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Abstract: The kinetics of aqueous free-radical graft polymerization of acrylic acid onto chitosan using 
ammonium persulfate / sodium bisulfite redox system as initiators was investigated and tentative 
mechanisms for the polymerization reactions involved are also reported. The polymerization was 
initiated with 1.5 g/l ammonium per sulfate and 0.75 g/l sodium bisulfate at temperature ranging 
between 30-60 oC. The results suggest that the graft polymerization of the system under study can be 
recognized as a template polymerization process. By the application of Comsol software it was found 
that the estimated overall rate constant is 2.112×10-4 sec.-1, and by using the predefined Arrhenius 
equation for the rate constants the apparent activation energy is found to be 11.05 KJ/mol. and the 
frequency factor is estimated equal to 0.662. 
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INTRODUCTION 

 
 Chitosan is a natural nontoxic biopolymer derived by the deacetylation of chitin. Chitosan and its 
derivatives have attracted considerable interest due to their antimicrobial and antifungal activity [Kendra, and 
Hadwiger,1984. Sudarshan,  Hoover.; Knorr,1992. Tsai and Su, 1999 . Several natural polymeric support 
materials belonging to the class of polysaccharides have some inherent disadvantages such as poor mechanical 
strength, susceptibility to microbial degradation, uncontrolled water uptake, low binding capacity 
[Bayramoglu,2003; Shentu, et al; 2005; Mondal, and Gupta 2006; Bayramoglu, et al. 2007. To overcome these 
problems efforts have been made to develop chemically modified chromatographic supports by combining them 
with synthetic monomers [El-Tahlawy,et al.,2006; . Fu, et al., 2006; Sun,et al., 2006; Sun, et al., 2005]. Among 
them, graft polymerization (especially grafting with functional pendant group carrying acrylate monomer such 
as acrylic or methacrylic acid) onto chitosan could introduce a brush side chain on the chitosan backbone [El-
Tahlawy,et al.,2006; . Fu, et al., 2006]. Graft polymerization of monomers is one of the universal, effective, and 
accessible methods of chemical modification of high molecular weight compounds, natural polymers in 
particular. The advantage of radical polymerization is that it takes place in water media with good yield of the 
final product. Much attention had been paid to the study of kinetics of radical graft polymerization of monomers 
onto polysaccharides by Berlin and Kislenko[1992]. Their investigation covering grafting efficiency and the 
study of the interaction kinetics of initiators with polysaccharides. Brydon et al. [1974] Investigated the kinetics 
and mechanism of styrene monomers grafting to polybutadiene. They had found that the rate of polymerization 
showed a first-order dependence on monomer concentration and a square root of initator concentration. Lutfor 
Mr et al. [2000] examined the grafting kinetics of methyl acrylate with sago starch with ceric ammonium nitrate 
as an initiator. The rate of polymerization was found to be first order dependence of the monomer concentration 
and square root of the initiator concentration 
 This investigation covering grafting efficiency of acrylic acid onto chitosan and the study of the interaction 
kinetics of initiators (ammonium persulfate / sodium bisulfite) with chitosan promotes the finding of key 
reactions for the determination of the rate of grafting copolymerization and the development of mathematical 
models of process kinetics. The validity of the model was verified by the experimental results (Part I).  
 
2- Materials:  
The raw materials used for the ion exchange preparation are:  
 The chitosan (CS) used in this study was purchased from HAS HMRZEL Laboratories LTd (Netherlands) 
and had a molecular weight of 600 000.  
 The acrylic acid was purchased from Sd.Finc.Chem. Limited (Laboratory grade for synthesis) and was 
freshly distilled under reduced pressure to eliminate any inhibitors.  
 Both initiators (amonium persulfate and sodium bisulfite) and other chemicals were of analytical reagent 
and used as received.  
 
