as 
given above by taking o-toluidine (3g - 28.04 μmol). 
The dye obtained as reddish brown viscous liquid was 
purified by column chromatography.
2.2 Antibacterial Studies
Antibacterial activities of the synthesised dyes were 
carried out against Gram-positive (Staphylococcus aureus) 
and Gram-negative (Escherichia coli) bacterial strains 
using disc diffusion method. Finally their activities were 
compared. Nutrient agar was used as the medium for 
the preparation of pure cultures of bacteria for detecting 
antibacterial activity. Test organisms were collected from 
Institute of Microbial Technology, microbial type culture 
collection centre, (IMTECH), Chandigarh.
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The bacterial strains were maintained on their respective 
medium in slants at 2-8 °C. Muller Hinton Agar 
(MHA) medium was used for bacterial culture. MHA 
was prepared and sterilized at 121 °C for 15 min. After 
sterilization required volume of the medium (20 mL) was 
poured in the sterile petridishes and allowed to solidify. 
Sensitivity of the 0.1 g dye were tested for both Gram-
positive (Staphylococcus aureus) and Gram-negative 
(Escherichia coli) bacterial strains that are resistant to a 
broad band of antibiotics excluding ampicillin. Dimethyl 

sulfoxide (DMS) was used as the negative control to 
compare the antibacterial activity in all experiments.
3. Results and Discussion
The dye 1 formed  by the diazotization of o-aminophenol 
with  3-(pentadeca-8-enyl)phenol was obtained as 
reddish brown crystals and  dye 2  formed by the 
diazotisation of o-toluidine  with  3-(pentadeca-8-enyl)
phenol was obtained as reddish brown viscous liquid. 
They were soluble in methanol, ethanol, acetone, hexane 
and toluene. 

The scheme of synthesis of the dyes is as shown where R= OH for Dye 1 and CH3 for dye 2.

OH CH3

Figure 1: Structure of 3-pentadeca-8-enylphenol obtained from cashew nut shell

Scheme 1: Synthesis of azo dyes

The syntheses of dyes were depicted in scheme 1. The UV spectrum in the range 250 nm to 700 nm were presented in 
figure 2. The UV spectrum of o-aminophenol-3-(pentadeca-8-enyl) phenol dye shows sharp peak at 378 nm, which is 
related to the n-π*transition of azo unit of the dye and a sharp peak at 267 nm which is attributed to aromatic phenyl 
ring. The corresponding peaks in o-toluidine dye were obtained at 360 nm and 283 nm.

Figure 2: UV spectrum of the dyes

In the FTIR spectrum of o-aminophenol dye, The peaks such as 3500 – 3300 cm–1 (O – H hydrogen bonded), 2924 and  
2847 cm–1 (symmetric C – H stretching), 1635 cm–1 (C=C stretching of aromatic ring) and a peak at 1458cm–1 is due to 
–N=N– stretching of azo group.
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Figure 3:  IR spectra of o-aminophenol Dye

The IR spectrum of o-toluidine-3-(pentadeca-8-enyl) phenol dye (figure 3) shows broad peak in the region 3500 – 3300 
cm–1 (O – H hydrogen bonded), 2921, 2851 cm–1(symmetric C – H stretching), 1595 cm–1 (C= C stretching of aromatic 
ring), 1250 cm-1 (C-O stretching in COOH group) and a peak at 1463 cm–1 due to –N=N–stretching of azo group.

Figure 4:  IR spectra of o-toluidine Dye

3.1 Antibacterial Studies
Table 1 shows the antibacterial activities of the dyes against 
Staphylococcus aureus and Escherichia coli respectively. 
The results indicate that both the dyes show good 
antibacterial activity against gram negative E. coli and 

gram positive S. aureus. Figure 12 shows the inhibition 
zones. (C denotes control, 1551 and 1554 denotes 
o-aminophenol and o-toluidine dyes respectively).

Sample Organism Zone of inhibition (mm) 
Diameter

o-aminophenol dye S. aureus 10
E. coli 7

o-toluidine dye S. aureus 12
E. coli 7

Control S. aureus 0
E .coli 0

Table 1: Antibacterial activities of dyes
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Figure 5: Zones of inhibition of dyes

Figure 6: Proportion Index of antibacterial activity of the dyes

4 . Conclusion
Two bio based azo dyes were prepared by the 
diazotization of o-aminophenol, o-toluidine and 
coupling with 3-(pentadeca-8-enyl) phenol to produce 
diazotized o-aminophenol 3-(pentadeca-8-enyl) phenol 
dye and o-toluidine 3-(pentadeca-8-enyl) phenol dye 
respectively. They have been characterized by UV and 
FT- IR spectroscopic techniques and their antibacterial 

properties were studied. Antibacterial activity 
experiments performed on the two microorganisms 
clearly demonstrated the higher effectiveness of these 
dyes against both Gram negative bacteria and Gram 
positive bacteria. Hence these dyes can be used to 
discover bioactive natural products that may serve as 
leads in the development of new pharmaceuticals.
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Abstract
Due to stressful modern life, cases of cardiac failures are continuously increasing. Transdermal drug delivery systems 
(TDDS) serve as efficient administration route, as they can overcome conventional administration’s demerits. However, 
efficient calcium channel blockers like diltiazem (DTZ) are highly hydrophilic and require vehicles that simultaneously 
possess hydrophilicity with some hydrophobicity. Herein, we report a novel TDDS of poly ethylene glycol coated vinyl 
trimethoxy silane-g-chitosan (PEG@VTMS-g-CS) possessing hydrophilicity to ensure efficient DTZ encapsulation as 
well as hydrophobicity to facilitate skin penetration. Well characterized TDDS using IR, XRD and SEM also exhibited 
sustained release with minimal swelling of the matrix. 
Keywords: Transdermal drug delivery, diltiazem, PEG, silane modified chitosan, controlled release.

1. Introduction
Due to the stress and strain offered by the modern day 
life, the number of hypertensive patients has gone up 
tremendously. According to World Health Organization, 
7.5 million deaths occur around the globe due to 
hypertension every year. Modern science has discovered 
many efficient drugs like amlodipine, diltiazem 
hydrochloride (DTZ), verapamil, etc. Even then, various 
factors like hepatic first pass metabolism, frequent 
dosing, etc. have limited their clinical use as an oral 
drug. In fact, due to the extensive first pass metabolism, 
bioavailability of DTZ falls to a drastic 30.0 - 40.0 % when 
administered orally. All these drawbacks call for alternate 
route for DTZ administration.
Drug delivery through skin, termed as TDDS, can 
overcome all the drawbacks of conventional drug 
administration and also possess advantages like patient 
compliance, sustained release as well as non-requirement 
of a trained personnel. DTZ is an efficient calcium channel 
antagonist which belongs to the class of benzothiazepines 
that are commonly used in the treatment of angina 
pectoris, hypertension and some types of arrhythmia [1]. 
Even though there are many reports for DTZ transdermal 
delivery, owing to the differences in miscibility, better 
results are seldom observed.
Due to the hydrophilicity of DTZ, it requires a 
hydrophilic drug carrier for efficient drug encapsulation. 
On the other hand, due to lipophilicity of the skin, 
drugs are not well permeated unless their vehicles are 
hydrophobic. This discrepancy makes the transdermal 
delivery of DTZ a big challenge. Herein, we report a novel 
strategy to achieve efficient encapsulation and sustained 

transdermal release of DTZ. In the present approach, a 
copolymer: poly ethylene glycol coated vinyl trimethoxy 
silane – grafted- chitosan was developed and dispersed in 
various biodegradable matrices like alginic acid (ALG), 
carboxy methyl cellulose (CMC) and poly vinyl alcohol 
(PVA). The selection of these matrices was based on their 
biocompatibility, biodegradability, mechanical strength 
of films, ease of preparation and hydrophilicity. Further, 
the dispersion strategy was useful as it increased the 
permeation pathway thereby delaying the drug release. 
The prepared material was characterized using FTIR, 
XRD and SEM techniques. Swelling of the matrix at 
acidic and basic pH, in vitro permeation studies on rat 
skin and its histological analysis were performed to 
evaluate the practical utility of the prepared material in 
real life situations.

2. Materials and Methods
2.1 Preparation of DTZ loaded PEG@VTMS-g-CS: 15 
mL VTMS was initiated with 10 mL benzoyl peroxide. 
This was added to a previously initiated CS solution, 
prepared by adding 10 mL (v/v) 0.1 M CAN to 100 
mL 2.0 % CS solution. The mixture was heated to 40 
0C with constant stirring for 3 - 4 h. The product was 
then precipitated in excess 10.0 % NaOH with vigorous 
stirring. The graft product was then washed with water 
for removing homopolymers. For coating the copolymer 
with PEG, 0.1 g of the synthesized VTMS-g-CS was 
dissolved in about 20 mL (v/v) methanol. This solution 
was added to a mixture of 1 mL (v/v) PEG and 0.5 mL 
(w/v) TEA. The solution was stirred for about 3-4 h. The 
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white precipitate thus obtained was centrifuged, washed 
with water and dried. The schematic representation of 
the DDS is as shown in Scheme 1. DTZ was loaded onto 
the hydrophilic core created by the copolymer using 
hydrogen bonding interactions. Briefly, 0.07 g (w/v) 
PEG@VTMS-g-CS was dissolved in 20 mL methanol. To 
this solution, 0.035 g (w/v) of DTZ in 20 mL water was 
added drop wise with continuous shaking for about 4 h. 
The product was then centrifuged, washed with water 
and dried.

Scheme 1. Preparation of PEG coated VTMS-g-CS

2.3 Determination of swelling degree %: To verify 
whether the prepared copolymer swells, its SD % was 
determined at pH 1.2 and 7.4. Swelling measurements 
were performed by immersing the DDS taken in tea 
bag in respective buffer solutions. The weight of swollen 
copolymer was measured at different time intervals after 
removing the surface water with filter paper. Degree of 
swelling was calculated using equation 1 as:

Degree of swelling % =  * 100 (1)

where, ‘ws’ is the weight of the swollen copolymer at a 
given time during swelling, ‘wi’ is the initial weight, ‘wd’ is 
the weight of the dry copolymer.
2.4 In vitro release profile: The sustained drug release 
action of the TDDS was evaluated using a previous 
procedure reported by our group on wistar rats using 
modified Franz diffusion cell [2]. Briefly, male wister rats 
were euthanized with prolonged chloroform inhalation. 
Abdominal hairs were removed using hair trimmer. In 
vitro skin permeation was conducted using modified 
glass Franz diffusion cell with a permeation area of 0.95 
cm2 and with a receptor volume of 4 ml. The thermally 
isolated epidermis including stratum corneum was 
mounted between donor and receptor chambers of the 
diffusion cell with the stratum corneum facing the donor 

compartment and the other side in direct contact with the 
receptor medium. The tissue was then kept in intimate 
contact by tightly wrapping parafilm at the junction. 
Receiving chamber was filled with PBS (pH = 7.4) and 
was thermostated to 37 oC. Each drug loaded patches 
was placed in intact epidermal membrane of the donor 
compartment and was wetted with PBS. The receptor 
fluid was constantly mixed using magnetic stirrer at 750 
rpm. Aliquots from the stirred receptor compartment 
were withdrawn using a glass syringe at definite time 
intervals, and was replaced with same volume of the 
pre warmed physiological saline to maintain the sink 
condition.

