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Introduction 
 

Polymer gels may show tendency to swell when they are 

contacted with water or buffer solutions depending on the 

type and nature of hydrogel systems as well as the pH of the 

swelling medium. The swelling kinetics and the degree of 

swelling of gels are important factors to evaluate pH sen-

sitivity as well as to understand the diffusion mechanism and 

its control strategies for site-specific drug delivery appli-

cations. Based on pH sensitivity, the strategy for site-specific 

controlled drug delivery can be achieved by various pH-sen-

sitive copolymers in the form of coating agents or in the 

shape of gel systems.1-4 In case of coatings, the nature of 

polymer and the thickness of the coating film are important 

factors, which can affect the drug release phenomena at a 

specific site. However, in the case of monoliths, the required 

rate of drug release at a specific site may be achieved by 

controlling the degree of crosslinking in the polymer matrix 

as well as the relative concentration of monomers involved 

in the formation of polymer network. 

On the other hand, the site-specific controlled drug release 

mechanism based on enzymes can be achieved by using 

prodrugs, polymeric prodrugs and biodegradable polymers 

that are degraded mostly by the unique enzymes of the colon.5-7 

Delivery of orally administrated drugs by conventional phar-

maceutical formulations can be preferred over parental medi-

cation to avoid and control the rapid changes in the blood 

serum concentrations.8 The controlled delivery applications 

of orally administrated protein and peptide drugs are rather 

difficult due to the sensitivity to gastric acid and the suscepti-

bility to gastrointestinal enzymes.9 

The site-specific oral delivery of drugs targeted to the 

colon is desirable to reduce the side effects and to increase 

pharmacological response for the treatment of various diseases 

such as colitis, irritable bowel syndrome, crohns disease, colon 

cancer and local infectious diseases developed at colonic 

pH-민감성 삼성분계 공중합체 젤의 합성 및 팽윤 속도론  

Zafar Iqbal Zafar , M. A. Malana, H. Pervez, M. A. Shad, and K. Momina 

Department of Chemistry, Bahauddin Zakariya University, Multan, 60800, Pakistan 

(2007년 12월 26일 접수, 2008년 3월 11일 채택) 

 

Synthesis and Swelling Kinetics of a Cross-Linked  

pH-Sensitive Ternary Copolymer Gel System 
 

Zafar Iqbal Zafar , M. A. Malana, H. Pervez, M. A. Shad, and K. Momina 
Department of Chemistry, Bahauddin Zakariya University, Multan, 60800, Pakistan 

(Received December 26, 2007; Accepted March 11, 2008) 

Abstract： A pH sensitive ternary copolymer gel was synthesized in the presence of ethylene glycol 

dimethacrylate (EGDMA) as a crosslinking agent through radical polymerization of vinyl acetate

(VA), acrylic acid (AA) and methyl acrylate (MA) with a weight ratio of 1：1.3：1. A number of

experiments were carried out to determine the swelling behavior of the gel under a variety of pH 

conditions of the swelling medium. As the pH of the swelling medium was changed from 1.0 to 8.0 at

37 ℃, the gel showed a shift in the pH-dependent swelling behavior from Fickian (n=0.3447) to 

non-Fickian (n=0.9125). The resulting swelling parameters were analyzed using graphical and 

statistical methods. The results showed that the swelling of the gel was controlled by the pH of the 

medium, i.e. n＝noexp(SCpH), where n is the diffusion exponent, no(＝28.9645×10-2) is the pre-

exponential factor and SC(＝0.1417) is pH sensitivity coefficient. The swelling behavior of the gel was 

also examined in aliphatic alcohols. The results showed that the rate of swelling increased with 

increasing number of carbon atoms in the alcoholic molecular chain. 

 
Keywords： ternary copolymer, swelling kinetics, pH-sensitive gel, aliphatic alcohols. 

  
†To whom correspondence should be addressed.  
E-mail: drzafarbzu@hotmail.com 



220 Zafar Iqbal ZafarᆞM. A. MalanaᆞH. PervezᆞM. A. ShadᆞK. Momina 

폴리머,  제32권 제3호, 2008년  

site.10 For a number of local pathologies the direct release 

of drugs in the colon can improve pharmacotherapy along 

with reduced potential toxicity and side effects.11 The poly-

meric hydrogels can be considered an important device for 

site-specific controlled drug delivery as they exhibit the 

response to external stimuli under different physiological 

conditions, biocompatibility and appropriate drug diffusion 

phenomena by a pore mechanism due to their water retention 

ability.12 For site-specific controlled drug applications, it is 

important to analyze the swelling behavior as the swelling- 

controlled release13 and the degradation-controlled me-

chanism14 are closely related to the swelling phenomena of 

hydrogel systems. 

Higher swelling rate of hydrogel systems is one of the 

significant parameters for drug release applications at the 

colonic pH. In order to release most of the drug to the desired 

site, the systemic drug delivery mechanism may be achieved 

by developing the pH-sensitive polymeric gel systems, which 

can exhibit low swelling in the acidic pH protecting the 

encapsulated drug and a relatively high degree of swelling 

in the alkaline pH medium. In terpolymeric hydrogel system 

the relative composition of monomers may control the swelling 

rate of the gel to achieve the required drug delivery me-

chanism for a specific site. The swelling behaviors of hydrogel 

systems synthesized using VA/AA, VA/MAA, MA/AA and 

MA/MAA are reported in literature.3,4 However, a detailed 

review of the literature shows no guidelines about the swelling 

kinetics of a cross-linked pH-sensitive ternary copolymer 

based on VA-AA-MA gel system. 

In the present work, using vinyl acetate (VA), acrylic acid (AA) 

and methyl acrylate (MA), a cross-linked pH-sensitive ternary 

copolymeric gel was synthesized in order to study the swelling 

kinetics at different pH conditions of the swelling media. The 

swelling mechanism of the pH-sensitive gel system may be 

affected depending on the type and nature of the swelling media. 

Therefore, the swelling behavior of the gel was also studied 

using aliphatic alcohols as swelling media at ambient temperature. 

 

Experimental 

 
Materials. The monomers used were vinyl acetate (VA), 

acrylic acid (AA) and methyl acrylate (MA). The ethylene 

glycol dimethacrylate (EGDMA) and benzoyl peroxide were 

used as crosslinking agent and initiator respectively. The 

double distilled water was used throughout the studies. The 

details of the chemicals used are given in Table 1. 

