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ABSTRACT

The behaviours and performances of an ideal grafting of 4-chloromethylstyrene onto polyethylene substrates were

predicted/discussed using designed models. (MATLAB) (matrix laboratory) amulti-paradigm numerical computing

environment and fourth-generation programming language. was used as the model simulator due to its very broad

and all-encompassing functions and capabilities. The models designed were compared and contrasted with one

another and also with the experimental data for validation. Inferences were drawn on the basis of the findings and

within the confines of the simplifying assumptions made. Conventional adsorption models developed and tested

include Lagergren pseudo first-order model, Langmuir–Hinshelwood models, intra-particle diffusion model and

pseudo second-order diffusion model. The validity of these models was tested on the basis of the R2 of linearised plots

of the models. R2>0.9 was the criterion for validity. The Lagergren pseudo first-order model had the highest R2 values

of 0.9034, 0.9400, 0.9798 and 0.9884 for the polyethylene samples at a reaction temperature of 60C. The Langmuir–

Hinshelwood model was also satisfactory as it gave R2 values of 0.9282 at a temperature of 60C. The valid models

were applied for process conditions other than those experimented upon and were found to give valid and reasonable

results.

Keywords: 4-Chloromethylsyrene, Polyethylene, Langmuir–Hinshelwood, Intraparticle, Model, Lagergren pseudo,

Grafting

1. INTRODUCTION

This study is of great importance as the results of this work will serve to provide a clear, succinct understanding

of the mass transfer kinetics of the grafting of 4-chloromethylstyrene for producing a polymer-based catalyst of

great potential in biodiesel production process and also has the potential of enhancing the feasibility and usability

of the grafted copolymer catalyst as well as providing better designs for biodiesel plants so as to give better

yields and reduce costs. Graft polymers are segmented copolymers with a linear backbone of one composite and

randomly distributed branches of another composite [1,2]. ‘Physiosorption’, ‘grafting’ and ‘cross linking’ are

the techniques by which the association of monomers and polymers is described. Grafting can be accomplished

by either ‘grafting-to’ or ‘grafting-from’ approaches [3]. In ‘grafting-to’ approaches, functionalised monomers

react with the backbone polymer to form the grafted one. On the other hand, ‘grafting-from’ is achieved by

treating a substrate with some method to generate immobilised initiators, followed by polymerisation [4]. Graft

copolymers are branched macromolecules in which the branches are of a different type from the backbone

[5,6]. They have a variety of potential applications resulting from the wide range of properties available when

different polymer chains are connected to form hybrid branched macromolecules [4,7,8]. A model is simply a

representation usually in terms of mathematical equations of a process so as to predict the behaviour and

interactions of the process variables under varying conditions [9]. Modelling involves generating a representation
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defined by a set of mathematical equations that conforms closely in reality to what actually takes place [10]. The

polyethylene substrates were irradiated to create active sites in the available pore spaces on which the grafting

occurs [11–15]. A possible mechanism of the graft polymerisation reaction is the diffusion of the 4-

chloromethylstyrene monomer solution into the pore spaces of the polyethylene substrates, followed by

chemisorption (reactive adsorption) on the active sites without desorption. To model this probable reaction

mechanism, adsorption models are employed. These adsorption models include Lagergren pseudo first-order

model, pseudo second-order model, intra-particle diffusion model and Langmuir–Hinshelwood kinetics model

[10]. Mass transfer is seen to be a predominant and rate-determining aspect of the graft polymerisation process

[5,16]. The mass transfer steps include diffusion of the monomer through the bulk of the monomer emulsion

solution (MES), diffusion of the monomer to the surface of the polyethylene particles and finally diffusion of the

monomer into the pores of the irradiated polyethylene substrates where the grafting takes place. The final step

which is the diffusion of the monomer into the pores of the substrates for grafting is the most important step,

and reactive adsorption is the predominant phenomenon during this step. The grafting of 4-chloromethylstyrene

onto polyethylene substrate involves a great deal of mass transfer of 4-chloromethylstyrene onto the substrate

backbone [14,15]. The mass transfer occurs across the solid–liquid phase boundary and involves a lot of kinetics

which has to be evaluated. With greater potential for use as a catalyst in the industrial production process of

biodiesel and probably other reactions of great importance, the necessity of a model for this process cannot be

overemphasised if the catalyst is to be produced on a large scale for use in biodiesel plants; there must be a

succinct mass transfer kinetics model of the grafting which will help to obtain optimum yield of the catalyst

under given time and resource constraint.