3. Results and Discussion
3.1. Characterisation of the TDDS: The FTIR spectra 
of all the samples are as shown in Fig. 1. Spectrum of 
CS showed characteristic broad peak around 3315 cm-1 
due to the overlapping of O-H and N-H stretching. 
VTMS showed absorption peak at 2954 cm-1 which can 
be assigned to   -CH2 stretching vibration. Peaks at 1602 
and 1412 cm-1 were observed due to the C=C stretching 
vibrations. Peak located at 764 cm-1 was attributed

Fig. 1. FTIR spectra of A) CS, B) VTMS, C) PEG, D) 
DTZ, E) VTMS-g-CS, F) PEG@VTMS-g-CS, G) DTZ 
loaded PEG@VTMS-g-CS 
to Si-O-Si symmetric stretch. The IR spectrum of PEG 
was observed as reported in the literature [3]. DTZ 
contains two carbonyl groups, as evident from the sharp 
peaks at 1680 and 1739 cm-1. Grafting VTMS onto the 
primary amino groups of CS yielded low intensity 
peaks at 3360 cm-1 due to the unreacted -CH2 and N-H 
stretching vibrations. Broad band around 1036 cm-1 in 
the copolymer was due to Si-O stretching vibration of 
VTMS. CAN mediated reaction yielded 92.0 % grafting 
efficiency indicative of the high yield of free radical 
initiated chain grafting. In PEG coated sample, a broad 
peak around 3350 cm-1 was obtained which may be due 
to the large number of hydroxyl stretching vibrations 
present in PEG and CS. Broad peak observed was 
due to high intermolecular interaction and hydrogen 
bonding between functional groups of the copolymer 
and PEG. In DTZ loaded sample, the absorption band 
at 3465 cm-1, concerned with C-H stretching vibration 
of DTZ broadened and shifted to a lower wave number 
of 3342 cm-1 which may be due to the hydrogen bonding 
interaction of DTZ with the copolymer. 
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XRD analysis of the samples is as shown in Fig. 2. 
Characteristic peak value of PEG at 61.790 was observed, 
indicating its amorphous nature. In DTZ loaded sample, 
peaks were obtained at 21.43, 35.59, and 60.730. The 
decrease in sharpness of the peak further confirmed the 
amorphous nature which may be due to the occlusion 
of DTZ by intercalating the linear chains of the grafted 
copolymer.

Fig. 2.  XRD patterns of A) VTMS-g-CS, B) PEG@
VTMS-g-CS and C) DTZ loaded PEG@VTMS-g-CS
Surface morphologies of the copolymer, DTZ loaded 
copolymer and the drug loaded copolymers dispersed 
in different matrices were observed using SEM (Fig. 
3). VTMS-g-CS exhibited a rough and porous nature. 
The change from fiber like networks of CS to rough 
morphology was indicative of the chemical bonding 
between Si-CH=CH2 groups that prevents linear stacking 
of CS chains. However, by employing hydrophilic 
coating, the surface roughness was slightly reduced 
with increasing amorphous nature due to the surface 
hydrophilicity of the PEG coated copolymer. DTZ loaded 
polymer showed a good dispersion of drug particles in 
the polymer matrix with a particle size less than 10 μm. 
Particle size of the drug loaded 

D E F

A B C

Fig. 3. SEM images of A). VTMS-g-CS, B). PEG@
VTMS-g-CS and C). DTZ loaded PEG@VTMS-g-CS, 
D). CMC film, E). Na ALG film and F). PVA film
copolymer was found to be less than 5 µm. However, 
when dispersed in polymeric matrix, surface morphology 
changed extensively. In CMC matrix, a rather uneven and 
flake like structure owing to the linear chain stacking of 
cellulose was observed (Fig. 3 D). On the other hand, the 
particles assumed sheet like structure with surface cracks 
when dispersed in Na ALG matrix (Fig. 3 E). The surface 

crack was a clear indication for the heterogeneous nature 
of the film. When dispersed into PVA matrix (Fig. 3 F), 
surface morphology changed to an amorphous nature 
with greater surface area thereby getting benefit of better 
contact area and controlled release.
 3.2. Swelling studies
Fig.  4 depicts the swelling behaviour of PVA, SA and 
CMC films at pH 5.5 and 7.4 calculated using equation 
1. Of the various matrices employed, CMC film exhibited 
highest swelling capability at both 5.5 and 7.4 pH 
indicating its quicker water uptake and hydration than 
SA and PVA films. Importantly, as desired in TDDS, PVA 
exhibited minimal swelling mking it an ideal candidate 
for DTZ delivery.

A B

A B

Fig. 4. Swelling degree % of CMC, SA and PVA film 
matrix at A). pH 5.5 and B). pH 7.4
3.3. In vitro permeation profile
In vitro permeation study observed at pH 7.4 is as shown 
in Fig. 5. Concentration of the copolymer was 0.0375 g/
mL. The drug loading and encapsulation efficiency % 
were calculated as 16.0 % and 86.0 % respectively. From 
the permeation graph, it could be seen that 23.4 % of the 
loaded DTZ permeated across the rat skin. After 24 h, 
the amount increased to 68.9 % confirming the sustained 
release capability of the copolymer and then

Fig. 5. In vitro permeation study of DTZ loaded 
copolymer dispersed in PVA film matrix
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remained almost a constant. Even after vigorous stirring 
for 96 h, the amount reached only to 70.9 %, pointing 
out the fact that some amount of DTZ was trapped inside 
the porous cavity of PVA which could not be released. 
This might be a consequence of strong interactions 
between the drug and the polymeric matrix. According 
to calculations, the fabricated film could elute 0.0248 g 
of DTZ after 24 hours. Hydrophilicity offered by the PEG 
coating of the copolymer could significantly improve 
drug loading. In addition, the barrier presented by the 
polymeric matrix could offer sustained release. 
3.4 Histological analysis

Fig. 6. Optical photos of A). Untreated skin sample 
and B). rat skin after 24 hour treatment with PVA film 
matrix
Safety of the prepared TDDS was evaluated using in 
vivo skin irritation and rat skin analysis (Fig. 6). After 
applying the PVA film on rat dorsal skin, optical photos 
after 24 h were taken. As seen in Fig. 6B), there was no 
area of dark patches as would be normally observed 
on skin irritant samples. This experiment could clearly 
demonstrate the non-toxicity of the copolymer and film 
matrix. In addition, as the treated skin looked similar to 

the untreated skin, the biocompatibility of the present 
strategy for eluting DTZ could also be confirmed. 

4. Conclusions
Film forming polymeric matrix are a novel approach in 
TDDS and the aim of the present work was to explore 
the controlled transdermal release of DTZ with a view 
to identify and understand the various parameters 
that influence transdermal drug release. For achieving 
this, a novel hydrophilic polymer of PEG@VTMS-g-
CS was synthesized and well characterized and results 
proved successful reaction strategies. The swelling 
degree of the copolymer and its dispersed polymer 
matrix was evaluated and the results suggested lesser 
swelling capability. In vitro permeation of DTZ across 
rat skin showed optimum results for PVA film. Further, 
histological studies on rat skin demonstrated the 
biocompatibility and physiological acceptance of the 
fabricated film. To conclude, the present strategy for the 
preparation of the films helps in improving DTZ therapy 
by assuring better drug encapsulation and sustained 
release with substantial physiological acceptance. 
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Abstract
  In situ polymerization of aniline hydrochloride was carried out in presence of nickel nitrate and cobalt nitrate to 
synthesize PANI/Co-Ni mixed oxide composites. The surface morphology of the prepared oxide and the composite were 
studied using SEM, EDAX and the crystallinity were studied using XRD results. The FTIR results reveals the presence of 
PANI, Cobalt and Nickel oxides. The absorption shift due to the formation of the PANI composite has been studied from 
the UV results. Cyclic voltammetry studies explains the electro catalytic activity of the prepared PANI/Co-Ni oxides.
Keywords: PANI composites, morphology, cyclic voltammetric studies

1. Introduction
Conducting polymers plays an important role in the field 
of high density magnetic recording, catalysis, magnetic 
resonance imaging, energy conversion etc1.Among 
the conductive polymers such as polyaniline(PANI),2 
polypyrrole3, polythiophene. PANI is considered the 
most promising material because of its high capacitive 
characteristic, low cost, and ease of synthesis.4,5. The 
metal nano particles can be incorporated in to the 
polymer matrix by different methods which become 
a field of interest for materials engineering6. There are 
four different approaches to synthesize polymer metal 
nano composites. The first approach is the reduction of 
metal salts in the polymer matrix7 .The second method 
is polymerizing the organic monomer around the 
preformed metal nanoparticles.8 The third approach 
is the blending of preformed nanoparticles into a pre-
synthesized polymer 9.The fourth procedure is the most 
desirable approach in order to achieve an intimate contact 
between the metal and the polymer, and it involves the 
blending of a monomer and a metal salt.10 Nickel (II) 
oxide is a notable and well-studied material among 
various transition metal oxides because of its unique 
advantage in terms of properties and applications such 
as p-type transparent conducting film, electrochromic 
devices, gas sensors, spin valve devices, cathode in 
alkaline batteries 11 Song and co-workers have prepared 
PANI/NiO nanoparticle, nanobelt and nanotubes in the 
presence of sodium dodecylbenzenesulphonate which 
showed improved conductivity and thermal stability 12-14. 
Nanocrystalline Co3O4 was found to have interesting 
magnetic, optical field emission and electrochemical 
properties which are attractive in device applications15. 
Co3O4 belongs to the normal spinel structure of AB2O4 