Preparation of the Terpolymeric Hydrogel. Terpolymeric gel 

was synthesized in a screw capped tube (1.5 cm internal 

diameter, 12 cm length) through radical polymerization of 

vinyl acetate (VA), acrylic acid (AA) and methyl acrylate 

(MA) with the weight ratio of 1：1.3：1. Ethylene glycol 

dimethacrylate (EGDMA) was used as crosslinking agent. 

Ethanol was used as a solvent and its proportion was 100% 

(v/v) to the total volume of monomers used. The amount of 

crosslinking agent and the initiator was 2% (w/v) and 0.1% 

(w/v) respectively. The air above the solution in the tube was 

removed with nitrogen and the capped tube was placed in a 

water bath. The polymerization was carried out at slow heating 

rate to ensure the uniform formation of polymer as the sudden 

increase in temperature may cause bubble formation and poly-

meric cylinder to break. The temperature of 25 ℃ was ma-

intained for 1 hr and then it was slowly raised to 30 ℃ where 

it was kept constant for 1 hr. Similarly the temperature was 

raised slowly and kept constant for 1 hr at each interval of 

Table 1. Chemicals Used in Preparation and Swelling of Polymer Gel

Sr. No. Name of chemical Chemical formula Mol. Wt. % Purity Company 

1 Methyl acrylate CH2CHCOOCH3 86.09 99 MERCK 

2 Vinyl acetate CH2CHOCOCH3 86.09 99 Fluka 

3 Acrylic acid CH2CHCOOH 72.06 99 Fluka 

4 Ethylene glycol dimethacrylate CH2=C(CH3)C(O)OCH2-
CH2OC(O)C(CH3)=CH2 

198.22 100 Fluka 

5 Benzoyl peroxide (C6H5CO)2O2 242.23 100 MERCK 

6 Sodium acetate CH3COONaᆞ3H2O 136.08 99 KANTO CHEMICAL CO.

7 Acetic acid CH3COOH 60 100 MERCK 

8 Disodium hydrogen phosphate Na2HPO4 177.99 100 Riedal-De Haën 

9 Citric acid C6H8O7 210.14 100 MERCK 
10 Trisodium citrate C6H5Na3O7ᆞ2H2O 294.10 Extra pure MERCK 
11 Hydrochloric acid HCl 36.5 37 MERCK 
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5 up to 65 ℃. Then the temperature was raised to 68 ℃. 

The polymeric column began to build up at this temperature 

and the synthesis was completed in 3 hrs. A smooth polymeric 

cylinder was removed from the tube and left over-night for 

cooling at room temperature. The uniform discs of the polymer 

gel were cut before washing and drying for swelling study. 

Swelling Study. Before the swelling study in different buffer 

solutions, the discs were immersed in deionized water for 24 

hrs. After washing with deionized water all the discs were 

dried in a vacuum oven at 40 ℃ for 30 hrs until the weight 

of the disc was constant. The swelling experiments were 

carried out in 100 mL of different buffer solutions at 37 ℃. 

For pH 1, HCl (0.1 M) buffer was used while for pH 4.0 citric 

acid-trisodium citrate buffer (0.05 M) was used. Acetic acid- 

sodium acetate buffer (0.2 M) was used for pH 5.5 while for 

pH 7.4 phosphate buffer (0.1 M) was used. The buffer solution 

of pH 8 was prepared by dissolving citric acid (0.0441 g) 

and disodium hydrogen phosphate (1.6944 g) in 100 mL of 

deionized water. The pH of these solutions was adjusted by 

adding small amounts of 0.1 M HCl or 0.1 M NaOH solutions. 

After certain time intervals the gel disc was taken out from 

the buffer solution and weighed after removing the excess 

surface water by blotting with laboratory tissue. The swelling 

experiments were continued up to 1500 min where the rate 

of swelling of the disc was not significant and it attained 

almost a constant weight of the penetrated medium. A number 

of swelling experiments were also carried out using aliphatic 

alcohols as swelling medium at ambient temperature. 
 

Results and Discussion 

 

Swelling of Gel. During washing and drying, the change in 

the appearance of the discs was observed. Appearance of 

the discs was glassy before washing as shown in Figure 

1(a). After washing, the glassy appearance changed to 

milky as shown in Figure 1(b). The glassy state of the gel 

again appears after drying in the vacuum oven at 40 ℃. 

Depending on the composition, the reversible change in the 

behavior of the gel may be due to the temporary hydrogen 

bonds between the hydrophilic groups in the side chains and 

water, thus causing the formation of a hydration shell 

around the hydrophobic groups of the gel system as 

reported in similar findings.15 In the present study, some 

cracks were observed at the surface of the discs, drying at 

relatively high temperature up to 50 ℃ for longer time. The 

formation of such cracks on the gel surface was attributed 

to the existence of water in two states namely free water 

and bound water in the gel.16 The present results indicate 

that the change in solvent from ethanol to water causes phase 

separation of the hydrophobic residues. Accordingly, the 

formation of cracks may be attributed to the resultant 

shrinkage of the gel, which at relatively high temperature 

occurs too rapidly to accommodate capillary forces within 

the gel matrix. 

After swelling at different pH conditions, swelling percentage 

of the gel was calculated using the following relation: 

 

100)Swelling(%
d

ds ×
−

=
w

ww
                           (1) 

 

where ws is the weight of the swollen gel at time t, and wd is 

the weight of the dry gel at time 0. The swelling isotherms of 

the gel system are shown in Figure 2. The results indicate 

that the percentage swelling increases with time up to a 

certain value, after which the increase is not significant. The 

swelling of gels reaches its equilibrium when the rate of 

swelling is almost equal to zero. Swelling phenomena of gels 

may be expected to depend on the type and nature of solvents. 

Therefore, aliphatic alcohols were used to study the swelling 

behavior of the gel as shown in Figure 3. In the case of 

aliphatic alcohols, the swelling results show that the rate of 

swelling increases as the number of carbon atoms decrease 

 
Figure 1. Typical swelling characteristic of gel discs before and
after washing. 

Figure 2. Effect of time on swelling(%) of gel for different pH
conditions at 37 ℃. 
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in an aliphatic alcohol. 

