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Abstract. Mathematical modeling of bleaching process with a chemical reaction and diffusion of bleaching agent into a thin polymeric matrix film by movement through the micro pores is studied in the present paper. The model was developed after consideration of theoretical methods of chemical engineering, the physical operation mechanism of bleaching process and the main parameters that influence the diffusion mechanism. Analysis of effectiveness factor for chemical kinetics of first and n-order were described using analytical solutions and perturbation methods respectively. For the solution of the dynamic model, two cases of boundary conditions were explored. The first case describes diffusion in a well-stirred media and the second case describes the situation when the bulk fluid moves slowly and interfacial resistance is present. In the latter case, difference finite method was used as numerical tool for solving the problem and finding the concentration profile in the direction of the x-axis. Accordingly, experimental measurements were performed to determine the effective diffusion coefficient of bleaching agent in a polymeric matrix. 
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Introduction 
The use of mathematical concepts and language aiming to describe and represent the interactions and dynamics of a system is known as a mathematical model. Mathematical modeling finds a huge number of successful applications in a vast amount of science, social and engineering fields, including biology, chemistry, physics, computer sciences, artificial intelligence, bioengineering, finance, economy and others. Progress achieved in computer sciences has extended the impact and results obtained by means of numerical methods and simulation. Data generated in these studies help in the understanding of the system and give new insights to estimate its performance, especially when analytical solutions that describe the system are too complex, which is the case of many real world problems in industry. The use of mathematical modeling in industry provides potential competitive advantage by predicting the progress and final results of several activities in a considerable short amount of time. 
There are many known examples where mathematical modeling has been successfully applied in industry by playing an important role in the design, construction,  implementation or modification of processes [1–5], including processes with chemical reactions, steady state and transient systems, mass transfer in porous media occurring due to pressure, concentration or temperature effects, heat transfer processes in single- or multi- media systems, among others.
The study of mass transfer, along with diffusion in polymers and gels to gradually release a medicine, diffusion inside a porous catalyst, or in adsorption columns where separation of contaminants takes place involves multicomponent mixtures and their developed complex mathematical models represent a challenge in terms of analytical or numerical solutions [6].
Diffusion is a process in which material is transported by random atomic motion from region of high to low concentration provided that there are enough adjacent free sites available and atoms have enough activation energy to move. Every molecule of a fluid has a momentum in a random direction, provided that the molecule has a mass (m) and random speed (). However, the fluid will have transferable momentum only in the case that differences in molecular velocity exist [7]. When the average movement of the individual molecules is uniformly in the direction of the flow, laminar flow is present. On the contrary, if chaotic movement of large groups of particles is present, turbulent flow will be present. The amount of molecules moving through a surface (S) in unit time (τ) is known as diffusion flux density of substance i (). The flux gives information about how fast diffusion occurs. First Fick's law aims to describe the direction of the flux across the concentration gradient in an isotropic medium. Accordingly, Fick´s second law expresses the variation of concentration field with respect to time. The equation is originated from the continuity equation after it is assumed that no fluid motion and reaction are present and diffusivity and density remain constant [8]. Unsteady state transport applies more frequently in solids than in liquids. The determination of diffusion coefficients remains as one of the main difficulties during the study of diffusion, particularly in solids because of the influence of molecular force fields on the process [9]. 
Bleaching is a multi-reaction system process in which consecutive reactions occur at the same time either in series or in parallel with different reaction orders. As a result, the overall reaction order is difficult to estimate due to the complex reaction mixture that is generated during the bleaching process. A bleaching agent is applied to different type of materials to change its coloration in order to be more attractive to the customer. Several compounds can be used (namely H2O2, Na2S2O4, Na2O2 or Ca(ClO)2) but their use is strongly dependent on the final application of the material, as the use of many of these chemicals is limited by regulations and norms that establish concentration limits [10,11].