type, in which Co2+ ions occupy the tetrahedral 8a sites 
and Co3+ ions occupy the octahedral 16d sites in the 
crystal lattice. In bulk crystalline form Co3O4 exhibits 
antiferromagnetism with Neel temperature of about 40K, 
whereas nanosized Co3O4 shows weak ferromagnetism 
or super paramagnetic properties.16 With the above 
background PANI/Co-Ni mixed oxides have been 
prepared by sol-gel route by encapsulating Cobalt oxide 
/Nickel oxide nanoparticles with PANI matrix by an in 
situ polymerization. The present investigation reports 
the results of extensive studies on synthesis, structural 
and surface characterization of nano-crystalline Cu-Ni 
mixed oxide systems by a variety of techniques including 
Fourier transform infrared (FTIR), X-ray diffraction 
(XRD), electron microscopy(SEM- EDAX), UV-Visible 
spectroscopy and cyclic voltammetry(CV).
2. Materials and Methods
All the chemicals and reagents used were of analytical 
grade. Cobalt nitrate, Nickel nitrate aniline hydrochloride, 
ammonium persulphate, acetone ethanol were purchased 
from Merck Ltd
All the chemicals and reagents used were of analytical 
grade, copper (II) nitrate, aniline, ammonium persulfate 
(NH4)2S2O8, acetone, ethanol, ammonia solution was 
purchased from Merck Ltd, and conc. HCl from SD Fine 
Chemicals. Double distilled water was used throughout 
this work.
2.1 Synthesis of Co/Ni mixed oxide
Cobalt/Nickel mixed oxide were prepared by simple 
sol-gel process in which 0.1M Nickel nitrate and 0.1M 
Cobalt nitrate were added separately to 100 ml starch 
solution and the mixture was magnetically stirred  for 
one hour. Then ammonia solution was added dropwise 
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in the solution with constant stirring. The colour of the 
solution changed to bluish green. After complete addition 
of ammonia the solution was allowed to settle overnight 
and then filtered, washed using deionized water and 
ethanol to remove the impurities and then dried at 90oC 
in hot air oven. The colour of the sample changed from 
bluish green to dark grey at 100-850oC. The resultant 
mixed oxide was used for the preparation of composite 
using PANI. 
2.2 Synthesis of PANI/ Co-Ni mixed oxide
 The synthesized mixed oxide were incorporated in PANI 
matrix by in –situ chemical oxidative polymerization17   
0.1 M aniline hydrochloride in deionized water was 
kept in the ultrasonicator  in ice cold water and 10 ml 
of  prepared mixed oxide was  added and again sonicated 
for 1 hour and then 0.1 M (NH4)2S2O8 (APS) was slowly 
added dropwise to well dispersed suspension  mixture 
for 2 hours with continuous stirring. The conductive 

emeraldine salt (ES) form of PANI/Co-Ni mixed oxide 
nanocomposite was obtained.  After 3 hours a good 
degree of polymerization was done and the resultant 
precipitate was washed with ethanol and deionized water 
and dried at 600Cfor 24 hours and the composite of Co-Ni 
mixed oxide of PANI was obtained in the powder form.
2.3 Characterization
X-Ray diffraction (XRD) analysis was carried on Bruker 
AXS D8 X –ray diffractometer with Cu-Kα radiation 
(λ=1.5404Å), with a scanning speed of 10o min -1. 
FTIR spectra were recorded with Aiglent Gray 630 
instrument in the range of 400-4000cm-1. Transmission 
electron microscopy images were recorded using Joel/
JEM 2100 instrument. The optical absorption spectra 
were carried out using UV-1800 double beam UV-
VIS spectrophotometer. The SEM EDAX images were 
recorded Bruker QUANTAX 200 and CV analysis were 
carried out with CHI 60646 electrochemical analyser. 

3 . Results and Discussion
3.1 XRD analysis

Fig :1(a) XRD of Co-Ni mixed oxide
A1
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Fig 1(b)XRD of PANI/Co-Ni oxide
C1

Operations: Smooth 0.150 | Background 1.000,1.000 | Import

7)
6)
5)
4)
3)
2)
1)
File: SAIFXR160209B-01 (C1).raw - Step: 0.020 ° - Step time: 29.1 s - WL1: 1.5406 

   Obs. Max: 78.549 ° - FWHM: 0.398 ° - Raw Area: 3.354 Cps x deg.
   Obs. Max: 74.584 ° - FWHM: 0.394 ° - Raw Area: 4.491 Cps x deg.
   Obs. Max: 62.211 ° - FWHM: 0.387 ° - Raw Area: 10.84 Cps x deg.
   Obs. Max: 42.816 ° - FWHM: 0.311 ° - Raw Area: 18.64 Cps x deg.
   Obs. Max: 36.841 ° - FWHM: 0.292 ° - Raw Area: 11.19 Cps x deg.
   Obs. Max: 23.534 ° - FWHM: 0.232 ° - Raw Area: 1.692 Cps x deg.
   Obs. Max: 21.264 ° - FWHM: 0.327 ° - Raw Area: 2.941 Cps x deg.

Lin
 (C

ou
nts

)

0

100

200

300

400

500

600

700

800

900

1000

1100

1200

1300

1400

1500

1600

1700

1800

1900

2000

2100

2200

 

 

2-Theta - Scale
3 10 20 30 40 50 60 70 80

2th
=2

0.0
90

 °,
d=

4.4
16

36
2th

=2
1.2

71
 °,

d=
4.1

73
78

2th
=2

3.5
22

 °,
d=

3.7
79

18

2th
=2

9.3
52

 °,
d=

3.0
40

48

2th
=3

6.8
43

 °,
d=

2.4
37

61

2th
=4

2.8
21

 °,
d=

2.1
10

13

2th
=6

2.2
16

 °,
d=

1.4
90

94

2th
=7

4.5
98

 °,
d=

1.2
71

17

2th
=7

8.5
47

 °,
d=

1.2
16

86

2th
=1

6.3
31

 °,
d=

5.4
23

43
2th

=1
7.2

78
 °,

d=
5.1

28
32



16

ISSN 2395-6801
X-ray diffraction patterns of Co-Ni mixed oxide,PANI/
NiO composites are shown in Fig 1(a) & (b).The 
crystalline peaks at 36.62 o,42.61 o,62.05 o,74.48 o.78.43o 
have been identified as peaks of single phase cubic 
structure of NiO and CoO with diffracting planes 
(111),(200),(220),(311),(222)18 matched with the JCPDS 
file 89-7130 and 71-1178. The crystallite size of the mixed 
oxide and that of the composite was found to be 39 and 
48.3nm  as determined by Scherer’s formula. A small 
hump is formed below 30 in the composite due to the 
periodicity parallel and perpendicular to the polymer 
chains which indicates the polyaniline is amorphous19,20  
.The additional peaks at 2Ɵ 21.260,23.530 clearly indicates 
the presence of PANI which were absent in the XRD of 
oxide. The XRD peaks shows the crystalline nature of 
the mixed oxide. This indicates that PANI undergoes 
interfacial interactions with the mixed oxide crystallites 
and the presence of mixed oxide in PANI matrix strongly 
affects the crystalline behavior of the formed PANI.
3.2 FTIR spectroscopic studies
Fig 2(a) and (b) shows the spectral details of mixed oxide 
and composite. The IR spectra of PANI shows the main 

characteristic peaks at 3454, 1578, 1487, 1307, 1251, 
1147 and 824 cm-1. The bands at 1578 and 1487 cm-1 are 
attributed to stretching vibrations of N=Q=N ring and 
N-B-N ring respectively (where B refers to benzenic-type 
rings and Q refers to quinonic-type rings)17. The peak 
at 824 cm-1is due to the out-of-plane bending vibration 
of C-H on the 1,4-disubstituted aromatic rings21. The 
absorption bands due to stretching vibrations of quinoid 
and benzoid rings in PANI/NiO nanocomposites indicate 
the emeraldine form of oxidation state confirmed the 
polymerization of aniline in the presence of NiO. The 
FTIR spectra of the polymer shows peaks at 650 which is 
due to the presence of cobalt oxide in the polymer nano 
composite. For the PANI- composites its IR spectrum is 
almost identical to that of the pure PANI but all bands 
shift slightly towards red (lower frequency side), and 
the intensity ratio of quinonoid band has also changed. 
These results indicate that some interactions (kind of 
weak Vander Waals force of attraction) exist between 
PANI and the metal oxide22. Broad absorption band in 
the region of 631–772cm−1 is assigned to Ni–O stretching 
vibration mode.

 Fig 2(a)   FTIR spectra of Co-Ni mixed oxide

Fig 2(b) FTIR of composite of PANI/Co-Ni mixed oxide  PANI 
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3.3 Morphology

Fig 3 (a) TEM image of Co-Ni mixed oxide

      

Fig 3(b)TEM image of composite of PANI/Co-Ni oxide

      
From the TEM images Fig 3(a) and (b) it is seen that Co and Ni oxide nanoparticles are mostly irregular in shape. The 
size of the particle range from 10 to 50nm.The oxide particles are seen to aggregate in the case of composite and they are 
dispersed in the polymer matrix 23,24.  It is shown in the TEM that the dark portion are the nano particles and the grey 
portion is the polymer chain. So it is clear from the micrograph that the polymer molecules have been adsorbed on the 
surface of the nano particles. The molecules of the PANI and the particles are hence bounded by weak bonds and they 
are found in the composites

3.4 UV-Visible spectroscopic studies
Fig 4 UV-Visible spectroscopic studies
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In the UV-Visible spectrum of the composite there is a band at 270 nm which is due to the inter band transition π → π* of 
excitons in the aromatic ring. The band at 650 nm in the spectra of the composite is associated with the inter band charge 
transfer associated with the excitation of benzenoid to quinoid moieties (formation of an exciton – bipolaronic band) in 
PANI25,26. The band at 420 nm due to the electronic transitions from highly occupied electron orbital which called the 
valance band (VB) to unoccupied electron orbital which named the conduction band (CB)27. 

3.5 SEM-EDAX 
Fig 5 (a) SEM EDAX of mixed oxide

          

Fig 5 (b) SEM EDAX of PANI/ mixed oxide

          

EDAX
The Energy dispersive X-ray analysis Fig 5(a)&(b) indicates the different abundance of metal oxide in contact with the 
polymer matrix. The concentration of oxide particle in the polymer are different in different regions which can be a 
consequence of the ultrasonic treatment resulting in the non-homogeneous pattern of the oxide materials in the PANI 
matrix 28.