2. MATERIALS AND METHODS

2.1 Grafting Process

A detailed account of the graft polymerisation of 4-chloromethylstyrene unto polyethylene alongside the results

obtained can be found in [14]. However, for the purpose of this work, a relevant excerpt is given thus

2.1.1 Polyethylene Substrate Activation Step (Pre-irradiation/Irradiation)

Scout Pro SPU 401 weighing scale was used to weigh 240 g of polyethylene sample. The sample was then

divided into four equal parts of 60 g each and then packaged. Samples labelled A, B, C and D, respectively, were

irradiated using the radiation facilities at the VINCA Institute of Nuclear Sciences Belgrade, Serbia. The irradiation

was conducted at a constant dose rate of 20 kGy h-1 [11–13].

2.1.2 Grafting of Irradiated Polyethylene Substrates

a. The MES was obtained as follows: 50 ml of 4-chloromethylstyrene solution was measured into a beaker

using a measuring cylinder. 10% of its equivalent volume amounting to 5ml of Polysorbate 20 was measured

and added to the content inside the beaker. 50 ml of distilled water was also measured and added to the

mixture and then stirred vigorously. This was labelled as sample E [2,17].

b. Irradiated samples A, B, C and D, each weighing 5.1 g, were measured and packaged in sacks which were

dipped into beakers containing sample E in them and then placed inside an electrical thermostatic water bath

boiler model DK-420. The temperature of the system was regulated and maintained at 40C for a period of

4h. At every 1-h interval, sample E was withdrawn and analysed for a change in concentration from the

initial concentration at time t=0 using the Jenway Model 6800 double-beam spectrometer. The procedure

was repeated at temperatures of 50C and 60C. A summary of the experimental results obtained from the

graft polymerisation using samples A, B, C and D at temperatures 40C, 50C and 60C, respectively, is

given in Tables 1–3.The data were analysed and used in the modelling of the graft polymerisation process

based on the concentration variation of the 4-chloromethylstyrene in the MES with time, irradiation dosages

and temperature.
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Table 1: Concentration variation of monomer emulsion solution at 40C

Time (min)  Concentration (mold m-3)

A
CONC

B
CONC

C
CONC

D
CONC

0 1.6420 1.6420 1.6420 1.6420

60 1.4900 1.4798 1.4642 1.3842

120 1.2461 1.2203 1.2180 1.1681

180 1.2296 1.2312 1.1412 1.0402

240 0.6604 0.6222 0.6112 0.4403

Source: [14].

Table 2: Concentration variation of monomer emulsion solution at 50C

Time (min)  Concentration (mold m-3)

A
CONC

B
CONC

C
CONC

D
CONC

0 1.6420 1.6420 1.6420 1.6420

60 1.4854 1.4739 1.4512 1.3622

120 1.2365 1.2182 1.2090 1.1389

180 1.2247 1.2241 1.1211 1.0201

240 0.6538 0.6121 0.5913 0.4112

Source: [14].

Table 3: Concentration variation of monomer emulsion solution at 60C

Time (min)  Concentration (mold m-3)

A
CONC

B
CONC

C
CONC

D
CONC

0 1.6420 1.6420 1.6420 1.6420

60 1.4800 1.4640 1.4400 1.3511

120 1.2262 1.2091 1.2013 1.1288

180 1.2210 1.2240 1.1202 1.0194

240 0.6466 0.6212 0.5888 0.4000

Source: [14].