The swelling behavior of gel systems is an important factor 

to evaluate pH sensitivity to understand the diffusion me-

chanism. To normalize the swelling data, the dynamic and 

equilibrium swelling values were determined gravimetric-

cally using different pH conditions of the swelling media at 

37 ℃. The normalized degree of swelling, Qt  was calculated: 

 

d

t

d

ds
t w

w
w

ww
Q =

−
=                                       (2) 

 

where ws is the weight of the swollen disc at time t, wd is 

the initial weight of the dried disc at t =0 and wt is the weight 

of the water penetrated into the gel at time t. It indicates 

that the normalized degree of swelling, Qt  is the ratio of water 

amount penetrated into the gel to the initial weight of the 

gel sample at time t. Similarly, the normalized equilibrium 

degree of swelling, Qe, was determined: 
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where w∞ is the weight of the swollen gel at time t∞ when 

the rate of swelling becomes constant, wd is the initial weight 

of the dried disc at t =0 and we is the weight of the water 

penetrated into the gel at time t∞. The normalized equilibrium 

degree of swelling, Qe can be defined as the ratio of the water 

amount penetrated into the gel at time t∞ to the initial weight 

of the gel sample at time t0. 

Swelling Mechanism and Kinetics. The swelling mechanism 

of hydrogels may depend on pH of swelling media, temperature 

as well as the nature and composition of reactants involved 

in the synthesis of polymeric hydrogel systems. Diez-Pena E. 

et al.17 presented an autocatalytic process mechanism for 

water penetration into gels on the basis of assumption that 

the penetration of the first water molecule helps the transport 

of the next one into the gel network. For the autocatalytic 

swelling process, let the water transport mechanism into the 

gel be: 

 
∗⎯⎯ →⎯ OHOH 2

non
2

k                                        (4) 

 

∗∗ ⎯⎯→⎯+ O2HOHOH 2
aut

22
k                                (5) 

 

where H2O is the water on the surface of the gel, H2O
∗ is 

the water penetrated into the gel, kaut and knon are the auto-

catalytic and noncatalytic rate constants respectively. Con-

sidering the above Eqs. (4) and (5) it follows that kaut>>knon 

when the penetrated water molecule in the polymeric network 

helps the next one to enter into the gel matrix. Under the 

autocatalytic process for water penetration into the gel, the 

differential rate expression can be given: 

 

)(1)(1 autnon xx kxkdx/dt −+−=                         (6) 

 

where x is the fractional swelling, Qt /Qe. After rearranging 

and integrating Eq. (6), it follows18 that: 
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The above expression involves two different rate constants 

and the evaluation of these constants depends on the 

mechanism involved in the swelling process. The degree of 

competition among these constants can lead to an appropriate 

simplification of the autocatalytic process to evaluate these 

constants. When kaut equally competes with knon and knon>>kaut 

is not negligible, the rate constants can be calculated by 

hit-and-trial method using Eq. (7). 

For the case when knon=kaut, the Eq. (7) does not hold good 

to predict any of the individual rate constants for the swelling 

of gel system, indicating that both of the reactions, Eqs. (4) 

and (5) go side by side. However, an average rate constant 

may be calculated using the following Eq. (8): 
 

tk
x
x
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−
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                                       (8) 

 

where kAv is an average rate constant for the swelling 

process and the plot of ln[(1+x)/(1-x)] vs t should yield a 

straight line with a slope of 2kAv. At different pH conditions, 

from the slopes of the plots the average values of the overall 

Figure 3. Effect of time on swelling(%) of gel in aliphatic alcohols
at ambient temperature. 
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rate constants were estimated as shown in Table 2. The value 

of the average rate constant (kAv) is found to be 2.50×10-5 s-1 

with a random variation about 10% for the overall swelling 

process. This means that the swelling rate is independent of 

pH of the swelling media, which do not agree with the present 

case of the swelling process. 

For the case when knon>>kaut, the oversimplification17 of Eq. 

(7) follows that: 
 

tkx non)ln(1 −=−                                        (9) 

 
The above expression was used to evaluate the noncatalytic 

rate constant (knon). From the slope (-knon) of the plot ln(1-x) 

vs t, the values of the noncatalytic rate constant were 

calculated as shown in Table 2. The Eq. (9) stands for the first 

order rate kinetics as well, which indicates that the swelling 

mechanism of the gel depends on the amount of the sites 

still available in the gel matrix. The results given in Table 2 

show that the value of noncatalytic rate constant (knon) 

increases with the decrease in pH of the swelling medium, 

indicating an acid catalyzed swelling process. At lower pH, 

the carbonyl oxygen in the gel chain may get protonated 

and more polar, thus providing a driving force for water 

penetration into the gel network. In other words, the value 

of noncatalytic rate constant decreases due to the suppressed 

acid catalyzed mechanism as pH of the swelling medium 

increases more and more. 

For the pure autocatalytic mechanism when kaut>>knon, Eq. 

(7) follows that: 
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This means that a plot of ln(x/1-x) vs t should give a 

straight line with a slope of kaut and an intercept of ln(knon/ 

kaut). The values of the autocatalytic rate constant can be 

calculated from the slope and the intercept of the plot. For 

a pure catalytic swelling process, the experimental data were 

analyzed using Eq. (10). The values of the autocatalytic rate 

constant are greater as compared to the noncatalytic ones 

as shown in Figure 4. The hydrogels with ionic characteristics 

may show large change during their swelling phenomena, de-

pending on the pKa of the buffer solutions as well as the pKa 

of the hydrogel systems. For N-isopropylacrylamide and 

itaconic acid copolymer hydrogel systems,15 the results 

indicated that a relatively high degree of swelling could be 

achieved by increasing the hydrophilic character of the gel 

due to an increased degree of ionization above the nominal 

pKa values of itaconic acid. 

The present results show that the values for both of the 

types of rate constants are comparable at pH 1 and pH 4. At 

pH > 4 the noncatalytic rate constant decreases rapidly as 

compared to the autocatalytic one. The value of rate constant 

ratio (kaut/knon) increases as pH of the swelling medium is 

increased. Increased value of the rate constant ratio at pH > 4 

shows that the autocatalytic swelling mechanism is much more 

dominant relatively at higher pH of the swelling medium due 

to the favorable ionization phenomena of carboxyl groups 

present in the network chains of the gel, depending on the 

ratio of the swollen sites to the sites still available for swelling 

in the gel matrix. 

The values of second-order rates were estimated using 

the Robinson-Schott’s equation19-21: 
 

e
2
e2t

1

Q
t

QtQ
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+=                                         (11) 

Table 2. Swelling Kinetic Parameters for Different pH Conditions at 37 ℃

pH 
Qe (exp) 

(gwater/ggel) 
(dQt /dt)o×105 
(gwater/ggel s) 

Qe (cal) 
(gwater/ggel) 

k2×105 

(s-1) 
R2  

2nd-order
Qe (cal) 

(gwater/ggel)

*k1×105 

(s-1) 
R2  

1st-order 
kAv×105 

(s-1) 
R2  

1 0.224 2.797 0.242 0.02087 0.9960 0.2426 22.3 0.9334 2.50 0.9334 

4 0.081 0.968 0.087 0.0078 0.9962 0.0826 35.1 0.8730 2.25 0.9011 

5.5 2.731 11.42 3.638 1.1587 0.9790 1.353 1.51 0.9498 2.50 0.9662 

7.4 4.605 15.57 6.752 2.9239 0.9971 1.717 0.83 0.9789 2.25 0.9876 

8 5.162 21.35 7.267 2.4691 0.9949 2.135 1.01 0.9731 2.75 0.9859 
*k1=knon, when knon>>kaut. 