19

ISSN 2395-6801
3.6 CYCLIC VOLTAMMETRY STUDY

Fig 6: CV of Oxide &Composite

Fig 6 shows the cyclic voltammogram of the prepared oxide and the composite .The electrochemical process occurring 
at the oxide and composite on modified glassycarbon electrode at the scan rate of 50mVs-1in  K4Fe(CN)6 buffer solution. 
A well defined peak is observed for the composite of PANI than for the bare electrode. A definite cathodic and anodic 
peaks are observed at 0.3V and 0.15V.The oxide and the composite undergo reversible process.The current density of 
the composite is increased as compared to oxide as potential decreases which indicate that composite is having good 
electrocatalytic activity.

Conclusion 
 The PANI-Co-Ni nano composite have been 
successfully prepared  by in -situ polymerization using 
ammoniumpersulphate as an oxidant. The XRD pattern 
of the mixed oxide and the composite reveals the face 
centered cubic phase of the oxide and the composite. 
The average particle size of the oxide and composite as 
calculated using Debye Scherer formula was found to 
be 39 and 48.3nm.From the XRD studies it is clear that 

PANI undergoes interfacial interaction with the Co-Ni 
oxide. The TEM images clearly reveals the oxide particles 
are dispersed in the polymer matrix.The FTIR spectra 
also indicates the presence of PANI in the composite. 
The UV spectra shows shows the presence of emeraldine 
base form of PANI.The voltammogram behavior of 
composite shows that it has good electrocatalytic activity 
as compared to oxide.
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Abstract
Cerium(IV) based samples namely cerium phosphate (CP), cerium molybdate (CM) and cerium phosphomolybdate 
(CPM) were synthesized by co-precipitation method. Ceric sulphate, ammonium heptamolybdate, disodium hydrogen 
phosphate were mixed to obtain a material of optimum sodium exchange capacity. The selected material was characterized 
by ICP-AES, XRD and FTIR in addition to chemical stability and ion exchange studies. Ion exchange capacities (i.e.c) for 
different alkali and alkaline earth metals and the effect of heat on i.e.c were determined. In the present work, the materials 
show preference for Na+ ion, among the alkali metals and for Mg2+ and Ca2+ ions among alkaline earth metals and have 
reasonably high sodium exchange capacity even at high temperatures.
Keywords: Inorganic ion exchanger, Cerium (IV) compounds, TMA salts, ion exchange capacity 

1. Introduction
Insoluble salts of tetravalent metals (TMA) can be 
prepared both in crystalline and amorphous forms1. They 
can be obtained by the combination of tetravalent metal 
salts with anions like phosphate, molybdate, arsenate, 
antimonate, tungstate etc. They have the general formula 
M(IV) (HXO4)2.nH2O where M(IV) = Zr, Ti, Sn, Ce, 
Thetc and X = P, Mo, W, As, Sb etc. These compounds 
have structural hydroxyl groups, the H of –OH being 
exchangeable sites. A number of cations can be exchanged 
with H+ due to which the materials possess cation 
exchange properties2. Such inorganic ion exchangers 
have multiphased applications owing to their properties 
such as selectivity for certain metal ions, high stability in 
strong acids, oxidizing solutions and ionizing radiations3. 
They are especially attractive for analytical applications 
were organic resins cannot be employed because of their 
degradability. Due to the presence of surface hydroxyl 
protons they can be successfully employed as Bronsted 
acid catalysts and protonic conductors4,5. They can also 
be used as sorbents for the removal of dyes, pesticides, 
organic molecules etc6. The present study is devoted 
to the preparation, characterization and ion exchange 
properties of tetravalent cerium based materials.

2. Experimental

2.1 Preparation of samples
CP in the present study was prepared by adding an 
aqueous solution of disodium hydrogen phosphate to 
half its volume of ceric sulphate slowly, with continuous 
stirring at pH~2. Equimolar solutions of ammonium 

heptamolybdate and ceric sulphate were mixed in the 
volume ratio 1:2 at pH~2, for the preparation of CM. 
Aqueous solution of ammonium heptamolybdate 
(100mL) and disodium hydrogen phosphate (200 mL) 
were added to an aqueous solution of ceric sulphate (100 
mL), slowly with continuous stirring at pH~2 for the 
preparation of CPM.
In all the above cases, the gel obtained was kept overnight 
at room temperature in contact with the mother liquor 
for the growth of fine particles. The granular precipitate 
thus obtained in each case, was filtered, washed with 
demineralized water till free of chloride and sulphate 
ions and finally dried at 400C. All the materials after 
drying were broken to desired particle size (ASTM, 30 – 
60 mesh) by grinding and sieving. 

2.2 Chemical stability  
Chemical stability of a material plays an important 
role for it to be used as an ion exchanger. The stability 
of the exchangers were checked in different acids like 
HCl, H2SO4, HNO3, bases like NaOH & KOH, organic 
solvents like ethanol, diethyl ether, acetic acid and in 1M 
salt solutions of alkali and alkaline earth metal chlorides. 
In each case, 500 mg of the ion exchanger was taken in 
50 mL of the particular solvent and kept for 24 h. The 
change in colour, nature and weight was observed in each 
case. 

2.3 Characterization
Elemental analysis of the compound was obtained from 
Thermo Electron IRIS Interpid II XSP Duo, ICPAES 
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Spectrometer. X-Ray diffractograms were taken from 
Bruker D8 Advance difffractometer using Cu Kα 
radiation. FT-IR spectrum was recorded on a Perkin 
Elmer Fourier Transform Spectrometer. Thermograms 
of the samples in the present study were taken with 
Perkin- Elmer Diamond Thermo Gravimetric Analyzer 
at a heating rate of 100C per minute in N2 atmosphere.
Ion Exchange capacity (i.e.c) of the material was 
determined by column method 7. To study the effect of 
heat on i.e.c, the samples were heated to the respective 
temperature in a muffle furnace, cooled to room 
temperature and i.e.c of the material was then determined 
by column method.

3. Results and Discussion
CP was obtained as a pale yellow solid. CM was a hard 
bright orange solid while CPM was a bright yellow 
powder. The materials showed no change in colour or 
form on heating with water. They were found to be stable 
in mineral acids like HCl, H2SO4 and HNO3 upto ~7 M 
concentrations as evidenced by no change in colour, 
form or weight of samples used. In higher concentrations 
of acids leaching of cerium was observed. The ion 
exchangers CM and CPM were found to be unstable 
in higher concentrations of bases like NaOH and KOH 
(above 6M) where they turned white in colour, may be 
due to hydrolysis. However, CP was found to be stable 
in all concentrations of bases. All the materials were also 
found to be stable in ethanol, diethyl ether, acetic acid 
and 1 M salt solutions.
Elemental analysis shows that CP contains 38.36% of 
cerium and 16.29% of phosphorous. The percentage of 
cerium and molybdenum in CM was found to be 17.28 
and 41.65% respectively.  CPM was found to contain 
5.88% of cerium, 3.99% of phosphorous and 41.7% of 
molybdenum. The amorphous nature of the materials 
namely CP and CM is evident from the absence of strong 
peaks in the X-ray diffractograms as seen in Fig 1. The 
sharp peaks in the XRD of CPM confirmed the presence 
of nanocrystallites. The Debye- Scherrer formula has 
been used to calculate the crystallite size8.The crystallite 
size was calculated and was found to be 36nm for CPM.

Fig. 1 - XRD of CP, CM and CPM

The thermograms of CP and CM (Figs 2a, 2b  
respectively) show sharp change in weight around 1000C 

corresponding to the loss of external water molecules 
and a small weight loss between 200 - 4000C due to the 
removal of co-ordinated water molecules after which a 
gradual loss in weight is observed till 8000C. This may be 
due to the condensation of structural hydroxyl groups, 
which is the usual behaviour of inorganic ion exchangers9. 
TG of CPM (Fig. 2c) also shows a similar behavior. 

Fig. 2a TGA-DTA of CP

Fig. 2b TGA-DTA of CM

Fig. 2c TGA-DTA of CPM

According to TG data, CP loses 15% of its total mass in 
the temperature range 43- 3000C while CM shows 12% 
weight loss in the same temperature range. It is apparent 
from the curve that CPM suffers a weight loss of 7.5% in 
the temperature range 100-2000C due to loss of moisture/
hydrated water. The weight remains constant in the 
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temperature range 200-4000C. On further increasing the 
temperature (400-5000C), CPM shows a weight loss of 
2.4% which is attributed to the condensation of structural 
hydroxyl groups. DTA of the materials also shows 
endothermic peaks corresponding to these changes. A 
phase transition accompanying dehydration is seen as an 
exotherm around 4500C in the DTA curve of CM.  

Elemental analysis data gives the percentage composition 
of different elements in the material, from which the 
empirical formula can be calculated by usual methods10. 
The prepared samples contain varying amounts of water 
molecules. It is assumed that the water molecules are 
lost on heating, resulting in the formation of anhydrous 
mixed oxide at high temperatures.

Therefore, based on elemental analysis, the following 
empirical formulae were proposed for CP, CM and CPM. 

CP      -   CeO2      P2O5       n H2O
CM     -   CeO2      MoO3      n H2O

CPM   -   CeO2   3/2 P2O5   10 MoO3   nH2O

The number of external water molecules ‘n’ in these 
compounds, were further calculated from TGA data 
using Alberti and Torracca formula11.                 

18n = X (M+ 18n) / 100

M = molecular weight of the exchanger without water 
molecules
X = percentage weight loss upto 1800 C
Based on the above formula it is found that n = 2 in CP, 5 
in CM and 8 in CPM 
The FTIR spectra of all the materials show bands  around 
3300 cm-1 corresponding to the vibrations of O-H as well 
as Ce(OH)2 

2+ group (681 – 553cm-1). The spectrum of 
CP shows bands representative of P-OH group (1068 
cm-1 ) while CM shows bands characteristic of molybdate 
ion(824 cm-1) and CPM shows the presence of peaks 
corresponding to P-OH (1064 , 968 cm-1 ) as well as 
molybdate ion (860 – 794 cm-1)12. CP, CM and CPM 

possess structural –OH groups responsible for their ion 
exchange behaviour which is also evident from their i.e.c 
values. 

The Na+ exchange capacity of CPM was found to be 7.00 
meq/g where as for CP and CM it was found to be 2.26 
and 5.08 meq/g respectively. The exchange capacities 
with other alkali and alkaline earth metals taken as their 
respective chloride salt solution (1M) are summarized in 
Table 1. The selectivities for alkali metal ions indicate that 
the i.e.c of CP, CM and CPM is independent of the size 
of the ingoing hydrated ion. Inorganic ion exchangers 
unlike their organic analogs, usually have rigid structures 
and do not undergo any appreciable change during 
ion exchange. The rigid structure leads to specific and 
unusual selectivities 13. The size of the cavities within 
the exchanger depends on the composition and water of 
hydration of the ion exchanger14. In the present work, the 
materials show preference for Na+ ion, among the alkali 
metals studied. TMA salts with high affinity for Na+ ions 
were reported by other workers also15.