3- Experimental Procedure:  
 The graft copolymerization reaction was achieved in a 250 ml quick fit conical flask immersed into 
thermostatic water both preset at the required operating temperature. In a typical experiment, a required amount 
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of chitosan was dissolved in 50 ml acrylic acid solution of pre-determined concentration under shaking. A clear 
solution was obtained. After adjustment of temperature, the desired amount of initiators (redox system) was 
added to the solution: first the ammonium persulfate followed by the sodium bisulfite. The reaction mixture was 
allowed to react under regular shaking, and during the polymerization an opalescent suspension begins to appear. 
After the desired reaction time, a few drops of 250 ppm hydroquinone (in methanol) were immediately added to 
the reaction product while cooling in an ice bath for ceasing the polymerization reaction. Next, a 50 ml of 
ethanol was added to induce precipitation. The suspension was centrifuged and the supernatant was discarded. 
The grafted product was washed and then oven dried at 80°C at a constant weight. Finally, the copolymer Chit-
g- PAA was immersed into a dimethyl formamide (DMF) solution under magnetic stirring over night to remove 
any traces of the homopolymer (PAA) which may be physically adhered to the product particles. It is worth 
noting herein to mention that this step gives negative results. The final copolymer was centrifuged and dried to a 
constant weight. 
 
4- Development of Kinetic Model:  
 Graft polymerization is characterized by the growth of polymer chain from the surface of a substrate. 
Grafted polymers offer unique opportunities to tailor and manipulate interfacial properties for a variety of 
practical applications while retaining the basic mechanical strength and geometry of the supporting solid 
substrate. The unique requirement for the latter is the presence of surface reactive sites from which polymer 
chains can propagate. Previous studies have shown that the free-radical graft polymerization of vinyl monomers 
is an efficient and controllable method for creating a dense grafted polymer layer (Fu, et al., 2006; Sun, et al., 
2006; Sun, et al., 2005). Its advantages are that it takes place in aqueous media with good yield of the final 
product, offering a wide choice of monomers and hence, the preparation of graft copolymers with different 
varieties of physico-chemical properties under relevant process conditions. In graft polymerization, the 
generation of free-radicals along the natural macromolecule backbone as well as on the monomers is initiated by 
the use of chain-transfer initiators, such as hydrazine redox systems, transition metals, fenton reagent, 
persulfate,……  
 In this section, a suggested mechanism for the preparation of grafted acrylic acid onto chitosan initiated by 
a redox system, namely persulfate/ bisulfite is presented and accordingly, a kinetic model is developed.  
 
4-1- Proposed Reaction Scheme for the Graft Polymerization of Acrylic Acid onto Chitosan:  
 The polymerization of acrylic acid, a vinyl monomer, onto chitosan (the substrate) with persulfate-bisulfite 
initiators as redox system can be effectively analyzed as a combination of three kinds of elementary steps: 
initiation (activation), propagation and termination.  
 The overall reaction scheme for free-radical graft polymerization can thus be represented by the following 
set of reactions:  
 
a) Initiation Reactions:  
1- Radical Formation of the Redox System:  
 The persulfate–bisulfite redox system is believed to be responsible for starting the formation of free – 
radicals according to the following complex reactions [Tsuda, 1961]: 
 
 
 
 
 
 
2- Radical Formation of Chitosan: 
 The mechanism of initiation for chitosan is believed to begin with complex formation of initiators free – 
radicals with the primary amine and the hydroxyl groups at the C-2 and C-3 positions respectively, followed by 
complex dissociation to form free – radicals [Brydon,1974]: 
 
 
 
 
 
 
3- Radical Formation of Monomer: 
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-- + HSO3

-  S2O8
 HSO3

-3 

Rr SO4
 + SO4

-- + HSO3
 1

R1 Chit + SO4
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4- Initiation of Grafted Co-Polymer: 
 The substrate free-radicals produced for complex dissociation are responsible for the initiation of grafted 
co-polymer chains using the vinyl monomer, i.e., acrylic acid: 
 
 
 
b) Propagation Reactions: 
1- Graft Polymer Propagation: 
 
 
 
 
 
 
2- Homopolymer Propagation in Solution: 
 
 
 