There are several steps occurring while the reaction takes place on the surface of the particle. First is the external mass transfer, then the internal mass transfer or diffusion through the pores of the solid. Adsorption of the reactant on the solid follows, which will undergo the reaction. This can be seen in several examples of chemical reactions such as isomerization, electrochemical oxidation and dehydrogenation reaction. The reactions will occur on the pore surface. Then, the products which are in the adsorbed state will be dissolved and products and reactants will diffuse finally going out of the pores to end with the external mass transfer of products and remaining reactant to the bulk. While deriving the rate law, we are generally interested in three main steps, namely the adsorption, surface reaction and desorption.  The second law of Fick is commonly used to describe the process of mass transfer (diffusion) [12]. In the particular case of this process, the use of this equation would describe the variation of bleach concentration along the surface of the material and to give and insight to comprehend the reaction mechanism 
Many physical laws that constitute the basis of transport phenomena, i.e. the conservation of mass, momentum and energy, and mathematical models used in science and engineering are represented by differential equations. Depending on the number of independent variables they can be modeled by ordinary differential equations (one independent variable) or partial differential equations (two or more independent variables)[10]. Differential equations describe the relationship between variables in terms of their derivatives. Sometimes, the solution to a differential equation can be determined by analytical methods, like many equations that contain no products of the dependent variable or its derivatives (linear equations). On the contrary, the analytical solution of nonlinear equations is more difficult to find and in some cases they may have multiple solutions. For this reason, iterative approach through numerical methods is often used to solve these problems[11].
The exploration of any physical system and dynamic problems by computational methods requires following three consecutive steps. Firstly is necessary to define and understand the problem and identify the variables involved in the system. The next step is to represent the interaction of the variables within the process by means of mathematical modeling. In many cases assumptions are taken into account to simplify the description and to reduce the complexity of the problem. Finally, numerical simulation is performed by using computational methods or specialized software [12]. Among the numerical methods used to find approximate solutions to boundary value problems for differential equations, the most common are finite difference approximation, finite volume method, finite element analysis, orthogonal collocation, and spectral methods [13, 14]. 
Previously results on modeling of bleaching process have been recently presented in a conference [15].  The objective of this contribution is to get an insight of the bleaching process by analyzing the diffusion of a bleaching agent (NaClO2) through a polymeric matrix in which a chemical kinetics of first or order n is present. Determination of effectiveness factor for both cases is performed. Perturbation methods are used to solve ordinary differential equations describing the physicochemical dynamics of kinetics of order n. Additionally we discuss analytical and numerical solutions for different boundary conditions problems, such as cases in which the concentration on the surface of the solid is equal to the concentration of the bulk and case of interfacial mass resistance described by a nonlinear system. Finally, we perform experimental determination of diffusion coefficient of a bleaching agent through a thin polymeric matrix film applying Fick’s first law of diffusion.
Chemical engineering model
For the purpose of modeling the process of bleaching, we consider that the diffusion of the bleaching agent solution occurs in one dimension through the pores of a symmetrical flat plate with a slab geometry described by rectilinear coordinates with homogeneous and isotropic properties (the physical and mechanical properties are equal in all orientations of the solid). Diffusivity is constant (independent of concentration) and is carried out in a steady state with a constant concentration profile. A general microscopic mass balance for evaluating the variation of bleaching agent concentration within the solid is performed by considering the accumulation, convective mass transfer and diffusive mass transfer with a chemical reaction as described by a partial differential equation (parabolic) in equation (1) in a vector form. The rate of reaction can be expressed as the change of concentration of bleaching agent during the course of the process. This can be performed by quantitative determination (i.e. amperometric titration, gravimetric analysis or chromatographic methods) accordingly; it is possible to monitor the decrease in color of the material using a spectrophotometer or by performing digital image analysis. 
The reaction rate parameter (R) is included in the equation because of the interaction between the solute and the solid (Fig. 1). We express the reaction rate per unit of solid volume in (2) assuming that a reaction of order n takes place during the bleaching process. 
	 	(1)
	 	(2)
where c represents the concentration of bleaching agent, τ the time,  the velocity of substance, D is the diffusion coefficient, k is the rate constant,  indicates the concentration gradient in three different coordinates (x, y, and z), and the expression  represents the divergence of the concentration gradient. 