The preference for Na+ ions may be due to the following 
reasons16:
a) Partial dissociation of the anionic groups in the 

material 
b) Formation of cavities of proper dimensions for Na+ 

ion 
c) Basic dehydration involving primary hydration 

shells of Na+ ion 
In general, alkaline earth metal ions have high i.e.c values 
than alkali metal ions. In the case of monovalent ions, 
when they are exchanged with H+ type exchanger, no 
net numerical changes take place between incoming and 
releasing ions.               

In contrast, when divalent ions are exchanged with the 
exchanger, the number of releasing ions is twice as much 
as the incoming ions. This may bring an increase in 
overall entropy change  and hence accounts for the high 
i.e.c values with M2+ ions as compared to M+ ions17.

Table 1 - Exchange capacities for alkali and alkaline earth metal ions on CP, CM and CPM

                         
Metal

ion

Ionic radii (A0) Hydrated ionic 
radii  (A0)

Ion exchange capacity ( meq/g )

CP CM CPM

Li+ 68 600 1.68 0.53 4.81

Na+ 97 450 2.26 5.08 7.00

K+ 133 300 1.73 1.27 3.52

Mg2+ 66 800 4.60 10.60 13.36

Ca2+ 99 600 2.59 4.24 8.43

Sr2+ 112 500 3.73 0.42 6.13

Ba2+ 134 450 1.07 0.40 8.02
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Table 2- Effect of heat on Na+ i.e.c of CP,CM and CPM

Temperature(0C)     CP   CM CPM
i.e.c(meq/g) colour i.e.c(meq/g) colour i.e.c colour

RT 2.26 Paleyellow 5.08 Brightorange 7.00 Yellow

100 1.13 Cream 5.65 Orange red 8.20 Yellow

200 0.67 Cream 5.65 Orange red 8.63 Yellow

300 0.45 Cream 5.65 Orange red 7.11  Yellow    

400 0.20 White 2.45 Cream 1.47 Blue

500 0.20 White 1.13 Cream 10.61 Bluegreen

RT – Room Temperature

Among the alkaline earth metals CP, CM and CPM 
shows preference for Mg 2+ ion. Water molecules of metal 
ions having small ionic radius may be tightly bound by 
coulombic field of the metal ion. Mg2+ ion with a small 
ionic radius is strongly hydrated in aqueous solution. 
Thus, it is anticipated to be exchanged with its hydration 
shell being constant. Therefore, Mg2+/ H+ exchange may 
contribute to the net transfer of water molecules from the 
aqueous phase to the exchanger phase18. 
The effect of heating on i.e.c of the materials given in 
Table 2 reveals that, for CP it decreases on heating. But 
for CM the exchange capacity initially increases, remains 
constant up to 3000C and then decreases on heating. The 
initial increase in i.e.c on heating may be due to removal 
of adsorbed water thereby activating the exchanger. 
The decrease in i.e.c observed for both CP and CM at 
higher temperatures is attributed to the condensation of 
structural hydroxyl groups19. The colour change of CP 
from cream to white is an indication of the reduction of 
Ce(IV) to Ce(III)20. CPM shows an abnormal variation 
in i.e.c on heating (Table 2). The i.e.c shows an increase 
on heating the material to 2000C after which a decrease 
is observed at 300 and 4000C followed by a sudden 
increase at higher temperatures. The high exchange 
capacity of CPM heated to higher temperatures can 

also be attributed to the formation of respective oxides 
at high temperatures. These oxides when hydrated show 
acid properties due to the dissociation of water molecules 
connected co-ordinatively with the polycharged cations, 
at higher temperatures, forming aqua hydroxo complexes 
and protons, as represented below21.

Mn+- (OH2) Mn+- OH + H+ Mn+= O + H+

Aqua acid                  Hydroxo acid                   Oxo acid   

4. Conclusion
All the cerium based ion exchangers in the present 
work show high affinity for Na+ ions among the alkali 
metals studied. Such materials with high selectivity for 
Na+ find application in electro-deionization which is 
a desalination method based on a combination of ion 
exchange resin and ion exchange membrane. They also 
find application in the removal of sodium from natural 
and industrial brines in a reasonable period. Among the 
alkaline earth metals studied, the ion exchangers in the 
present study show high affinity for Mg2+ and Ca2+ ions. 
Therefore, these ion exchangers may also be used in the 
removal of hardness of water. The ion exchangers studied 
in the present work are stable with reasonably high 
sodium exchange capacity even at high temperatures.
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Abstract
A supramolecular framework system tetraaquafumaratozinc(II) (TAFZ)  was grown successfully by single gel diffusion 
technique at room temperature. Good quality transparent single crystals have been obtained in 15 days. The crystalline 
nature and reflection planes of the sample were confirmed by the powder X-ray diffraction technique. The crystal 
structure was determined by single crystal X-ray diffraction technique and consists of 1D chain. The coordinated water 
molecules take part in hydrogen bonding and form a supramolecular framework. Fourier Transform Infrared (FT-IR) 
studies were used to confirm the presence of various functional groups in the compound. The thermal behavior of the 
crystal was studied by TGA in nitrogen atmosphere. 
Keywords: Crystal growth, Gel diffusion technique, Supramolecular Framework, Thermal studies 

Introduction
Supramolecular chemistry has developed over the 
last few years as chemistry beyond the molecule1. 
Starting with the investigation of the basis of molecular 
recognition, it has explored the implementation of 
molecular information in the programming of chemical 
systems towards self-organisation processes that may 
occur either on the basis of design or with selection of 
their components. Supramolecular entities are by nature 
constitutionally dynamic by virtue of the liability of non-
covalent interactions. Fumaric acid as a dicarboxylic 
acid has variable coordination modes making it suitable 
for the construction of MOFs with supramolecular 
assemblies2,3.
In this work the growth and characterization of 
tetraaquafumaratozinc(II) (TAFZ) with supramolecular 
assembly has been described. The crystal structure of 
the compound is reported earlier 4 by hydrothermal 
synthesis. Herein we present the growth of the title 
compound using single gel diffusion technique at room 
temperature and more insight into the crystal structure. 
To the best of our knowledge this is the first report of 
the title compound using silica gel method. The crystals 
were characterized by elemental analysis, FT-IR and UV-
visible spectral studies. Thermal decomposition behavior 
was analyzed by TGA. Single crystal X-ray diffraction 
studies elucidated the crystal structure of the compound.

Experimental procedure
The crystallization of TAFZ was accomplished using 
single gel diffusion technique using sodium metasilicate 
(5). The crystallization apparatus is borosilicate glass tube 
of length 20 cm and diameter 2.5 cm. The gel was prepared 

by adding a solution of sodium metasilicate of desired 
density (1.02-1.04 gcm-3) to fumaric acid of desired 
molarity (0.125-1 M) drop by drop with continuous 
stirring. A fixed amount of gel solution with the desired 
value of pH (3-8) was then transferred to several glass 
tubes. After setting the gel, an aqueous solution of zinc 
sulphate (upper reactant) of desired molarity (0.125-1 
M) was added slowly along the walls of the tube without 
tampering the gel surface. The top of the glass tubes were 
covered with transparent sheet of plastic and then kept in 
a wooden stand. 

1. Characterization
 The carbon and hydrogen contents in the 
obtained crystals were determined by using Elementar 
Vario-EL 111 CHNS analyzer. The powder X-ray 
diffraction studies were conducted using a Bruker AXS 
D8 advance XRD with Cu Ka radiation (l = 1.54056 Å). 
The FT-IR spectrum was recorded on potassium bromide 
pellets on a Thermo Nicolet, Avatar 370 spectrometer in 
the range 4000-400 cm-1. The absorption spectrum of 
the crystals was studied using Varian Cary 5000 UV-
visible-NIR spectrometer in the range 200-1200 nm. The 
TGA experiments were carried out on a Perkin Elmer 
Diamond TG/DTG analyzer instrument with a heating 
rate of 10 °C/min in nitrogen atmosphere. 

2. Crystallography 
 The single crystal X-ray diffraction studies 
were carried out using a Bruker AXS Kappa Apex 2CCD 
diffractometer, with graphite monochromated Mo ka (l = 
0.71073 Å). The unit cell dimensions and intensity data 
were recorded at 296 K. The program SAINT/XPREP 
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was used for data reduction and APEX2/SAINT for cell 
refinement6. The structure was solved using SIR92 7 and 
refinement was carried out by full-matrix least squares 
on F2 using SHELXL-97 8. All non-hydrogen atoms were 
refined with anisotropic thermal parameters. All CH2 
hydrogen atoms were geometrically fixed and refined 
using a riding model. Hydrogen atoms of all the water 

molecules were located. Molecular graphics employed were 
DIAMOND Version 3.1 f 9.
Results and Discussion
The single crystals of TAFZ appeared at the gel solution 
interface after 17 days the optimum conditions to obtain 
best quality crystals and are presented in table 1 and the 
photograph of as grown crystal was presented in figure 1

Table 1. Optimum conditions for the growth of TAFZ single crystals

Parameters Optimum Conditions

Density of sodium metasilicate solution 1.03 gcm-3

pH 5

Temperature Room temperature

Concentration of fumaric acid 1 M

Concentration of zinc sulphate solution 1 M

Gel setting done 10 days

Period of growth 17 days

Figure 1.  Photograph of grown crystals of TAFZ in 
boiling tube

The result of elemental analysis was presented in table 2 
shows which is in good agreement with the theoretical 
values of single crystal of TAFZ, [Zn(C4H2O4)(H2O)4]. 
The presence of coordinated water molecules are 
confirmed from the crystal structure of the compound.

Table 2. Percentage compositions of C and H of TAFZ 

Element Experiment (%) Theoretical (%)

C 19.0 19.1

H 3.7 3.9

The UV-visible spectrum of the complex is presented in 
figure 8. There is a small peak at 243 nm corresponding to 
intra ligand charge transfer. The lower cut off wavelength 
is observed at 238 nm and the compound is transparent 

to all the visible radiations in accordance with the d10 

configuration of Zn(II) ion11.