Figure 4. Effect of pH of swelling medium on autocatalytic and
noncatalytic rate constants. 
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Where k2 is a second-order rate constant. For second-

order kinetics, a plot of t/Qt vs t should give a straight line 

with slope 1/Qe and intercept 1/k2Qe
2. The initial swelling 

rates can be calculated as it indicates that the intercept 

(1/k2Qe
2) is the reciprocal of the initial swelling rate (dQt/dt)o 

of the gel. The swelling data were analyzed using the Eq. 

(11), and the values of initial swelling rate, rate constant 

(k2) and the equilibrium degree of swelling were calculated 

from the best fitting of the experimental data. The values 

of the initial swelling rate, swelling rate constant, correlation 

coefficients, experimental and calculated equilibrium degree 

of swelling are given in Table 2. 

The analysis of the results shows that in the case of second 

order kinetics the calculated values of the equilibrium degree 

of swelling are found in good agreement with the experimental 

ones. For first order kinetics the calculated values of equilibrium 

degree of swelling show a little bit better agreement with the 

experimental ones only at pH 1 and 4 of the swelling media. 

However, considering the values of correlation coefficients, 

the second order kinetics results show a better fit for the 

overall swelling process as compared to the first order kinetics. 

The values of the initial swelling rate and second order kinetic 

rate constant increase with an increase in the pH of the 

swelling medium, a situation which can be attributed to the 

fact that for anionic gels the rate of swelling increases as 

the pKa of the external solution is increased. The degree of 

rise in the kinetic rate constants at pH 4 is not much higher, 

which indicates that the rate of swelling of the gel is appre-

ciable when the pKa of the buffer components approaches 

to the pKa of the gel carboxylic acid. At pH > 4 the results 

show that the value of the first order rate constant decreases 

rapidly as compared to the increase in the value of second 

order rate constant, which is supportive evidence to the pure 

autocatalytic swelling mechanism relatively at higher pH of 

the swelling media. The swelling of the ionic gel can be 

characterized on the basis of the pKa of the polymeric gel 

and the pKa of the buffer medium. For the fast swelling process, 

the pKa of the gel should be lower than the pKa of the 

contacted buffer so that it may accept protons, resulting in 

the higher ionization of the carboxyl groups present in the 

gel network. 

As mentioned before, the swelling behavior of pH sensitive 

gel systems may be changed due to the change in the type 

and nature of the swelling media. Therefore, the swelling 

behavior of the gel was also studied using aliphatic alcohols 

as swelling media at ambient temperature. Using aliphatic 

alcohols as swelling media, the values of the initial swelling rate, 

swelling rate constant, correlation coefficients, experimental 

and calculated equilibrium degree of swelling are given in 

Table 3. 

The analysis of the swelling data shows that for second 

order kinetics the theoretical values of the equilibrium degree 

of swelling show a good agreement with the experimental 

ones. On the other hand, for the first order kinetics the values 

of the equilibrium swelling do not show a consistency with 

the experimental ones. The values of correlation coefficients 

indicate that the second order kinetics show a relatively good 

fit for the swelling process as compared to the first order 

kinetics. The values of the initial swelling rate of the gel and 

kinetic rate constants decrease with increasing the number 

of carbon atoms in an aliphatic alcohol, a situation which 

indicates the effect of polarity of the alcoholic molecules on 

the swelling of the gel. The results show that the swelling of 

the gel depends on the organic characteristics of an aliphatic 

alcohol. The polarity of aliphatic alcohols can play a key role 

in the swelling mechanism of gel systems. The rate of swelling 

of the gel decreases due to the decrease in the polarity of 

the alcoholic molecules depending on the number of carbon 

atoms in the alcoholic molecular chain. 

Swelling Parameters. The diffusion of water molecules into 

the polymer and the relaxation of polymer chains in response 

to the contacted buffer are important factors for swelling 

controlled drug release systems. In order to expound the 

swelling phenomena for water penetration (wt/we) less than 

60%, the following semi empirical relation was used22,23: 
 

n

e

t kt
w
w

=                                               (12) 

 
where wt is the mass of solvent penetrated into the gel at 

time t, we is the amount solvent absorbed at swelling 

equilibrium, k is the front factor related to the structure of the 

Table 3. Swelling Rate Constants and Normalized Equilibrium Degree of Swelling Using Aliphatic Alcohols 

Solvent 
(alcohols) 

Qe(exp) 
(gsolvent/ggel) 

(dQt /dt)o×103 

(gsolvent/ggel s) 
Qe(cal) 

(gsolvent/ggel)
K2×103 

(s-1) 
R2  

2nd-order
Qe(cal) 

(gsolvent/ggel) 
K1×103 

(s-1) 
R2  

1st-order 

Methanol 1.0003 0.1223 1.4665 17.543 0.9638 0.7776 0.1422 0.9047 
Ethanol 0.0766 0.0112 0.1008 0.9251 0.9578 0.0705 0.1307 0.9220 
Propanol 0.0176 0.0052 0.0199 0.0768 0.9948 0.0222 0.0763 0.9577 
Butanol 0.0153 0.0051 0.0171 0.0592 0.9939 0.0204 0.0674 0.9236 



  Synthesis and Swelling Kinetics of a Cross-Linked pH-Sensitive Ternary Copolymer Gel System 225 

  Polymer(Korea), Vol. 32, No. 3, 2008 

polymeric network, n is the diffusion exponent which indicates 

the mechanism of absorption. The value of n generally varies 

from 0 to 1.0. For Fickian kinetics, n=0.5 the swelling is 

diffusion controlled, where the rate of buffer penetration is 

the slowest and hence is the rate determining step. When 

the buffer penetration velocity and the chain relaxation or 

chain stretching rates are comparable, n is between 0.5 and 

1.0 and the kinetics are generally known as non-Fickian, 

which concerns with ionization of some functional groups 

present in the gel network. When the buffer penetration rate 

is much higher than the chain relaxation rate then the penetra-

tion of solvent is proportional to the time, i.e., n=1.0. The Eq. 