2.3 Modelling

The models adopted for this study are as follows:

1. Lagergren pseudo first-order model

2. Pseudo second-order model

3. Intra-particle diffusion model

4. Langmuir–Hinshelwood kinetics model [9,10,18,19].

Solid–liquid mass transfer was assumed and considered in detail. Although reaction time, concentration of MES,

irradiation dose and reaction temperature as presented in experimental results are the variables being considered.

2.4 Lagergren Pseudo First-Order Model

This model assumes a first-order adsorption kinetics of the monomer solution unto the polyethylene substrates

and is represented by the model equation given as follows:
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Integration of Equation (1), and then, applying initial conditions; t = 0, q
t
 = 0 and t = t, q

t
 = q

t
, gives

  tkqqq ete 1lnln                ..............................     (4)

If the process can be modelled by the pseudo first-order model, a plot of ln (q
e
-q

t
) against t would give a linear

plot with a high R2 of slope -k
1
 and intercept ln (q

e
). Where, q

e
 and q

t
 are the adsorption capacity at equilibrium

and at time t, respectively (mg g-1). C
o
, C

e
 and C

t
 are the initial concentration, equilibrium concentration and

concentration at any time t (mg l-1) of the 4-chloromethylstyrene solution.

V
s
= volume of monomer solution (l)

W = amount of polyethylene substrates (g)

k
1
 = Rate constant of the pseudo first-order adsorption (min-1)

k
1 
is a compound rate constant and accounts for both the mass transfer and reaction steps of the grafting process

[10]. The above model equation was applied to the graft polymerisation process at the various irradiation dosages

and temperature. Values of the rate constant k
1
 were obtained for the process at the various irradiation dosages

and temperature. The values of k
1
 were plotted against the corresponding irradiation dosages and also against the

various temperatures so as to obtain a mathematical relationship between k
1
 and the irradiation dosages and also

with temperature from which the behaviour of the process at temperatures and irradiation dosages not experimented

upon can be reasonably predicted. Same was done for the q
e
 values.

2.5 Pseudo Second-Order Model

This model is based on the assumption that the chemisorption step of the graft polymerisation process is the rate-

determining step and is represented by the model equation given as follows:

 2

2 te
t qqk

dt

dq
               ..............................     (5)

Integration of Equation (5), and then, applying initial conditions; t = 0, q
t
 = 0 and t = t, q

t
 = q

t
, gives

t
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t
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If the process can be modelled by the pseudo second-order model, a plot of ln (q
e
-q

t
) against t would give a linear

plot with a high R2 of slope and intercept 1/k
2
q

e

2.

k
2
 = Rate constant of the pseudo second-order adsorption (g mg min-1)

k
2 
is a compound rate constant and accounts for both the mass transfer and reaction steps of the grafting process

[10,19]. The above model equation was applied to the graft polymerisation process at the various irradiation

dosages and temperature. Values of the rate constant k
2
 were obtained for the process at the various irradiation

dosages and temperature. Values of k
2 
are plotted against corresponding irradiation dosages and also against the
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various temperatures so as to obtain a mathematical relationship between k
2
 and the irradiation dosages and also

with temperature from which the behaviour of the process at temperatures and irradiation dosages not experimented

upon can be reasonably predicted. Same was done for the q
e
 values.

2.6 Intra-particle Diffusion Model

This model is used to describe the diffusion mechanism of adsorption processes; it is based on the assumption

that the diffusion step of the graft polymerisation process is the rate-limiting step. This model can be represented

by the mathematical equation shown as follows:

ctkq pt  2

1

               ..............................     (7)

If the process can be modelled by the intra-particle diffusion model, a plot of q
t
 against t1/2 would give a linear plot

with a high R2 of slope k
p
 and intercept C. k

p
 is the intra-particle diffusion rate constant (mg g-1 min-1/2); C is a

measure of boundary layer effects [10]. The above model equation was applied to the graft polymerisation

process at the various irradiation dosages and temperature. If the model is suitable for the graft polymerisation

process values of the rate constant k
p
 are obtained for the process at the various irradiation dosages and temperature.