 
C) Termination Reactions: 
1- Graft Forming Termination Reactions: 
 
 
 
 
 
 
 
 
 
2- Homopolymer – Forming Termination Reactions: 
 
 
 
 
 
 
 In this reaction scheme, SO4

• and HSO3
•
 are the sulfate and sulfonate initiators radicals, M is the acrylic acid 

monomer, Chit is the chitosan surface site, Mn and Chit-Mn denote the growing  homopolymer and grafted  
polymers respectively  with chain of length either n or m, Mm+n , Chit-Mm+n,  and Chit-M–Chitm+n designate the 
terminated homopolymer and grafted polymers respectively. The equilibrium coefficient of intermediate 
initiators complex and the reaction rate coefficient of its thermal decomposition are given by kr and kc 
respectively.  The initiation rate coefficients of the free substrate and monomer radicals by the initiators radicals 
are denoted by k1, k2 , k3 and k4  respectively. The propagation rate coefficient k6 is for the reaction between a 
growing grafted polymer and a monomer and k7 is for the homopolymer propagation rate. The 
disproportionation and combination rate coefficients are denoted k10 and k11 for termination reactions between 
two growing grafted chain polymer, and k12 and k13 are the rate coefficients for termination reactions between a 
growing grafted chain and a growing homopolymer chain. 
 
4-2 Derivation of the Overall Polymerization Rate: 
 The following rate expressions for the various species in the reaction mixture are derived according to the 
proposed reaction kinetic mechanism. 
 

R3 M + SO4
-- + 2H+ + (n-1) (M) nM + SO4

 4

R4 M + SO3
- + H+ +(n-1) (M) nM + HSO3

 5
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The rate of AA (monomer) is defined by  
 
 
 
 
 
 The set of kinetic expressions given above form the basis for this kinetic model, which can be simplified 
according to the following assumptions (Nguyen, et al., 2002,  Luftor, 2000): 
1- The pseudo – steady – state hypothesis is applied to the intermediate and radical species (invariant rate 
coefficient approximation). 
2- The long-chain hypothesis is assumed for propagation and termination reactions for both homopolymer and 
grafted polymer chains,  there by introducing the invariance of rate coefficients for the two reactions 
respectively, i.e., K6 = K8 = Kp. And K10 = K11 = K12 = k13 = K14 = K15 = Kt.   
3- Termination by disproportionate is assumed of negligible importance.  
 It is widely acknowledged that the grafting polymerization mechanism,  according to chain processes, must 
be completed by terms accounting for interaction between the substrate,  monomer and polymer.  Taking into 
account differences in interaction, two types of substrate polymerization can be distinguished: in Type I, 
intermolecular forces lead to pre-adsorption  by, or complexation with substrate macromolecules by hydrogen 
bonding where the redox system radicals initiates propagation processes along the chitosan,  and in the extreme 
case of polymerization,  the monomer units are attached to the macromolecules by covalent bonding.  In Type II, 
when interaction between monomer and substrate is too weak to form a complex,  initiations begins in a free 
solution and oligoradicals form complexes with the substrate when a proper chain length is reached,  and then 
oligoradicals continue to propagate along the chitosan substrate by adding new monomer molecules from the 
surrounding solution. 
 In the present work, these two types of mechanism shall be considered separately in the following 
derivations: 
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- Regime Type Ι: 
Additional approximation is invoked in this regime, that is the 4 fractions of monomer consumed in the 

initiation reactions are negligible compared with that consumed in the propagation step,  therefore the two terms 
K3 (M) (SO4) and K4 (M) (HSO3) in equation (19) can be omitted.  Given the above approximations, the 
concentrations of radicals appearing in equations (19-21) can be related by simple algebraic expressions as 
follows: 
Or: 
 
 
 
Or: 
 
 
 
 
 
 
 
Or: 
 
 
 
and similarly summing eq… (15-18) yields: 
 
 
 
 
Or: 
 
 
 
The concentration of the complex is given by:  
   
 
 
Combination  of equations (24) and (25) gives:  
 
 
 
 
 
Using this result in equation (23) and subsequently in equation (22) yields: 
 
   
 
 
 
  
 
Equation (27) is the overall rate of chain propagation. 
 