(12) can be used for the initial swelling data when the water- 

penetrated fraction (wt/we) is less than 60%, however, for 

higher penetrated fraction it does not hold good.24 For swelling 

fraction more than 60%, the following expression was used25: 
 

t1k
oet 1 −−= eA/ww                                      (13) 

  

To determine the values of diffusion exponent (n), front 

factor (k), relaxation rate constant (k1) and the pre-ex-

ponential factor (Ao), the experimental data were analyzed 

using Eqs. (12) and (13). Using the values of the swelling 

parameters, the data were analyzed fitting both of the above- 

mentioned equations as shown in Table 4. The results indicate 

that the applicability of these fitted equations is equally good. 

However, the values of correlation coefficients and standard 

deviations indicate that the power law, Eq. (12) shows a better 

fit for the initial swelling (wt/we<60%) as compared to the 

Hopfenberg model, Eq. (13) for the late swelling process 

(wt/we>60%). Fitting the power law at various pH conditions, 

the agreement between the experimental swelling fractions 

(wt/we)exp and the calculated (wt/we)cal ones is also tested 

as shown in Figure 5. The correlation coefficients were found 

to be 0.9995, 0.9987, 0.9987, 0.9997 and 0.9991 along with 

the standard error (SE) of ±0.0041, ±0.0085, ±0.0085, 

±0.0031 and ±0.0069 from pH 1 to 8, respectively. The 

values of standard error of estimate indicate that the degree 

of scatter or the deviation between the true (experimental) 

and the estimated (calculated) values is very small. Thus, the 

results show that the agreement between the experimental 

swelling fractions (wt/we)exp and the calculated (wt/we)cal ones 

is fairly good. 

According to the results, it has been found that the gel 

shows a good pH-dependent swelling behavior with transition 

from Fickian (n＝0.3447) to non-Fickian (n＝0.9125) as the 

pH of the swelling media changes from 1.0 to 8.0 at 37 ℃. 

At highly acidic pH conditions, the swelling behavior of VA- 

AA-MA gel indicates the presence of unionized carboxylic 

groups in the gel. However, at higher pH values, the degree 

of swelling appreciably increases due to the repulsive forces 

of the fully ionized acidic fraction along the macromolecular 

chains resulted from the ionization of carboxylic groups in 

the gel. The swelling behavior of polyampholyte hydrogel, 

composed of dimethylaminoethyl methacrylate and acrylic 

acid, was studied and the results showed that the swelling 

process was Fickian at the isoelectric point (IEP) and non- 

Fickian when the pH of the media deviated from the isoelectric 

point.26 In another study, the swelling kinetic results of NVP 

grafted chitosan hydrogel system were found to be Fickian 

with relatively low content of grafted chitosan, however, the 

swelling behavior was found to be non-Fickian when CHI 

contents were increased more than 30%.27 For a thermally 

cross-linked poly(vinyl alcohol) and poly(acrylic acid) hydro-

gel systems, the swelling kinetic results were found to be 

dependent on the mixing ratio as well as pH of the swelling 

medium.28 

Table 4. Fitting of Swelling Kinetic Models for Different pH Conditions at 37 ℃ 

pH wt/we=k tn  
wt/we up to 300 min 

R2  SE wt/we=1-Ao e
-k1t 

wt/we > 300 min 
R2  SE 

1 wt/we=9.397×10-2 t0.3447 0.9990 ±0.009226 wt/we=1-1.5×103e-8.9×10-3 t 0.9512 ±0.286836
4 wt/we=4.663×10-2 t0.4797 0.9984 ±0.015943 wt/we=1-0.567×103e-7.7×10-3 t 0.9568 ±0.17831 

5.5 wt/we=1.154×10-2 t0.6363 0.9976 ±0.026231 wt/we=1-0.289×103e-7.1×10-3 t 0.9571 ±0.209295
7.4 wt/we=0.373×10-2 t0.8345 0.9996 ±0.014708 wt/we=1-0.0234×103e-4.7×10-3 t 0.9504 ±0.153575
8 wt/we=0.298×10-2 t0.9125 0.9990 ±0.024346 wt/we=1-0.0089×103e-4.6×10-3 t 0.9373 ±0.149982

Figure 5. Agreement between experimental and calculated
swelling fractions of gel at different pH conditions of swelling
medium. 
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Regarding the swelling behavior of hydrogel systems, it 

is worth mentioning that the role of monomer composition 

can be expected an important parameter. Depending on the 

dynamic swelling behavior of the gel systems,15 the analysis 

of the data showed that an increase in the itaconic acid 

contents of the gel could result in an increase in the values of 

diffusion exponent and diffusion coefficient. In the present case, 

it was found in a separate swelling study that by decreasing 

the acrylic acid amount from 1.3 to 1 (weight percent ratio) 

in the ternary copolymer gel system, the swelling rate of 

the gel was relatively low. The lower swelling rate can be 

attributed to a relatively higher ratio of hydrophobic to hy-

drophilic characteristics in the ternary copolymer gel system 

due to the decrease in the amount of the acid used. 

Lisa and Peppas29 investigated the dynamic and equilibrium 

swelling behavior of pH-sensitive hydrogel system and the 

results showed that the swelling kinetics of the gel could be 

affected by a range of compositional changes in the gel net-

work. The results also indicated that the dynamic swelling 

behavior was a function of the acidity of the buffered solution. 

The swelling behavior of poly(acrylic acid) hydrogel systems 

was studied and the results showed that the cross-linked 

structure of ionic networks like poly(acrylic acid) copolymers 

could be affected by the monomer concentration, the pH, and 

ionic strength during the polymerization.30 

Jing and Peppas31 investigated the swelling behavior of tem-

perature-sensitive poly(N-isopropylacrylamide) and pH-

sensitive poly(methacrylic acid) hydrogel systems. The 

results showed that these hydrogels exhibited a combined 

effect of pH and temperature with a specific range of tem-

perature as well as the pH conditions. At different pH con-

ditions and NaCl aqueous solution, the swelling behavior of 

a cross-linked poly(N-vinylpyrrolidone)(PVP) and linear 

poly(acrylic acid) (PAA) hydrogel system was investigated.32 

The results showed that the semi-IPN hydrogel had ex-

cellent pH sensitivity at a pH range from 2.25 to 4.00, while 

in the presence of the salt the swelling behavior of the gel 

was not significant. 