Values of k
p 
are plotted against the corresponding irradiation dosages and also against the various temperatures so

as to obtain a mathematical relationship between k
p
 and the irradiation dosages and also with temperature from

which the behaviour of the process at temperatures and irradiation dosages not experimented upon can be

reasonably predicted. Same was done for the C values.

2.7 Langmuir–Hinshelwood Kinetics Model

The Langmuir–Hinshelwood kinetics model is used for modelling many photo-catalytic degradation reactions

involving adsorption processes. It can in general be used to model many other adsorption processes. It not only

elucidates the kinetics of the process, but the Langmuir–Hinshelwood model also describes the adsorption as

well as mass transfer properties of the adsorbate on the adsorbent. This model can be represented by the

following mathematical equation:

eq

eqt

kC

kCk

dt

dC
r




1
0               ..............................     (8)

where

r
o
= The initial rate of reaction in mg l-1 min

K
r
= The chemisorption rate constant

K = The adsorption rate constant

C
eq

 = The concentration of the bulk MES at adsorption equilibrium [10,19].

The above equation on integration, applying initial conditions and linearisation becomes

reqr KCKKr

1111

0

                  ..............................     (9)

If the Langmuir–Hinshelwood model is applicable to the process, then a plot of 1/r
0
 versus 1/C

eq
 would give a

linear plot from which the values of K
r
 and K can be computed. Values of r

o
 were obtained from the experimental

data by plotting the concentration time data for the various irradiation dosages and then drawing tangents to the

resulting curves at t = 0. The slopes of these tangents give the values of r
o
 for the graft polymerisation process

at the various irradiation dosages and temperature.
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3. RESULTS AND DISCUSSION

3.1 Validation of Models Used

The criterion for the correctness of the models chosen is based on the value received for the regression correlation

after the required axes have been plotted. If R2 is greater than 0.9, which confirm to a linear relationship between

the plotted axes [19–21]. Then, the model is said to be correct, but if the regression correlation value is lesser

than 0.9, it is incorrect.

3.2 Lagergren Pseudo First-Order Model Validation

From the plots in Figure 1, the regression correlation values received for dosage 20 kGy, 30 kGy, 40 kGy and 50

kGy at 40Care 0.9189, 0.9373, 0.9747 and 0.9966, respectively. Therefore, a regression correlation greater

than 0.9 (R2> 0.9) confirmed a linear relationship [20,21]. This linear conformation of the regression correlation

values to linearity make this model to be validated. It can be deduced that the higher the temperature, the better

the model conforms to a linear plot that is the better the model. Moreover, it can be observed that the values for

the regression correlation increases with irradiation dosage but due to the fact that the rate of mass inflow of

chloromethyl styrene CMS into the polyethylene was lower than the mass outflow of CMS from the spherical

polyethylene substrate for irradiation dosage of 30 kGy at time 180 min; this resulted in the decrement of the

regression correlation value for the 30 kGy irradiation dosage. The Lagergren constant values are 0.1904 min-1,

0.1907 min-1, 0.2336 min-1 and 0.2344 min-1 for the 20 kGy, 30 kGy, 40 kGy and 50 kGy, respectively.

From the plots in Figure 2, the regression correlation values received for dosage 20 kGy, 30 kGy, 40 kGy and 50

kGy at 50Care 0.9125, 0.9422, 0.9805 and 0.9927, respectively. A regression correlation value greater than 0.9

(R2> 0.9) confirmed a linear relationship. For this model to be valid, the plot of ln(q
e
-q

t
) against time gives a linear

plot; therefore, based on the regression correlation values obtained, it can therefore be concluded that the model

is valid. Moreover, it can be observed that the values for the regression correlation increases with irradiation

dosage, but due to the fact that the rate of mass inflow of CMS into the polyethylene was lower than the mass

outflow of CMS from the spherical polyethylene substrate for irradiation dosage of 30 kGy at time 180 min, this

resulted in the decrement of the regression correlation value for the 30 kGy irradiation dosage. The Lagergren

constant values are 0.2002 min-1, 0.2019 min-1, 0.2388 min-1 and 0.2379 min-1 for the 20 kGy, 30 kGy, 40 kGy

and 50 kGy, respectively.