- Regime Type II: 
 In this regime, the attack of initiators radicals (SO4) and (HSO3) to the monomer (M) in the solutions cannot 
be neglected as it forms oligoradicals in the solution as previously described.   
Again, given the approximation (1-3), by simple algebraic summation of eqns. (19-21) yields 
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 Hence  
 
 
 
 
 
 
 
 
 Combining equations (26) and (28) and subsequently using its result in equation (23) followed by 
substitution in eqn. (23) gives equation. 29. 
  
   
 
 
 
 
4-3- Synthesis of Kinetic Mathematical Model:  
 The identification of kinetic parameters of the system under study and interpretation of the polymerization 
rate equations were processed via recent computer simulation software called COMSOL Multiphysics. 
COMSOL Multiphysics is powerful interactive environment software for modeling and solving all kinds of 
scientific and engineering problems based on partial differential equations (PDEs). This program enables the 
scientific researcher to solve the most complicated modeling and simulation problems without a great 
considering for the mathematical solution obstacles.  
 COMSOL software depends on built-in physics modes where it is possible to build models by defining the 
relevant physical quantities rather than by defining the underlying equations, it then internally compiles a set of 
PDEs representing the entire model. In its base configuration, COMSOL Multiphysics offers modeling and 
analysis power for many application areas by providing optional modules. The two of interest in the present 
work are The Chemical Engineering and Reaction Engineering Lab Modules. The Chemical Engineering 
Module presents a powerful way of modeling equipment and processes in chemical engineering, it provides 
customized interfaces and formulations for momentum, mass, and heat transport coupled with chemical 
reactions. Reaction Engineering Lab has many benefits either alone in space independent models or coupled 
with Chemical Engineering module. Reaction Engineering Lab could be defined as a tool that uses reaction 
formulas to create models of reacting systems, it can also solve the material and energy balances for space-
independent models- for models where the composition and temperature in the reacting system vary only in 
time- with a system of ordinary differential equations (ODEs) that, when solved, shows the evolution of species 
concentrations and system temperatures over time or as a function of one space variable. In addition to the 
formulation and solution of models from reaction formulas, the Reaction Engineering Lab enable to perform 
parameter estimation calculations and thus, kinetic parameters from experimental data can be extracted. Figure 
(1) provides an overview of the modeling strategy in Reaction Engineering Lab combined with Chemical 
Engineering modules. 
 
4-4- Verification of Rates of Polymerization:  
 The application of Comsol software for the graft polymerization reaction of acrylic acid onto chitosan, 
initiated with a redox system composed of ammonium persulfate and sodium bisulfite, has been conducted. 
Given the set of reaction equations described in section (4-1), Comsol starts modeling the reaction to predict the 
behavior and results based on physical and chemical properties of the two components and required initial 
conditions of the reaction. Comsol uses reaction engineering lab in this stage, and in the same time it models the 
reaction based on the experimental data at the same conditions. Hence, a complete realizing about the nature of 
the reaction and estimation of the kinetics parameters could be achieved by coupling the experimental data and 
modeling expectation, this include determining rate constants, reaction order and Arrhenius parameters 
(activation energy, frequency factors). 
 In this stage, the modeling in Comsol and conditions of experimental data is defined as ideal perfect mixing 
batch reaction in order to easily estimate the required parameters. Based on the operating conditions and results 
of the experimental data of the grafting reaction with time, Figure (2) illustrates the residual acrylic acid 
concentration in the solution as a function of polymerization time, both for the Comsol prediction data and 
experimental data, where the estimated overall rate constant is found to be 2.112×10-4 sec.-1.  
 There is a satisfactory concordance that supports the validity of the proposed mechanism. Figure (3) 
demonstrates the predicted evaluation of the C-t curves relevant to the different species involved in the kinetic 
scheme. It can be observed that the rate of decrease of the acrylic acid (M) is accompanied by almost similar 
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increase in the chitosan graft rate, while the chitosan concentration remains unchanged. These results suggest 
that the graft polymerization of the system under study can be recognized as a template polymerization process. 
It is also observed that the rate of initiation of the redox system (SO4/HSO3) is very fast (the grafting process 
ends after almost 15 min) due to the presence of the reducing agent (sodium bisulfite) which reduces greatly the 
induction period of the grafting reaction (24).  
 