To determine the pH sensitivity for the swelling behavior 

of the gel, the values of the diffusion parameter, n were 

analyzed by graphical and statistical methods. The effect of 

pH of the swelling medium on the diffusion coefficient is 

found to be promising with a standard error of 0.04191 and 

correlation coefficient of 0.9918 as shown in Figure 6. The 

value of standard error of estimate indicates that the degree 

of scatter or the deviation between the true (experimental) 

and the estimated (calculated) values is small. The results 

indicate that the swelling process is a function of the pH of 

the swelling media, following a semi empirical model: 

cpH)exp(o Snn =                                     (14) 

 

where n is diffusion exponent, no is pre-exponential factor in 

the model and SC is pH sensitivity coefficient of the gel. 

The pre-exponential factor and pH sensitivity coefficient 

may provide useful information about the swelling process 

depending on the nature and type of gel systems as well as 

swelling conditions. The pre-exponential factor indicates the 

swelling mechanism of the gel under highly acidic condition 

of the swelling medium, whereas the pH sensitivity coefficient 

stands for the swelling capacity and thus the change in the 

swelling mechanism of the gel with changing pH of the media. 

Thus, using the values of no and SC from the intercept and the 

slope of Figure 6 respectively, the Eq. (14) can be written as: 

 
pH0.14170.289645en =                                 (15) 

 

To understand the diffusion mechanism of diffusing solvent 

into the gel, the suggested semi empirical model may be 

applied at any physiological pH of the medium. The suggested 

model agrees with some data published in past. For different 

composition samples, a number of researchers have studied 

the swelling kinetics depending on just one or two different 

pH conditions of the swelling medium. However, regarding 

the modeling aspect, the data for only two different pH con-

ditions cannot be conclusive. The validity of the suggested 

model has been tested for the similar data reported in 

literature.11,15,33 For the swelling of a pH sensitive hydrogel 

system,11 the values of diffusion exponents were found to 

be 0.43, 0.57 and 0.84 at pH 2.0, 4.0 and 7.4, respectively. 

Similarly, for the swelling of a specific composition hydro-

gel (PNIPAM/IA 95/5/2) system,15 the values of diffusion 

exponent were found to be 0.58, 0.60 and 0.63 at pH 2.2, 

4.5 and 6.8, respectively. In another study, for the swelling of 

a polymer gel (vinyl acetate and methacrylic acid) system,33 

the values of diffusion exponent were found to be 0.64, 0.70 

and 0.76 at pH 5.5, 6.5 and 7.0, respectively. Though the 

Figure 6. Plot between pH of swelling medium and experimental
diffusion exponent. 
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authors did not suggest any models, yet all the above-men-

tioned data could be analyzed to show an excellent exponential 

fit for these pH-sensitive hydrogel systems as suggested in 

the present work. 

To test the agreement between the experimental diffusion 

exponent and the values calculated from the semi empirical 

model, the graph of nexp versus ncal has been plotted as shown 

in Figure 7. It has been observed that the agreement between 

the experimental and calculated values is very good with a 

correlation coefficient of 0.9948 and standard error of 

±0.01927. The data in the scatter diagram shows a positive 

tendency to cluster around the regression line, which can be 

attributed to the existence of a good relationship between the 

variables. The value of the standard error of estimate of ncal 

on nexp indicates that the degree of scatter of the observed 

values about the regression line is not significant. 

On the other hand, the Fickian (n < 0.5) swelling behavior 

has been found for all the aliphatic alcohols as shown in Table 

5. The results show that swelling rate of the polymer gel 

increases as the number of carbon atoms decreases in the 

aliphatic chain of the alcohols. In other words, the polarity of 

the alcoholic O-H bond decreases as the number of carbon 

atoms increases in the alcoholic molecular chain, thus affecting 

the swelling kinetics of the gel system. The greater the polarity 

of the alcoholic solvent, the more is the swelling of the polymer 

gel. The values of the correlation coefficients indicate that the 

experimental data fits well to the power law. As shown in 

Table 5, the results also indicate that the experimental values 

of the penetrated alcoholic molecules (we)exp are in good 

agreement with the calculated (we)cal values for the swelling 

process. 

Diffusion Coefficients. For diffusion into the simple geometric 

shapes such as spheres, cylinders and discs, the Fick’s second 

law can be used for limiting swelling conditions in water or 

biological fluids. For short time diffusion, when the swelling 

fraction is less than 50% the following relation34 can be used. 
 

1/22
St

e

t ]4[ lt/D
w
w π=                                      (16) 

 

where DSt is the diffusion coefficient for the transport of 

water into the gel matrix for the swelling fraction (wt/we) less 

than 0.5, t is the time for swelling and l is the thickness of 

the disc. From the slope of the plot wt/we vs t1/2, the values 

of DSt were calculated as shown in Table 6. The average 

values of the diffusion coefficients were calculated when the 

swelling fraction was 50% (wt/we=0.5): 
 

1/2
2

Av )(0.049 /tlD ×=                                   (17) 

 
where DAv is the diffusion coefficient for penetration of 

water into the gel when the wt/we=0.5 and t1/2 is the half-

swelling time. To determine the diffusivity toward the end 

of the swelling process, the swelling data can be analyzed 

by using the late-time approximation35: 
 

))}]4{exp(-(8[8/-1 2
Lt

22

e

t lt/D
w
w

ππ=                (18) 

 
where DLt is the diffusion coefficient for late time. For the 

swelling fraction (wt/we) more than 60%, plots for ln (1-

wt/we) vs t were drawn to determine the values of DLt 

using Eq. (19): 
 

]))-(ln(1[ 22
etLt π/l/dtwwd-tD ×= /                    (19) 

 

The values of DLt are shown in Table 6. For short time, it 

is interesting to note that by the comparison between Eqs. 

(12) and (16) it follows: 
 

1/21/22
St

n ]4[ tl/Dkt π=                                  (20) 

 

For a complete Fickian diffusion mechanism (n=0.5), the 

Eq. (20) follows that: 
 

16)( 22
Fi /klD π=                                      (21) 

 
where DFi is the Fickian diffusion coefficient, which is 

Table 5. Swelling Parameters and Equilibrium Water Contents 
Using Aliphatic Alcohols 

Solvent n K×103 

(s-1) 
R2  we(exp) 

Gsolvent 
we(cal)

Gsolvent

R2  

Methanol 0.5392 0.659 0.9967 0.3987 0.5446 0.9638
Ethanol 0.4418 1.106 0.9993 0.0293 0.0386 0.9578
Propanol 0.3545 2.174 0.9711 0.0073 0.0083 0.9948
Butanol 0.2937 2.984 0.9934 0.0064 0.0072 0.9939

Figure 7. Agreement between experimental and calculated
diffusion exponents. 
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independent of time and depends on the value of the front 

factor when n＝0.5. The applicability of Eq. (21) may be 

tested for a complete Fickian diffusion mechanism. 