Careful observation of the plots in Figure 3 and values obtained for the regression correlation that is 0.9034,

0.9351, 0.9798 and 0.9884 from the plot at 60C for dosage 20 kGy, 30 kGy, 40 kGy and 50 kGy, respectively.

A regression correlation value greater than 0.9 (R2> 0.9) confirmed a linear relationship [19–21]. For this model

to be valid, the plot of ln(q
e
-q

t
) against time gives a linear plot; therefore, on the basis of regression correlation
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temperature of 60C

values received which are approximately linear, it can therefore be concluded that the model is valid at that

particular temperature. In addition, it can be observed that the values for the regression correlation increases

with irradiation dosage, but due to the fact that the rate of mass inflow of CMS into the polyethylene was lower

than the mass outflow of CMS from the spherical polyethylene substrate for irradiation dosage of 30 kGy at time

180 min, this resulted in the decrement of the regression correlation value for the 30 kGy irradiation dosage. The

Lagergren constant values are 0.2013 min-1, 0.1941 min-1, 0.2381 min-1 and 0.22353 min-1 for 20 kGy, 30 kGy, 40

kGy and 50 kGy, respectively.

3.3 Langmuir–Hinshelwood Model Validation

From Figures 4–6, the regression correlation values received from the plot of 1/r
0
 against 1/C

eq
 are 0.9643,

0.9324 and 0.9282 at 40C, 50C and 60C, respectively. A regression coefficient greater than 0.9 (R2> 0.9)

confirms a linear relationship which in turn accounts for the validity of the model. For Langmuir–Hinshelwood

model, a plot of 1/r
0
 against 1/C

eq
 gives a straight line graph, and the correlation coefficient is used to determine

whether it is a straight line graph or not. For straight line graph, the correlation coefficient must be greater than

0.9 (R2> 0.9). The values received for correlation coefficients are above 0.9, which makes the graph received to
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0
 against 1/C
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 against 1/C
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 at a reaction temperature of 60C

Figure 5: A Langmuir–Hinshelwood model plots of 1/r
0
 against 1/C

eq
 at a reaction temperature of 50C
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conform to a linear relationship when 1/r
0
 and 1/C

eq
 are plotted. Moreover, from the correlation coefficient values

obtained, it can be seen that as the temperature is increased, the correlation coefficient value decreases. Therefore,

it can be deduced that the lower the temperature, the better the validity of the model that is the better the

correctness of the developed model.

3.4 Intra-particle Diffusion Model Validation

From the plots in Figure 7 that is q
t 
against 1/t2, the regression correlation values received for dosage 20 kGy, 30

kGy, 40 kGy and 50 kGy at 40Care 0.8841, 0.8708, 0.9254 and 0.9298, respectively. A regression correlation

greater than 0.9 (R2> 0.9) confirms a linear relationship [20,21]. Therefore, it can be deduced that the model is

not at 20 kGy and 30 kGy irradiation dose points sufficiently suitable to model the graft polymerisation process

based on the values received for the regression correlation coefficients. It is however worthy of note that the R2

values increase and gave the 0.9 validation mark with increase in the degree of irradiation of the polyethylene

samples. The intra-particle diffusion could then after all prove useful at higher irradiation dosages of the polyethylene

samples.
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Figure 7: An intra-particle diffusion model plots of q
t
 against 1/t2 for various radiation dosages at are action

temperature of 40C

From the plot in Figure 8 that is q
t
 against 1/t2, the regression correlation values received for dosage 20 kGy, 30

kGy, 40 kGy and 50 kGy at 50Care 0.8852, 0.8729, 0.9307 and 0.9316, respectively. A regression correlation

greater than 0.9 (R2> 0.9) confirms a linear relationship [20,21]. Therefore, it can be deduced that the model is

not at low irradiation dose values (i.e. 20 kGy and 30 kGy, respectively) sufficiently suitable to model the graft

polymerisation process on basis of the values received for the regression correlation coefficients. It is however

worthy of note that the R2 values increase and gave the 0.9 mark with increase in the degree of irradiation of the

polyethylene samples. The intra-particle diffusion could then after all prove useful at higher irradiation dosages of

the polyethylene samples.