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Fig. 1 Diffusion flux of bleaching agent reacting inside the solid and geometric representation of the system under study

If we suppose the absence of mass flow due to convection (there is not a continuous flow of bleaching agent), an homogenous medium with diffusion in only one dimensional space coordinate (gradient concentration occurs only along the x-axis) and that the concentration of bleaching agent along the surface of the solid will not change in time (steady state conditions), the equation (1) is transformed into (3) [8]
	 	(3)
Equation (3) expresses the variation of concentration (c) with distance (x) considering constant value of diffusion coefficient. Its solution depends on the physical characteristics of the system, which are normally defined by the initial and boundary conditions for 0 < x < L [19]. Firstly, we analyze the case of ideal mass transfer and express the two boundary conditions in (4) and (5) to describe axis symmetry condition at the center of the material and concentration on the surface of the solid
	 	(4)
	 		(5)
where c is the concentration in the solid, cL is equal to the concentration of the bulk fluid and ε the porosity. L represents half length of the solid. The origin of the coordinate axis is set up at the center of the particle as shown in Fig. 1. Next, we proceed to define the following dimensionless expressions to generalize and simplify the solution
	 	(6)
As a result: , , and , therefore we obtain (7)
	 	 (7)
Substitution of (7) and previous dependences into (3) leads to expression (8):
	 	(8) 
from where we determine the dimensionless number of Thiele module (). This term is important because it describes how important are pore diffusion effects. It comprises the reaction rate coefficient, the concentration of reactant in the bulk, the measurement of solid half thickness, and the diffusivity and express the relative magnitudes of the intrinsic reaction rate and rate of diffusion [16] as expressed in (9). 
 	 	(9)
The boundary conditions in dimensionless values adopt the form of the next equations:
	 		(10)
		  	(11)
Functions C= and C= are solution of the second order homogenous linear differential equation with constant coefficients (8) for all values of X. The function of the form expressed in (12) is the general solution of the above differential equation, which is equivalent to (13). 
	 	(12)
	 	(13)
Equations (10) and (11) are used to obtain the solution expressed in the original parameters
	 	(14)
This equation allows us to obtain the concentration profile (c) as a function of distance (x) for different values of Thiele modulus and specific value of porosity as represented in Fig. 2 and Fig. 3 respectively.
[image: ]
Fig. 2 Plot of dimensionless concentration profile as a function of distance and Thiele module using equation (14) with  



[image: ]
Fig. 3 Plot of dimensionless concentration profile as a function of distance and porosity using equation (14) with  


In the following step, we aim to define the value of the relationship between the actual process rate of reaction (r) and the ideal reaction rate per unit particle without diffusion (rs) as expressed in equations (16) and (17) [17, 18]. 
	  	(15)   
	   	(16)
	  	(17)
The actual reaction rate is determined by the flux of reactant entering the particle from the exterior surfaces of the solid. Therefore, after consideration of the non-dimensional variables and Thiele module, the effectiveness factor ) is expressed as 
	 	(18)
In the case of systems associated with chemical reaction kinetics of first order, the method of characteristics can be used to solve the equation to have the general solution (19)
	 	 (19)
Which can be also represented in cosh and sinh functions, leading finally to equation (20) 
	 	(20)
The graphical representation of equation (20) express that when the value of φ is less than unity, the effectiveness factor approach unity and it has values similar to 1/ φ as φ increases its value. 