The values for the diffusion coefficients are given in Table 6 

and the results indicate that the diffusion rate increases with 

an increase in the pH of the swelling medium. At pH 1 and 4, 

the values of the diffusion coefficients are relatively small, 

which shows that the swelling phenomena are mostly based 

on the available interspaces in the gel network rather than 

the chain relaxation of the gel matrix. However, above pH 4, 

the increase in the values of the diffusion coefficients is 

significant, which reflects the chain relaxation controlled 

mechanism due to relatively greater and favorable pKa of 

the buffer solution for the swelling of the gel. The values of 

late-time diffusion coefficients are found to be relatively higher 

than the corresponding values of short- and average-time 

diffusion coefficients. Higher rate of late-time diffusion at 

pH > 4 indicates the chain stretching mechanism of the gel, 

which occurs to a greater extent toward the end of swelling 

process and thus results in relatively fast penetration of 

water molecules into the polymeric network. 

For aliphatic alcohols, the values of the diffusion coefficients 

were determined as shown in Figure 8. The results show 

that the diffusion rate increases as the number of carbon atoms 

decreases in an aliphatic alcohol, which can be attributed to 

the role of molecular size as well as the organic characteristics 

of the solvents used for the swelling of the gel system. As 

mentioned in the previous section, the values of diffusion 

exponent (n) indicate that the aliphatic alcohols do not show 

any tendency toward chain relaxation swelling mechanism. 

However, the values of the diffusion coefficients indicate that 

the diffusion process is much more faster for aliphatic alcohols 

than the diffusion rate of water molecules into the gel matrix. 

Thus, being organic in nature, the gel shows a greater affinity 

for aliphatic alcohols as compared to the uptake of water 

molecules. 

 

Conclusions 

 

A pH-sensitive cross-linked ternary copolymer gel was 

synthesized using the weight ratio 1：1.3：1 of vinyl acetate 

(VA), acrylic acid (AA) and methyl acrylate (MA), respectively. 

In order to achieve the required rate of swelling for site-

specific controlled drug delivery applications, the ternary 

copolymer gel system may be expected to provide a better 

hydrophobic-hydrophilic balance within the polymer network 

by controlling relative amount of VA, MA and AA monomers. 

Thorough washing of the gel resulted in a change from glassy 

to milky appearance. However, the glassy state of the gel 

again appears after drying. The reversible change in the 

behavior of the gel may be due to the temporary hydrogen 

bonds between the hydrophilic groups in the side chains of the 

gel and water. The results show that the swelling process of 

the gel follows the second order kinetics. 

The swelling studies of the gel show a fair pH-dependent 

behavior with transition from Fickian (n＝0.3447) to non-

Fickian (n＝0.9125), as the pH of the swelling medium is 

changed from 1.0 to 8.0 at 37 ℃. At highly acidic pH conditions, 

the swelling behavior of the ternary copolymer reflects the 

presence of unionized carboxylic groups in the gel. However, 

at higher pH values, the degree of swelling appreciably 

increases due to the repulsive forces of the fully ionized acidic 

fraction along the macromolecular chains resulted from the 

ionization of carboxylic groups in the gel. 

Using aliphatic alcohols, the results obtained are indicative 

of the fact that the swelling rate increases as the number 

Table 6. Diffusion Coefficients and Equilibrium Water Contents at 37 ℃ 

pH DSt×105 

(cm2s-1) 
R2  DAv×105 

(cm2s-1) 
DLt×105 
(cm2s-1) 

R2  we(exp) 

gwater 
we(cal) 
gwater 

R2  

1 4.27 0.9349 1.47 10.91 0.9512 0.0915 0.0988 0.9960 
4 4.99 0.9962 1.69 14.12 0.9503 0.0329 0.0352 0.9962 

5.5 6.11 0.9686 4.17 20.11 0.9571 1.1011 1.4667 0.9790 
7.4 6.44 0.9661 4.74 26.09 0.9504 2.0035 2.9379 0.9971 
8 9.33 0.9861 6.99 31.07 0.9641 2.3779 3.3481 0.9949 

Figure 8. Effect of aliphatic alcohols on diffusion coefficients for
swelling of gel. 
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of carbon atoms decrease in an aliphatic alcohol. The polarity 

of the alcoholic molecules can play a key role in the degree 

of swelling of the gels. The rate of swelling of the gel 

decreases due to the decrease in the polarity of the alcoholic 

O-H bond due to the positive inductive effect as the number 

of carbon atoms increase in the alcoholic molecular chain 

more and more. Despite the fact that the aliphatic alcohols 

do not show any contributions towards the chain relaxation 

swelling mechanism, still, the higher rates of diffusion display 

the significant role of affinity of the gel for the alcoholic 

molecules than that of water diffusion into the gel. 

Analysis of the resultant diffusion exponent data indicates 

that the diffusion mechanism of water penetration into gel is 

a function of pH of the swelling media, following a semi-

empirical model. The validity of the suggested model has been 

tested by graphical and statistical methods. For different com-

position of monomers, it needs further investigations. However, for 

the present gel system, the analysis of the results reveals that 

applicability of the suggested model is good and it can estimate the 

diffusion mechanism at any physiological pH of the swelling 

media with a standard error or degree of scatter of ±0.01927. 

In the light of the presented results, the VA-AA-MA ternary 

copolymer gel system shows appreciable swelling phenol-

mena at the physiological pH of 7.4. 

 

Acknowledgements. The authors would like to thank the 

unknown referees for the constructive comments and im-

provements to the manuscript. The authors would also like 

to thank Dr. Prof. N. M. Ranjha, Department of Pharmacy 

and Fariha Chaudhry, Part-time Lecturer, Department of 

English, Bahauddin Zakariya University, Multan for the 

discussions to complete the work. The authors are thankful 

to Bahauddin Zakariya University, Multan for financial support. 

 

References 

 

 1. M. Ashford, J. T. Fell, D. Attwood, and W. P. Sharma, Int. 

J. Pharm., 91, 241 (1993). 

 2. R. Peeters and E. Kinget, Int. J. Pharm., 94, 125 (1993). 

 3. N. M. Ranjha and E. Doelker, S.T.P. Pharma. Sci., 9, 335 

(1999a). 

 4. N. M. Ranjha and E. Doelker, S.T.P. Pharma. Sci., 9, 341 

(1999b). 