The plot in Figure 9 of q
t
 against 1/t2 at 60C shows the values for the regression correlation to be 0.8852,

0.8740, 0.9301 and 0.9286 for dosage 20 kGy, 30 kGy, 40 kGy and 50 kGy, respectively. A regression correlation

greater than 0.9 (R2> 0.9) confirms a linear relationship [20,21]. Therefore, it can be deduced that the model is

not at low irradiation points sufficiently suitable to model the graft polymerisation process on the basis of the

values received for the regression correlation coefficients. It is however worthy of note that the R2 values

increase and tend towards the 0.9 mark with increase in the degree of irradiation of the polyethylene samples.

The intra-particle diffusion could then after all prove useful at higher irradiation dosages of the polyethylene

sample.
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3.4 Pseudo Second-Order Model Validation

From Figure 10, the regression correlation values received for dosage 20 kGy, 30 kGy, 40 kGy and 50 kGy at

40Care 0.2392, 0.2583, 0.2857 and 0.4044, respectively. A regression correlation value greater than 0.9 (R2>

0.9) confirmed a linear relationship [20,21], thereby making the model to be valid for modelling this reaction. The

regression correlation values received for this model were less than 0.9. Therefore, it can be concluded that the

model is invalid for modelling the reaction type. Moreover, a careful observation of the above plot shows that

data 1 which represent sample A (20 kGy) has a lower regression correlation value than data 3 represented by

sample B (30 kGy), and the increment of the regression correlation values follows as the number of active sites

are increased through the irradiation process.

From Figure 11, the regression correlation values received for dosage 20 kGy, 30 kGy, 40 kGy and 50 kGy at

50C are 0.2523, 0.2716, 0.3161 and 0.4427, respectively. A regression correlation value greater than 0.9 (R2>

0.9) confirmed a linear relationship [20,21], thereby making the model to be valid for modelling this type of

reaction. The regression correlation values received for this model were lesser than 0.9. Therefore, it can be

deduced that the model is invalid for modelling the reaction type. Moreover, a careful observation of the above
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Figure 11: A pseudo second-order model plots of t/q
t
 against time at a reaction temperature of 50C for different

radiation dosage samples

plot shows that data 1 which represent sample A (20 kGy) has a lower regression correlation value than data 2

representing sample B (30 kGy) in the figure, and the increment in the regression correlation values follows as

the irradiation dosages are increased.

From Figure 12, the regression correlation values received for dosage 20 kGy, 30 kGy, 40 kGy and 50 kGy at

60C are 0.2669, 0.3068, 0.3504 and 0.4596, respectively. A regression correlation value greater than 0.9 (R2>

0.9) confirmed a linear relationship [20,21], thereby making the model to be invalid for modelling this reaction.

The regression correlation values received for this model were less than 0.9. Therefore, it can be concluded that

the model is invalid for modelling the reaction type. Moreover, a careful observation of the above plot shows that

data follows the same trends as shown in Figures 10 and 11, respectively. The increment in the regression

correlation values increases as the irradiation dosages are increased. This is due to the fact that the number of

active sites needed for the adsorption of CMS onto the polyethylene substrate is being increased by the irradiation

process.
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3.6 Comparison of Models

Amongst the adsorption models considering the correlation coefficient values as criterion for the correctness of

the models, it is clear that the Lagergren pseudo first-order model best suits the modelling of the graft polymerisation

process. This conclusion was reached as the correlation coefficient values for the Lagergren pseudo first model

were greater than those obtained for the Langmuir–Hinshelwood model and intra-particle diffusion model.