500 1000

0.0

0.2

0.4

0.6

0.8

1.0

 

 

Ab
s

wavelength(nm)

 
Figure  8. Absorption spectrum of TAFZ crystal

The FT-IR spectrum of fumaric acid exhibits a strong 
band at 1674 cm-1 due to n(C=O) vibration of COOH 
group which is absent in TAFZ shows the ligand 
coordination around the metal ions in the deprotonated 
fumarate form. The asymmetric stretching vibrations are 
present in 1574 cm-1 and symmetric stretching vibrations 
are observed in 1398 cm-1 supporting the monodentate 
coordination of fumarate12. This is confirmed from 
the single crystal X-ray diffraction studies. There is a 
broad band in the wave number range 3100-3500 cm-1 
indicating O–H stretching frequency of water molecules. 
The weak band observed at 2326 cm-1 corresponds to 
CH2 symmetric stretching vibrations. The bands at 1204 
cm-1 and 978 cm-1 are due to asymmetric and symmetric 
stretching vibrations of C–C bond. The band at 695 cm-1 
is due to COO- bending vibrations. The IR spectrum of 
TAFZ is shown in figure 9.
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Figure 9. FT-IR spectrum of TAFZ crystal

1. Powder X-ray diffraction studies 
The powder X-ray diffractogram of TAFZ crystal is shown 
in figure 2, the simulated data for the single crystal using 
Mercury software10 was also presented.  The sharp peak 
at 31.0857 Å confirms the crystallinity of the compound. 
The d-values of the Bragg peaks were checked using 
JCPDS software and no matches were found which shows 
that powder XRD pattern of the crystal is not reported in 
the literature. The similarity of the experimental powder 
crystal data with the single crystal simulated data shows 
the bulk purity of the crystal. The sharp peaks matched 
well which confirms that the crystal structure obtained 
from single crystal XRD is representative of the entire 
sample.

Figure 2. Simulated and experimental powder X-ray 
patterns of TAFZ crystal

2. Crystal structure of TAFZ
The crystal data and structure refinement parameters are 
presented in table 3 and selected bond lengths and bond 
angles are summarized in table 4. The structure of TAFZ 
consists of a one dimensional metal organic framework 
system linking zinc– fumarate–zinc fragments. The 
compound crystallizes in monoclinic with space group 
P21/c. The asymmetric unit of TAFZ crystal with atom 
numbering scheme is given in figure 3.   

Table 3. Crystal data and structure refinement parameters for TAFZ
Empirical formula C4 H10 O8 Zn
Formula weight 251.49
Temperature 296(2) K
Wavelength  0.71073 Å
Crystal system, space group Monoclinic,  P21/c
Unit cell dimensions a = 7.5007(3) Å, α = 90°

b = 14.3505(6) Å, ß = 99.662(2)°
c = 7.6901(3) Å, g  = 90°

Volume   816.01(6) Å3

Z, Calculated density 4,  2.047 Mg/m3

Absorption coefficient 3.026 mm-1

F(000) 512
Crystal size 0.35 x 0.30 x 0.25 mm
Theta range for data collection 2.75 to 28.33°
Limiting indices -9<= h <=9, -19<= k <=19, -10<= l <=10
Reflections collected / unique 14566 / 2019 [R (int) = 0.0364]
Completeness to theta = 24.99 99.1 % 
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.5184 and 0.4173
Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 2019 / 0 / 159
Goodness-of-fit on F2 1.097
Final R indices [I > 2s (I)] R1 = 0.0187, wR2 = 0.0493
R indices (all data) R1 = 0.0201, wR2 = 0.0500
Extinction coefficient 0.0195(11)
Largest diff. peak and hole 0.584 and -0.513 e. Å-3

R1 = [åw||F0| - |FC||) / ∑|F0|, wR2 = [∑w(|F0|
2 - |FC|2)2/∑w(F0

2)]1/2
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Table 4. Selected bond lengths and bond angles of TAFZ

bond lengths (Å) Bond angles (°)
Zn(1)-O(4) 2.0627(11) O(4)-Zn(1)-O(1) 92.89(5)
Zn(1)-O(1) 2.0886(10)    O(4)-Zn(1)-O(8)#1   91.73(4)

    Zn(1)-O(8)#1 2.0902(9)    O(1)-Zn(1)-O(8)#1  173.88(4)
 Zn(1)-O(5) 2.1033(10) O(4)-Zn(1)-O(5)  90.44(4)
 Zn(1)-O(3) 2.1076(10) O(1)-Zn(1)-O(5) 84.25(4)
 Zn(1)-O(6) 2.1340(11)     O(8)#1-Zn(1)-O(5) 91.71(4)
O(2)-C(1)  1.2423(17) O(4)-Zn(1)-O(3)  177.88(4)
O(1)-C(1)  1.2726(16) O(1)-Zn(1)-O(3) 87.88(4)
O(7)-C(4)   1.2468(16)     O(8)#1-Zn(1)-O(3) 87.63(4)
O(8)-C(4)   1.2749(16) O(5)-Zn(1)-O(3)  91.59(4)
C(3)-C(2) 1.3217(19) O(4)-Zn(1)-O(6) 91.94(4)
C(3)-C(4)  1.4924(18) O(1)-Zn(1)-O(6) 93.99(4)
C(1)-C(2)   1.4963(18)     O(8)#1-Zn(1)-O(6) 89.85(4)

O(5)-Zn(1)-O(6) 177.11(4)
O(3)-Zn(1)-O(6)  86.04(4)
C(1)-O(1)-Zn(1) 127.85(9)

    C(4)-O(8)-Zn(1)#2  128.07(9)
O(2)-C(1)-O(1)  124.70(12)
O(2)-C(1)-C(2)     120.14(12)
O(1)-C(1)-C(2)  115.14(12)
O(7)-C(4)-O(8) 123.87(12)
O(7)-C(4)-C(3)  119.34(12)
O(8)-C(4)-C(3) 116.77(12)

Symmetry transformations used to generate equivalent atoms:
#1 x-1,y,z-1    #2 x+1,y,z+1

Figure 3. Asymmetric unit of TAFZ with atom numbering 
scheme

The metal centre Zn(II) is six coordinated with respect to 
oxygen atoms of which two are from fumarate moieties 
and four are from coordinated water molecules with 
Zn—O distances in the range 1.2423 (17)–2.1340 (10) 
Å. Of the four coordinated water molecules, two are 
arranged above and the other two below the metal centre. 
Among these O4 is arranged perpendicular to O3 and O5 
is arranged perpendicular to O6. One fumarate moiety 
is present in the asymmetric unit with the carboxylate 
groups adopting a monodentate coordination mode. 
The coordination geometry can be best explained as 
distorted octahedral geometry. The structure as a whole 
can be viewed as the fumarate ligands connecting the 
metal centers, building a one dimensional chain. Packing 
diagram of the crystal along a, b and c axis are presented 
in figure 4, 5 and 6 respectively.

Figure  4. Perspective view of the 1D chain of TAFZ along a axis



30

ISSN 2395-6801

Figure  5. Perspective view of the 1D chain of TAFZ along b axis

Figure  6. Perspective view of the 1D chain of TAFZ along c axis

Figure  7. Hydrogen bonding in TAFZ

Table 5. Geometries of the H–bonds in TAFZ

D–H d(D–H)  
(Å)

D(H…A) 
(Å)

d(D–A)  
(Å)

Ð(D–H…A)
(°)

O3-H3A  0.787  2.043  2.824 172.18
O3-H3B    0.753 2.105   2.852 171.68
O6-H6A 0.810 1.903  2.701    168.45
O6-H6B   0.780  1.943 2.676 156.66  
O5-H5B  0.760  1.945  2.705 178.37
O5-H5A  0.765 1.976 2.717  162.93  
O4-H4A 0.792   1.910 2.639  152.60
O4-H4B 0.739  2.177 2.913 173.75

O1 [ x, -y+1/2, z-1/2 ], O6 [ x, -y+1/2, z+1/2 ], O7 [ -x+1, -y, -z+1 ], O8 [ x-1, -y+1/2, z-1/2 ], O2 [ x-1, y, z ], O7 [ x-1, y, 
z-1 ], O5 [ -x, -y, -z+1 ]

The compound consists of four coordinated water 
molecules and these undergo hydrogen bonding across 
the crystal. One of the hydrogen atoms (H3B, H6B in 
figure) of each of the coordinated water molecules are 
hydrogen bonded to oxygen atom of the fumarate moiety 
(O1, O8) and the oxygen atoms of the coordinated water 

molecules ( O3, O4 in figure) are hydrogen bonded to 
hydrogen atoms (H3A, H5A, H6A in figure) of the other 
coordinated water molecules. The pattern of hydrogen 
bond is shown in figure 7 and the parameters of hydrogen 
bonding are summarized in table 5. 
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With these hydrogen bonds the molecule constructs the supramolecular framework with the presence of open channels 
along c axis (Figure 8).

Figure 8. Suprmolecular framework of TAFZ through hydrogen bonds

3. Thermal studies
The results obtained from TGA are shown in figure 9. 
The dissociation of the crystal takes place in three steps. 
The first stage of decomposition is completed at 107 °C 
with an observed weight loss 5.1% (4.0% calc.) which 
corresponds to the removal of one of the coordinated 
water molecules. The loosely bound water molecule 
is eliminated first and the rest of the water molecules 
liberates along with the next decomposition. The second 
stage of decomposition ends at 459 °C with an observed 
weight loss of 46.1% (46.3% calc.) which corresponds 
to the decomposition of zincfumaratetrihydate to zinc 
carbonate. The final product of the decomposition may 
be ZnO.
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Figure 9. TGA of TAFZ

4. Conclusion
This chapter describes the growth and characterization of 
tetraaquafumaratozinc(II) grown by single gel diffusion 
technique at room temperature. The crystals obtained 
were colourless and transparent. The grown crystals 
were characterized by elemental analysis and UV-visible 
spectral studies. The crystallinity of the grown crystals 
was confirmed by powder X-ray diffraction studies. 
The single crystal data was simulated using the software 
Mercury and was compared with the powder XRD 
data and the bulk purity of the crystal was confirmed. 
Monodentate coordination of the carboxylate part of 
the fumarate moiety to the zinc ion is identified by FT-
IR spectral studies. Crystal structure of the compound 
was elucidated by single crystal X-ray diffraction 
studies which show that the compound is having a 
1D chain structure with hydrogen bonding forming a 
supramolecular framework. 
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Abstract
Thermogravimetric analysis (TG) or thermal gravimetric analysis (TGA) is commonly used to determine the characteristic 
decomposition patterns, materials characterization through analysis, determination of organic or inorganic content in 
a sample and studies of degradation mechanisms and reaction kinetics by analyzing the mass deviation on heating. The 
kinetic principles of thermal process can be easily derived by Isothermal process; however non isothermal procedures are 
usually adopted due to less time consumption and easy instrumental techniques. Many reaction models were proposed 
depending on the nature of reaction and the present review is only a glimpse towards the topic concerned. 