 
 
 
Fig. 1: Diagram of the strategy for modeling reacting systems in the Reaction Engineering Lab. 
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Fig. 2: K prediction at 50 ºC. 
 

 
Fig. 3: Time vs Concentration. 

 
 The validity of the rate expressions developed above, (eqns.22 and 29) was tested with the predicted rate 
expression as shown in Figure (4). Recalling that the kinetics model in Comsol software is resolved with a pure 
mathematical method (i.e. finite element analysis) which depends upon a series of matrices, it was unable to 
define a true value of the initial rate which explains the starting of the predicted curve from point zero.  
 

 
 
Fig. 4: Rates of Reactions. 
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 Comparisons of the Comsol rate prediction and derived rate equations gives better agreement with a 1.36 
order dependence with respect to the acrylic acid concentration (M) and 0.5 with respect to each initiator. 
 These apparent orders of the polymerization reaction are in fair agreement with previously reported studies 
concerning the template polymerization of acrylic acid onto aqueous solutions of poly (ethylene glycol) 
[Ferguson and Mcleod; 1974] and poly (vinyl pyrrolidone – co – acrylamide) [Potowinski 1997], stating 0.7 and 
0.97 for the initiators concentration order and 1.1 and 1.42 for the monomer concentration order respectively. It 
is clear that, under the reaction conditions, it is difficult to distinguish either type I or type ΙΙ is better conformed 
to the predicted model, since the fitting of these rate expressions are very close to each other at the early stage of 
the reaction and then coincide together in a plateau form. It is believed that this result is probably due to the 
concept that the template polymerization is connected with two similar phenomena: association of monomer 
units with the template and aggregation of polymerization product with the template [Potowinski, 1997].This 
result was also reported by Nguyen et al. [Nguyen, et al., 2002] in their work concerning the free – radical graft 
polymerization of 1- vinyl-2-pyrrolidone onto silica initiated with hydrogen peroxide where they conclude, 
according to their kinetic model, the occurrence of both types of surface chain growth; i.e., monomer addition 
and homopolymer chains grafting.  
 In addition to the concentration dependence, the temperature dependence of overall reaction rates is 
predicted by using the predefined Arrhenius equation for the rate constants, based on experimental data for a 
temperature range of 30-60°C, viz:  

 
 
 
 

Where: A = frequency factor.  
             F = apparent activation energy.  
             Rg = universal gas constant.  
 Figure (5) illustrates the temperature dependence of residual acrylic acid concentration with polymerization 
time at different temperatures, and accordingly, the predicted results of Arrhenius parameters: the apparent 
activation energy is found to be 11.05 KJ/mol. and the frequency factor is estimated equal to 0.662.  
 

 
 
Fig. 5: C-t curves for CS-g-PAA at different temperatures. 
 
Conclusion: 
 The polymerization acrylic acid onto chitosan using 1.5 g/l ammonium persulfate and 0.75 g/l sodium 
bisulfite redox system as initiators at temperature ranging between 30-60 oC was investigated. Studying the 
tentative mechanisms for this system we found that the the polymerization reactions can be recognized as a 
template polymerization process involved are also reported. The kinetics of this system was studied at 30-60 oC. 
 By the application of Comsol software it was found that the estimated overall rate constant is  2.112×10-4 
sec.-1, and by using the predefined Arrhenius equation for the rate constants the apparent activation energy is 
found to be 11.05 KJ/mol. and the frequency factor is estimated equal to 0.662. 
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