In the case of a reaction of n-order, we use the perturbation method to reduce the problem to an infinite sequence of easy problems. As a first step, we assume that  is a small parameter and take into consideration that a perturbative solution is constructed by local analysis about  as a series of power of . We proceed to find the zeroth-order solution by determining the leading term in the series, which involves solving the unperturbed problem by setting  in the perturbation problem, the solution is clearly defined by . If we solve this equation subject to the initial conditions (10) and (11), then . For practical and calculation purposes we consider only the first four terms (p) of the series. Therefore, the asymptotic expansion for concentration C can be expressed as described in equation (21), from which we try to identify the coefficients in the series  [19, 20]: 
 	 (21)
Subsequently, 
	 (22)
The pth-order problem is obtained by substituting equation (21) and (22) into equation (8), which yields (23)
 	(23)
With initial conditions  for . The left hand side of previous equation is a series and powers of  as well as the right hand side, but all the coefficients in the series are zero. The coefficients in the right side have to agree with each the power of . As we already solved the value of , we are able to know the value of the right hand side before calculating  as it is written in terms of a know function of (X). So we take into consideration the value of  that is already known and proceed to calculate the values of the next  by performing the respective integrations. Thus we obtain:
 with solution  	(24)
with solution   (25)
with solution 
 	(26)
The expansion for the concentration becomes:
  		(27)
If we substitute the expansion for the concentration into the equation for the effectiveness factor, we obtain the final expression for the effectiveness factor for a general reaction order:
 	(28)
 	(29)
  For the case of a second order reaction, the concentration profile in the solid is presented in Fig. 4a for a range of low Thiele modulus values. At lower values of Thiele module (<0.01) the rate of transport is limited by the rate of reaction and there is almost no diffusional resistance. The effective diffusivity is likely to be very large compared to the intrinsic reaction rate, then all the molecules of fluid gets access to every side of the solid without any problem and the concentration gradient inside a particle is negligible because there is no pore diffusion effect. The pore diffusion is so fast that the fluid cannot react before leaving the particle and the concentration is leveled off being equal to the concentration in the external surface. This causes that the effectiveness factor remains close to one. At Thiele modulus values between 0.01 and 1, the rate of solute transport is limited by internal diffusion. On the contrary, when the Thiele modulus raises, the concentration of bleaching agent decreases at a fast rate while the diffusion remains slow. The relationship between the effectiveness factor and low Thiele modulus values using expression (34) are depicted in plot 4b in logarithmic scale. Lower Thiele module values (<1) occur when there is a small diffusional resistance (no pore diffusion effect). In this regime, the effectiveness factor remains close to 1.
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Fig. 4a Plot of dimensionless concentration profile as a function of distance and Thiele modulus using equation (27) with . 4b. Effectiveness factor as a function of lower values of Thiele modulus for a second order reaction using equation (29) with 

Accordingly, analysis can be performed for large values of Thiele modulus (>1). We start analyzing the variation of concentration in the surface particle by setting coordinates at the particle surface and introducing the variable ,  then equation (8) can be expressed as
  	(30)
Far from the stretched region of analysis, the bleaching agent has fully reacted, so the concentration becomes zero. Then, the boundary conditions are  =0, C=1 and  , C=0. The independent variable   is not explicit, then if we define the parameter , this leads to 
 	(31)
After substitution of (31) into the second derivative (30) we obtain equation (32) which can be solved by separation of variables to get . The integration gives the solution (37)
  	(32)
Taking into consideration that the reaction is irreversible and recalling from the previous boundary conditions, the bleaching agent will be consumed (C=0) when. Then at this point . As a result . The concentration has to decrease rapidly as diffusion starts, so we need to take the negative root. Substitution of previous dependence into (18) yields the effectiveness factor for large values of in a slab geometry (33) [21]:
 	(33)
From equation (32), the solution can be found by integration 
  	(34)
  	(35)
At the interface,  =0, C= , thus . 
   	(36)
From equation (35) we can derive (37) for a second order reaction (n=2). This equation is displayed in Fig. 5 and represents the effect of Thiele modulus on the dimensionless concentration profile within a flat plate with chemical kinetics of second order. At higher Thiele modulus values, diffusion resistance is significant and we cannot neglect the diffusion effect. Concentration gradients are significant. For simplicity purposes we consider values of porosity ε=1. The concentration is maximum at the external surface (X=1) and fluid diffuses towards the center of the particle and after reacting its concentration will decrease. 