Introduction
Thermal analysis deals with measuring changes in physical 
properties of materials on heating or cooling as a function 
of time and it is extremely useful for the characterization 
of solids. Thermal analysis aimed to qualitatively identify 
thermally induced transformation and determine 
the transformation temperature. The beginning of 
thermal analysis is by the works of Roberts-Austen1,2 

who recorded the temperature difference between a 
sample and reference material as a function of time and 
temperature, the first differential thermal analysis (DTA). 
The first thermogravimetry (TG), instrument, Honda’s 
thermobalance3, was introduced in 1915. Ten years after 
the development of Honda’s thermobalance, Kujirai 
and Akahira4 evaluated the effect of temperature on the 
deterioration of six different fibrous insulating materials, 
and developed an empirical expression of the Arrhenius-
type equation for the reactions.

………..(1)

where Q and w are the process constant and mass-loss 
fraction, respectively.
In the mid-20th century, TG and DTA became common 
and commercially available. Subsequently, instrument 
improvement based on experiments and theoretical 
analysis enabled to quantitatively determine the changes 
in the physical properties, such as enthalpy change and 
mass-change. Presently thermal analysis is a powerful 
tool for recording the kinetic rate data of thermally 
induced chemical and/or physical processes. Many 
researchers have tried to apply thermal analysis to the 
kinetic characterization of thermally induced processes 
in various materials5,6.
Reaction kinetics in the solid-state can be studied not 
only by thermogravimetry, but also using other analytical 

methods such as differential scanning calorimetry 
(DSC)7,8, powder X-ray diffraction (PXRD)9, and nuclear 
magnetic resonance (NMR)10,11. 
For any thermally stimulated processes, thermal analysis 
and its rate can be parameterized in terms of three major 
variables: the temperature, T; the extent of conversion, α 
and the pressure, P. 

……..(2)

The pressure dependence, h(P) is ignored in most of 
kinetic computational methods even though the pressure 
may have a profound effect on the kinetics of processes, 
whose reactants and/or products are gases. The majority 
of kinetic methods used consider the rate to be a function 
of only two variables, T and α

……..(3)

Where f(α) is the reaction model, k(T) is the temperature 
dependant rate constant. α is the extend of reaction and 
for isothermal thermogravimetric measurement, it is 
defined as

……………(4)

where, m0 is initial weight, mt is weight at time t, and m∞ 
is final weight. Non-isothermally α at any temperature is 

……………(5)

Where mT is the sample weight at temperature, T.
The dependence of the process rate on temperature 
is represented by the rate constant, k(T), and the 
dependence on the extent of conversion by the reaction 
model, f(α). For a process that accompanied by mass loss, 
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the extent of conversion is evaluated as a fraction of the 
total mass loss in the process represented by equation 3. 
If a process is accompanied by release or absorption of 
heat, the extent of conversion is evaluated as a fraction 
of the total heat released or absorbed in the process. The 
rate constant, k, usually has an Arrhenius temperature 
dependence12-13

……….(6)

Replacing k(T) in equation 3 with the Arrhenius 
equation, gives equation 7

………(7)

Where Ea is the activation energy, A is the pre-exponential 
factor and R is the universal gas constant12-13. 

Methods to study solid state kinetics
The International Confederation for Thermal Analysis 
and Calorimetry (ICTAC) Kinetics Committee provide 
expert advice on the efficient use of thermal methods and 
recommended the use multiple heating rate programs for 
the determination of reliable kinetic parameters, while 
methods that use a single heating rate program should 
be avoided. If a single heating rate program is used errors 
will occur due to the deviation of sample temperature by 
the limited thermal conductivity or the thermal effect of 
the process that may lead to self-heating/cooling. 
The use of small sample mass can reduce these effects; 
however runs on samples of two markedly different masses 
(e.g., 10 and 5mg) and making sure that the obtained data 
give rise to the kinetic curves that can be superposed is 
recommended. Otherwise, the sample mass needs to be 
decreased until the superposition are accomplished. The 
temperature program can be isothermal, T = constant, or 
nonisothermal, T = T(t).
Kinetic analysis can have either a practical or theoretical 
purpose. The practical purpose is the prediction of 
process rates and material lifetimes which is reliable 
only when sound kinetic analysis methods are used. The 
theoretical purpose of kinetic analysis is interpretation 
of experimentally determined kinetic triplets the 
reaction model (α), A and Ea which can be obtained 
from isothermal kinetic data by applying the a rate law 
(equation 6). Each of the components of a kinetic triplet 
is associated with some fundamental theoretical concept. 
Ea is associated with the energy barrier, A with the 
frequency of vibrations of the activated complex, and f(α) 
or g(α) with the reaction mechanism.
The solid state reaction models allows the determination 
of most suitable f(α) or g(α) value associated with 
the thermal degradation of solids. Experimental and 
computational methods are widely used for these studies. 
In experimental method the suitable functions can be 
determined in two ways: isothermally, with temperature 
maintained constant over time, or non-isothermally, with 
the variation in both temperature and time dependent on 
the heating rate (β). Some methods are based on a single 
β-model fitting, whereas others are multiple heating rate 
model-free methods, also known as isoconversional 

methods. The isoconversional methods are considered to 
be the best approach for truly determining the apparent 
Ea12-13.

Isothermal and Non-isothermal measurements
In isothermal method sample is maintained at several 
constant temperatures and as a result at each temperature 
a set of α-time points is produced. In non-isothermal 
method the temperature of the solid is changed under 
controlled and constant heating rate, β = dT/dt. In such 
cases the degree of conversion α can be calculated as 
a function of temperature which depends on time of 
heating12-13. Therefore the rate of reaction can be written 
as

………..(8)

where, dα/dT is the non-isothermal reaction rate, dα/dt 
is the isothermal reaction rate, and dT/dt is the heating 
rate (β).
The rate equation described by Eq. 7 can be converted to 
a non-isothermal rate expression by relating the rate of 
reaction as a function of temperature at constant heating 
rate β. Then equation 7 will change to 9, where β is the 
heating rate.  

………..(9)

Separating variables and integrating equations (9) from 
initial temperature T0 to a peak temperature Tm gives the 
integral forms of the non-isothermal rate law as

……….(10)

where  = g(α), the integral reaction model, then 

equation 10 will change to

………(11)

The lower boundary of the integral form is eliminated by 
assuming To as the temperature where the decomposition 
rate cannot be measured. By substituting –Ea/RT = X, 
equation 11 can be rearranged as follows

…(12)

The exponential integral (P(x)) has no analytical solution 
but has many approximations 14-17. In order to solve p(X), 
this function want to be convert to an approximate form 
that can be integrated or want to approximate by a series 
expansion. Commonly used approximation methods are 
Doyle approximation and Senum- Yang approximation. 
The two series widely used for approximating the 
temperature integral are asymptotic series expansion and 
Schlomilch series expansion12. 
There are different methods to study the kinetics of 
non-isothermal processes. These include statistical 
methods18-22, predictions of activated complex theory for 
the value of the pre-exponential factor23, methods based 
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on the fact that, for different reaction models, the extent 
of reaction at maximum reaction rate a max falls into a 
narrow specific range24.
Model fitting isoconversional method
Commonly Kinetic parameters can be obtained from 
non-isothermal rate laws by both model fitting and 
isoconversional (model free) methods. Force-fitting 
experimental data to different model function f(α) is 
denoted as model-fitting methods, after the f(α) model 
has been selected from the best linear fit for a series of 
temperature, k(T) is evaluated25.
Finding most suitable f(α) or solid state reaction model
The thermal and kinetic aspects of solid state composition 
reactions are complex26-30 since it depends on the factors 
such as rate of nuclei formation, interface advance, 
diffusion and geometrical shape of solid particles. The 
involvement of these factors in solid state decomposition 
reaction results in the development of several 
decomposition models. The function f(α) in Eq. (7) can 
take many forms depending on the type of reaction that 
occurs. A summary of these reaction models were listed 
in table 1. 
The solid state reaction models are generally classified by 
mechanistic assumption or by the shape of isothermal 

α versus time or dα/dt versus α plots. By mechanistic 
assumption, models are classified as nucleation, diffusion, 
geometrical contraction and reaction order models. Both 
A and P models comes under the category of nucleation 
model which accounts for both nucleation and nuclei 
growth rate. In nucleation model the rate limiting step is 
the formation and growth of nuclei. In this model rate of 
nuclei formation and growth is different. In geometrical 
contraction an instantaneous nucleation occurs in the 
surface of solid and progress of this reaction is the rate 
limiting step.  In diffusion model the rate limiting step 
is diffusion of reactants into reaction sites. In reaction 
order described are similar to the order of the reaction 
used in homogeneous kinetics 12-13. 
Based on the shape of α versus time plots, models can 
be categorized as linear, acceleratory, deceleratory or 
sigmoidal model. In acceleratory model reaction rate 
increases as reaction progresses where in deceleratory 
model the reaction rate decreases with increase in 
reaction rate. In linear model the reaction rate will 
remains constant and in sigmoidal model a bell shaped 
relation will be obtained12-13. The solid state reaction 
models based on all these classifications are summarized 
in table 1. 