Moreover, for Lagergren pseudo first-order model, the R2 values increase with temperature, whereas the R2

values decrease with temperature for Langmuir–Hinshelwood model. This implies that for low temperatures, the

Langmuir–Hinshelwood model would prove very useful in predicting what goes on in the grafting process,

whereas the pseudo first-order model would prove very useful in predicting the concentration time variation of

the grafting process at high temperatures. The Langmuir–Hinshelwood model is useful in predicting the behavioural

changes of the system with change in temperature. It does not however prove too useful when dealing with

changes in the concentration time variation of the grafting process for varying degree of irradiation for the

polyethylene samples used. The Lagergren pseudo first-order model proves to be more instrumental for modelling

the grafting process for not only changing the temperature but also for varying degree of irradiation of the

polyethylene samples.

Moreover, considering the intra-particle diffusion model, the R2 values are observed to increase with increase in

temperature and degree of irradiation of the polyethylene substrates. This implies that the intra-particle diffusion

model will prove quite useful in modelling the graft-polymerisation process with polyethylene samples of high

irradiation dosages and at high temperatures. The pseudo second-order model has the least correlation coefficient

values. The truth is for any given process, certain models will fit, whereas many others will not fit the process

just as not every size or type of shoe or cloth will fit a man. The pseudo second-order model is one of the many

models that are not suitable for modelling the graft polymerisation of 4-chloromethylstyrene unto polyethylene

substrates. It however shows increased performance at higher temperatures and with polyethylene samples of

higher degree of irradiation which is very much in agreement with the trend of the pseudo first-order model and

intra-particle diffusion model.

3.7 Model Application

A key essence of designing models for chemical processes is so as to apply these models in predicting the

behaviour of process systems at various values of the process variables. Considering the graft polymerisation

process which we have been modelled, it would be extremely expensive, time consuming and in fact practically

impossible to carry out experiments for all the possible variations in the process variables such as changes in
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temperature, contact time, degree of irradiation of the polyethylene samples, initial concentration of the MES and

others. Hence, the development and application of a suitable model for the process is of immense importance.

Considering the grafting of 4-chloromethyl styrene unto polyethylene substrates at a reaction temperature of

60C, with an initial monomer concentration of 1.6420 mol l-1, 60 kGy irradiated polyethylene sample and 240

min contact time. What is the likely variation of monomer concentration with time for the graft polymerisation

process given in the above values of the process variables? The pseudo first-order model is applied as it is proven

to be the best model for the graft polymerisation process especially at high temperatures and high degree of

irradiation of the polyethylene substrate. To apply the Lagergren pseudo first-order equation, the model parameters

must first be estimated. Tables 4–6 are provided for this purpose.

Table 4: Lagergren pseudo first-order parameters for the graft polymerisation process at 40C

Lagergren pseudo First-Order Model A
20kGy

B
30kGy

C
40kGy

D
50kGy

R2 0.9189 0.9351 0.9747 0.9966

k
1

0.1904 0.1907 0.2336 0.2344

ln(q
e
) 8.00 8.00 8.10 8.20

Table 5: Lagergren pseudo first-order parameters for the graft polymerisation process at 50C

Lagergren pseudo First-Order Model A
20kGy

B
30kGy

C
40kGy

D
50kGy

R2 0.9125 0.9422 0.9805 0.9927

k
1

0.2002 0.1913 0.2388 0.2379

ln(q
e
) 8.00 8.10 8.10 8.20

Table 6: Lagergren pseudo first-order parameters for the graft polymerisation process at 60C

Lagergren Pseudo First-Order Model A
20kGy

B
30kGy

C
40kGy

D
50kGy

R2 0.9034 0.9400 0.9798 0.9884

k
1 
(min)-1 0.2013 0.1941 0.2381 0.2353

ln(q
e
) 8.00 8.10 8.10 8.20

From the above tables, we can conveniently infer that the values of the parameter ln(q
e
) are fairly non-varying

with temperature, also a linear variation of ln(q
e
) with degree of irradiation is correlated as shown above. The

Lagergren pseudo first-order rate constant k
1
 (min)-1 is a compound rate constant and accounts for both the

mass transfer and chemical reaction steps of the graft polymerisation process. k
1
 (min)-1is observed to vary

slightly with temperature with maximum standard deviation of about 6×10-5. There is however significant variation

of k
1
 (min)-1 with degree of irradiation of the polyethylene samples. However, a fairly linear relationship can be

correlated between k
1
 (min)-1 and degree of irradiation of the polyethylene samples from which k

1
 (min)-1 can be

estimated for given degree of irradiation and temperature. However, more accurate and realistic relationships

between the model parameters, temperature and degree of irradiation of the polyethylene samples can be

investigated for more accurate model parameter estimation.