 5. M. Garretto, R. H. Riddel, and C. S. Winans, Gastrogentrology, 

84, 1162 (1983). 

 6. T. Yamaguchi, K. Sasaki, Y. Kurosaki, T. Nakayama, and 

T. Kimura, J. Drug Targeting, 2, 123 (1994). 

 7. S. Rao and W. A. Ritschel, S.T.P. Pharma. Sci., 5, 19 (1995). 

 8. M. Torres-Lugo and N. A. Peppas, Macromolecules, 32, 

6646 (1999). 

 9. Y. Kimura, Y. Makita, T. Kumaga, H. Yamane, T. Kitao, H. 

Sasatani, and S. I. Kim, Polymer, 33, 5294 (1992). 

10. S. M. Reddy, Y. R. Sinha, and D. S. Reddy, Drug of Todat., 

35, 537 (1999). 

11. S. K. Bajpai and S. Dubey, Iranian Polym. J., 13, 189 (2004). 

12. A. S. Hickey and N. A. Peppas, J. Membrane Sci., 107, 229 

(1995). 

13. B. Kim, K. L. Flamme, and N. A. Peppas, J. Appl. Polym. 

Sci., 89 1606 (2003). 

14. W. S. W. Shalaby and K. Park, Pharm. Res., 7, 816 (1990). 

15. M. K. Krusic and J. Filipovic, Polymer, 47, 148 (2006). 

16. S. K. Bajpai and S. Sharma, Reactive & Functional Polymers, 

59, 129 (2004). 

17. E. Diez-Pena, I. Quijada-Garrido, and J. M. Barrales-

Rienda, Macromolecules, 35, 8882 (2002). 

18. J. M. Mazon-Arechederra, M. P. Delgado-Quintero, and J. 

M. Barrales-Rienda, J. Polym. Sci. Polym. Chem. Ed., 20, 25 

(1982). 

19. I. D. Robinson, Photogr. Sci. Eng., 8, 220 (1964). 

20. H. J. Schott, Macromol. Sci. Phys., 31, 1 (1992). 

21. H. J. Schott, Pharm. Sci., 81, 467 (1992). 

22. H. L. Frisch, Polym. Eng. Sci., 20, 2 (1980). 

23. R. W. Korsmeyer, R. Gurny, E. Doelker, P. Buri, and N. A. 

Peppas, Int. J. Phar., 15, 25 (1983). 

24. B. Kim, K. L. Flamme, and N. A. Peppas, J. Appl. Polym. 

Sci., 89,1606 (2003). 

25. A. R. Berens and H. B. Hopfenberg, Poplymer, 19, 489 (1978). 

26. M. Zhai, Y. Chen, M. Yi, and H. Ha, Polym. Int., 53, 33 (2004). 

27. G. Yi, Y. Cui, S. Yang, Z. Kang, Y. Cui, and J. Guo, J. Chem. 

Ind. Eng.(China), 56, 1783 (2005). 

28. H. J. Chun, S. B. Lee, S. Y. Nam, S. H. Ryu, S. Y. Jung, S. H. 

Shin, S. I. Cheong, and J. W. Rhim, J. Ind. Eng. Chem., 11, 

556 (2005). 

29. B. P. Lisa and N. A. Peppas, Biomaterials, 11, 635 (1990). 

30. E. E. Jeannine, M. Mara, N. Jun, and N. B. Christopher, 

Polymer, 45, 1503 (2004). 

31. J. Zhang and N. A. Peppas, Macromolecules, 33, 102 (2000). 

32. J. Shuping, L. Mingzhu, Z. Fen, C. Shilan, and N. Aizhen, 

Polymer, 47, 526 (2006). 

33. N. M. Ranjha, Pak. J. Pharmaceutical Sci., 12, 33 (1990). 

34. R. W. Korsmeyer and N. A. Peppas, Cont. Rel. Delivery Syst., 

4, 7 (1983). 

35. N. A. Peppas and C. S. Brazel, Polymer, 40, 3383 (1999). 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AgencyFB-Bold
    /AgencyFB-Reg
    /AmiR-HM
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /Batang
    /BatangChe
    /BlackadderITC-Regular
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BradleyHandITC
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Castellar
    /Century
    /CenturyExpandedBT-Bold
    /CenturyExpandedBT-Roman
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CurlzMT
    /Dotum
    /DotumChe
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversMT
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /EstrangeloEdessa
    /ExpoL-HM
    /ExpoM-HM
    /FelixTitlingMT
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FrenchScriptMT
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /GothicB-HM
    /GothicR-HM
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /GraphicSansB-HM
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /H2cysB
    /H2cysL
    /H2gprB
    /H2gprM
    /H2gpsM
    /H2gsrB
    /H2gtrB
    /H2gtrE
    /H2gtrL
    /H2gtrM
    /H2hdrM
    /H2mjmM
    /H2mjrB
    /H2mjrE
    /H2mjsM
    /H2mjuM
    /H2mkpB
    /H2porL
    /H2porM
    /H2sa1M
    /H2ta2B
    /H2wulB
    /H2wulL
    /H2wulM
    /Haettenschweiler
    /HeadlineR-HM
    /HYGoThic-Extra
    /Impact
    /ImprintMT-Shadow
    /KabelITCbyBT-Book
    /KabelITCbyBT-Demi
    /KabelITCbyBT-Medium
    /KabelITCbyBT-Ultra
    /Kartika
    /Latha
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /MagicR-HM
    /MaiandraGD-Regular
    /Mangal-Regular
    /MeorimyungjoXB-HM
    /MicrosoftSansSerif
    /MingLiU
    /MiniPicsArtJam
    /MiniPicsClassic
    /MiniPicsLilCritters
    /MiniPicsLilEdibles
    /MiniPicsLilEvents
    /MiniPicsLilStuff
    /MiniPicsLilVehicles
    /MiniPicsRedRock
    /MoeumTR-HM
    /MonotypeCorsiva
    /MS-Gothic
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MS-UIGothic
    /MT-Extra
    /MVBoli
    /MyungjoR-HM
    /NewGulim
    /NSimSun
    /OCRAExtended
    /PalaceScriptMT
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Papyrus-Regular
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /PMingLiU
    /Pristina-Regular
    /PyunjiR-HM
    /Raavi
    /RageItalic
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /ScriptMTBold
    /Shruti
    /SimHei
    /SimSun
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /YetR-HM
    /ZWAdobeF
  ]
  /NeverEmbed [ true
    /TimesNewRomanMT-ExtraBold
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [595.276 807.874]
>> setpagedevice