No Symbol Rate determining mechanism f (α) g (α)
I Chemical processes
1 F1/3 Chemical reaction 3/2(1-α)1/3 1-(1-α)2/3

2 F3/4 Chemical reaction 4(1-α)3/4 1-(1-α)1/4

3 F3/2 Chemical reaction 2(1-α)3/2 (1-α)-1/2-1
4 F2 Chemical reaction (1-α)2 (1-α)-1-1
5 F3 Chemical reaction 1/2(1-α)3 (1-α)-2-1
6 F4 Chemical reaction 1/3(1-α)4 (1-α)-3-1
7 G1 Chemical reaction 1/2(1-α) 1-(1-α)2

8 G2 Chemical reaction 1/3(1-α)2 1-(1-α)3

9 G3 Chemical reaction 1/4(1-α)3 1-(1-α)4

II Acceleratory rate equations
10 P3/2 Nucleation (2/3)α-1/2 α3/2

11 P1/2 Nucleation 2α1/2 α1/2

12 P1/3 Nucleation 3α2/3 α1/3

13 P1/4 Nucleation 4α3/4 α1/4

14 E1 Nucleation lnα α
III Sigmoid rate equations

15 A1,F1
Assumed random nucleation and 
its subsequent growth 1- α [-ln (1- α)]

16 A3/2
Assumed random nucleation and 
its subsequent growth 3/2(1- α)[-ln(1- α)]1/3 [-ln (1- α)]2/3

17 A2
Assumed random nucleation and 
its subsequent growth 2(1- α)[-ln(1- α)]1/2 [-ln (1- α)]1/2

18 A3
Assumed random nucleation and 
its subsequent growth 3 (1- α)[-ln(1- α)]2/3 [-ln (1- α)]1/3

19 A4
Assumed random nucleation and 
its subsequent growth 4(1- α)[-ln(1- α)]3/4 [-ln (1- α)]1/4

20 G4
Assumed random nucleation and 
its subsequent growth 1/2(1- α)[-ln(1- α)]-1 [-ln (1- α)]2

21 G5
Assumed random nucleation and 
its subsequent growth 1/3(1- α)[-ln(1- α)]-2 [-ln (1- α)]3
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22 G6
Assumed random nucleation and 
its subsequent growth 1/4(1- α)[-ln(1- α)]-3 [-ln (1- α)]4

23 AU Branching nuclei α/(1-α) ln α/(1-α)
IVa Decelatory rate equations based on phase boundary reaction
24 R1, F0, P1 Contracting disk (1-α)0 α
25 R2, F1/2 Contracting cylinder 2(1-α)1/2 1-(1-α)1/2

26 R3, F2/3 Contracting cylinder 3(1-α)2/3 1-(1-α)1/3

IVb Decelatory rate equations based on the diffusion mechanism
27 D1 One-dimensional diffusion 1/2α α2

28 G7 Two-dimensional diffusion 4{(1- α)[1-(1- α)]1/2}1/2 [1-(1-α)1/2]1/2

29 D2 Two -dimensional diffusion [-ln(1- α)]-1 α +(1- α)ln(1- α)
30 D3 Three-dimensional diffusion 3/2(1- α)2/3[1-(1- α)1/3]-1 [1-(1- α)1/3]2

31 D4 Three-dimensional diffusion 3/2[(1- α)-1/3-1]-1 1-(2/3) α-(1- α)2/3

32 D5 Three-dimensional diffusion 3/2(1- α)4/3[(1-α)1/3-1]-1 [(1- α)-1/3-1]2

33 D6 Three-dimensional diffusion 3/2(1+α)2/3[(1+α)1/3-1]-1 [(1+α)1/3-1]2

34 D7 Three-dimensional diffusion 3/2[(1+α)-1/3-1]-1 1+(2/3) α-(1+α)2/3

35 D8 Three-dimensional diffusion 3/2(1+α)4/3[(1+α)-1/3-1]-1 [(1+α)-1/3-1]2

36 G8 Three-dimensional diffusion 6(1- α)2/3[1-(1- α)1/3]1/2 [1-(1-α)1/3]1/2

Model-free isoconversional methods allow for estimating 
the activation energy as function of a without choosing 
the reaction model, the basic assumption of these 
methods is that the reaction rate of constant extent of 
conversion α depends only on the temperature. Hence, 
constant Ea value can be expected in the case of single 
stage decomposition. The value of α typically reflects the 
progress of the overall transformation of a reactant to 
products. The overall transformation can involve multiple 
steps and for each steps there can be specific extent of 
conversion, then the overall transformation can be sum 
yields of each step.  The overall transformation process 
that involves two parallel reactions can be described by 

…….(15)

where α1 and ˛α2 are the specific extents of conversion 
respectively associated with the two individual reactions 
(steps) and their sum yields the overall extent of 
conversion: α =α1 + α2.
The temperature dependence of the rate process can be 
determined by Arrhenius equation and for a single step 
reaction the equation 2 can be utilized. The determined 
kinetic parameters are functions of the individual steps. 
For multi-step process Ea varies with a due to the variation 
in the relative contributions of single steps to the overall 
reaction rate. The activation energy determined will be 
the activation energy barriers of the individual steps14,31.

Model-fitting approach
There are several non-isothermal model-fitting methods. 
One of the most popular is the Coats Redfern method 
(CR method)32, which utilizes the asymptotic series 
expansion in approximating P(x) equation 14, producing 
the following equation:

………(16)

where T is the mean experimental temperature

On simplification of Eq. (16) it becomes

………..(17)

where, α is the fraction of decomposition, dα/dt the 
rate of conversion, β the linear heating rate, A the pre-
exponential factor, Ea the apparent activation energy, 
R gas constant, T the absolute temperature, f(α) and 
g(α) the differential and integral mechanism functions, 
respectively.
Achar equation which can be used similar to CR equation 
is33

…………(18)

The other method proposed by Clark and Kennedy (CK 
method) is based on the expression, T = βt + T0, where T0 

is initial temperature. The basic equation is:

……….(19)

Taking the logarithm of both sides of the equation:

………..(20)

Plotting the left-hand side of both equations 17, 18 & 
20 against 1/T should give straight lines for the reaction 
models listed inTable 1. From the slope and intercept we 
can determine Ea and lnA, respectively34.
When the kinetic function model determined was a simple 
order function model, MKN method35 (Madhusudanan-
Krishnan-Ninan) and HM36 (Horowitz-Metzger) method 
were also applied to process the TG-DTG data to calculate 
the kinetics parameters and the accurate reaction order.
The MKN equation is

……….(21)
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The HM equation is 

…………..(22)

When the values of E and lnA obtained by different 
methods are approximately equal for a suggested reaction 
(Table 1) and have good correlation coefficient that will 
be the mechanism of the thermal decomposition37

It should be remembered that the kinetic triplets are 
determined by first selecting a rate equation and then 
fitting it to experimental data. The determined triplets Ea, 
A and α depends on whether the selected rate equation 
adequately represent the essential features of the process 
mechanism. A mere goodness of statistical fit will not 
represent the issue of the adequateness of a rate equation 
to a process mechanism since good data fit can be 
accomplished by using a physically meaningless equation 
such as that of a polynomial function. Thus meaningful 
interpretability of the function is essential via a good 
understanding the process mechanism in TG analysis. 
For example, a single-step rate equation cannot generally 
be adequate for a multi-step mechanism. However, it can 
provide an adequate kinetic representation of a multi-
step process that has a single rate-limiting step

Model free methods 
The use of isoconversional or model-free methods is 
suggestive to calculate Ea values however a reaction model 
is usually needed for a complete kinetic description of 
any solid-state reaction. The usual practice is determine 
Ea values by more than one model free methods with 
statistical authenticity. Use any standard model fitting 
method like CR method to determine the kinetic triads 
with different probable mechanism as given in table 1 
and the Ea similar to that received for model free method 
with proper statistical authenticity is selected as the 
model for the thermal degradation. 

The Kissinger–Akahira–Sunose method38-39 (KAS 
method) is based on the Coats–Redfern approximation 
of P(x) ≡ (exp(-x))/x2 which transformed equation 14 to 

……….(23)

Where α is the degree of conversion, Ea is the activation 
energy of the degradation, A is the pre-exponential 
factor, R is the universal gas constant, β is the heating 
rate. Ea can be calculated from the slop of the linear plots 

of  vs. , for each conversion α. 

The Ea value can be also be determined by Osawa 
method40 where the proposed equation is 

 ------------ (24)

Another method proposed by Tang (T method) is based 
on the approximate formula which introduced into 
equation 14. Taking the logarithms of both sides

           

          
………(25)

The Flynn-Wall-Ozawa equation41-42

----------(26) 

A plot of the left-hand sides of both equations (23) and 
(26) versus 1/T give a group of straight lines at each α 
which give apparent activation energy from the slope for 
a particular α without consideringa selected model.
The Vyazovkin isoconversional method (VYZ 
method) utilizes an accurate nonlinear Senium-Yang 
approximation of P(x) of equation 14, which leads to34.43

………….(25)

…………..(26)

where n the number of heating rates, I(Ea,α, Tα) the 
exponential integral (P(x)) that results from heating rate 
β. The Eα;α can be determined at any particular value 
of α by finding the value of Eα for which the objective 
function Ω is minimized. The temperature integral 
can be evaluated44,45 by several approximations such as 
Gorbachev, Agrawal and Sivasubramanian and Cai for 
integration of equation 26.

Kissinger method
The Kissinger method is based on the study of the 
decomposition reaction at maximum rate and at this 

point  and thus Eq (7) will change to

………(27)

Where βm is the value of dT/dt at the point in which 
maximum rate is reached46.

Friedman method
Friedman method considers the logarithm of conversion 
rate as a function of the reciprocal temperature at different 
degrees of conversion. The Friedman equation is

……..(28)

The plot of ln(dα/dt) versus 1/T at constant α for a set of β 
values gives a family of straight lines with slope –Ea/R47.
Kinetic parameters can be determined from data 
obtained from only two different temperature programs, 
the use of at least 3–5 programs is recommended. For 
better accuracy Arrhenius parameters a minimum 
three temperatures or heating rate with at least one 
experiment with extreme temperatures or heating rates 
is recommended. The actual range of temperatures and/
or heating rates for a specific situation depends on the 
measurement precision. 
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A combination of non-isothermal and isothermal 
experiments is the best way to properly establish kinetic 
models. A truly good model should simultaneously fit 
both non-isothermal and isothermal experiments runs 
with the same kinetic parameters. The kinetic parameters 
should show good correspondence over a range of 
temperatures and/or heating rates for credence.  The 
validity of a kinetic model requires a good fit for the 
measured and calculated reaction profiles, either rates, or 
extents of conversion, or both. The present authors used 
different differential and integral methods Coats Redfern, 
Broido, Horowitz-Metzger, Madhusudanan-Krishnan-
Ninan, Freeman-Carrol, Sharp-Wentworth and Achar 
method by model fitting approach to study the thermal 
decomposition of Rubrocurcumin a 1:1:1 complex of 

curcumin, boric acid and oxalic acid and showed that the 
decomposition can be best described by Mapel first order 
reaction model48. However the conformation of reaction 
model requires a model free approch34 or isoconversional 
method.

Conclusion
This review is made to provide a summary on the basics 
of solid state reaction kinetics and various experimental 
methods available to study solid state kinetics. This 
review includes the most common reaction models used 
in the study of solid state decomposition reaction. We 
hope this review will help those who are interested in 
solid state kinetics. 
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