The Lagergren pseudo first-order parameters at temperature of 60C, initial monomer concentration of 1.6420

mol l-1, 60 kGy irradiated polyethylene sample and 240 min contact time are estimated as k
1
 (min)-1 = 0.2353

(min)-1 and ln(q
e
) = 8.200(mg g-1).

The model equation is ln(q
e
-q

t
) = 8.200 - 0.2353t.

q
e
 = 4023.87. The following concentration time variations were generated using the Lagergren pseudo first-

order equation.

The results of the model application tabulated above are quite reasonable, a comparison of the results with those

of sample D (50 kGy irradiated polyethylene sample) at 60C in Table 7 shows an expected decrease in concentration
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for time 180 and 240 min, but an unusual though slight decrease in concentration for time 60 and 120 min. This

anomaly may be as a result of errors in the model parameter estimation, as well as a result of slight deviation of

the model from perfect fit (R2 = 1). The rate of decrease in concentration with time is very much in harmony

with all the previous discussions and also with the data in Tables 1–3. The usual large drop in concentration

between time 180 min and 240 min which is characteristic of the grafting process can be clearly seen in the

model generated data presented in Table 7. Further comparisons of the model generated data with the experimental

data vividly shows that the concentration time data generated using the model are valid, reasonable and satisfactory.

Another application of the model would be in obtaining concentration time data at much shorter time intervals

than that actually used during the experiments; this would help to give a better understanding of how the monomer

concentration changes with time for the graft polymerisation process. This is exemplified using the progressive

diffusion model at 60C and 50 kGy. The results of this application are shown in Table 8.

Table 8: Generated monomer emulsion concentration variation with time at 60C and 60kGy irradiated

polyethylene samples

Time (min) Model Generated Monomer Emulsion Concentration

0 1.6420

15 1.6030

30 1.5294

45 1.4563

60 1.3837

75 1.3115

90 1.2398

105 1.1686

120 1.0978

135 1.0275

150 0.9576

165 0.8882

180 0.8192

195 0.7506

210 0.6825

225 0.6148

240 0.5476

In summary, the model generated data are reasonable, valid and can be expected to closely represent the data that

would be obtained if actual experiments were carried out for the given values of the process variables despite the

little deviations that may be observed.

Table 7: Lagergren pseudo first-order model generated concentration time data for the grafting for 60 kGy

polyethylene sample at 70C reaction temperature

Time (min) Concentration (mols l-1)

0 1.6420

60 1.3689

120 1.1541

180 0.9851

240 0.3621
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4. CONCLUSION

In conclusion, the mass transfer evaluation and modelling of 4-chloromethyl styrene onto irradiated polyethylene

substrate shows that mass transfer is the rate-limiting step of the graft polymerisation process. Mass transfer

parameters were evaluated and increased with temperature as expected. The models tested in this work are

Lagergren pseudo first-order model, pseudo second-order model, intra-particle diffusion model and Langmuir–

Hinshelwood model. The Lagergren pseudo first-order model turned out trump as it had the highest R2 values of

0.9966, 0.9927 and 0.9884 for samples D with 60 kGy irradiation dose at 40C, 50C and 60C reaction

temperatures, respectively. It proves more accurately at higher temperatures and higher irradiation dosages.

The Langmuir–Hinshelwood model was also satisfactory as it gave R2 values of 0.9282 at 60C. The other

models proved unsatisfactory with the intra-particle diffusion model showing prospects for validity at higher

temperatures and irradiation dosages. The Lagergren pseudo first-order model was applied in obtaining monomer

concentration for irradiation dosage of 60 kGy at temperature of 70C. The model application results were in

agreement with experimental results.
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