  	(37)
[image: ]
Fig 5a. Expected reagent concentration profile during a chemical kinetics of second order when the Thiele modulus increases using equation (37) with . 5b. Effectiveness factor as a function of higher values of Thiele modulus for a second order reaction 

In order to determine the rate of mass transfer at the interface () we need to multiply the flux at the external surface and the surface area (S) as shown in (38). This represents the rate when the area of the particle is exposed to the external condition of concentration and temperature 
 	(38)
Then, for a high values of  in a reaction with chemical kinetics of first order,  while for a second order irreversible reaction . Once the values of transfer rate (mol∙s-1), , k, L and D are determined, the value of interfacial area can be calculated, i.e. gas-liquid interfacial area.

We now proceed to analyze the case of performing bleaching without intensive stirring. Under this type of conditions, interfacial mass resistance is present as the bulk fluid moves slowly. The new boundary conditions that applies under these circumstances are   and . And expressing in dimensionless parameters we obtain 
; 	  	(39)
where the relationship between the ratio of internal diffusion resistance to external fluid is described by the mass transfer Biot number Bim, expressed in the term [22]. Boundary conditions described in (39) are used to solve equation (8) after applying finite difference method [27]
To implement this scheme, we require to apply the conventional layout of the discretized points and to use the finite difference approximation formula for the second derivative with respect to distance.
	 	 (40)
We propose to use 4 interior nodes. Node 1 and 6 are described by boundary conditions, while nodes 2 to 5 by the governing equation of the system using the differential equation described in (39) 
	 	(41)
	 	(42)
      	 	(43)
		 (44)
	 	(45)
	 	(46)
∆X is calculated from equation (47) 
	 	(47)
where q is the number of interior nodes, therefore ∆X is 0.2. Equations (41) to (46) results in a system of N non-linear equations with N unknowns. The solution of the system of equations leads to find the profile of concentration after numerical specification of Thiele modulus and Biot number. For numerical simulation we consider porosity equal to 1 and values of  , and  The variation of concentration as a function of the depth of solid travelled by the fluid is represented in Fig. 6a) to d). Different orders of magnitudes for these parameters have been used. This analysis illustrates effectively the physical significance of the contribution of these two dimensional parameters in the concentration profile.  When the Biot number is low (Fig. 6a) the fluid causes the main resistance to mass transfer for low and high values of diffusivity so the concentration gradient within the pores is very small [23]. As  approaches to zero, the concentration becomes uniform within the solid. On the contrary, when Biot number increases, it implies that the resistance to mass transfer in the fluid is low compared with the resistance in the solid. In this case, the surface concentration is approximately equal to the bulk concentration of the fluid (Fig. 6d).  With intermediate values of Biot number, the resistance to mass transfer within the solid and the fluid are of comparable magnitude.  Neither the concentration within the solid pores is uniform, nor is the surface concentration equal to that in the bulk fluid.  
[image: ]
Fig. 6 Plot of concentration profile for four cases. a) ,, b) , , c) , d) ,;  n=1 (■), n=2 (●), n=3 (▲)

Materials and Methods
Deionized water was used in all procedures (Millipore) and 25 % NaClO2 of technical grade required as bleaching reagent was obtained from PENTA s.r.o. A polymeric matrix film was formed using bovine gelatin crosslinked with reaction mixture obtained from glycerol oxidation with Fenton reagent (content of active crosslinking agent in water solution – glyceraldehyde – was 1.8 mg/mL). The blend was mixed at 60 rpm for 5 min, and then it was put in a petri dish over a plastic surface.  The polymer was cut to a rectangular shape (27.5 mm x 100 mm), squashed to a thin film (0.1 mm), weighted and then immersed in the bleaching agent (1% NaClO2) mixing with slow stirring speed (30 rpm). 
The mass of NaClO2 remaining in the solution after removal of the solid was measured by amperometric titration [24]. The electrochemical interface used to perform the experiments by cyclic voltammetry and amperometric detection was an EmStat potentiostat. Analysis of data was realized with PSTrace software Version 3.0.6. The electrodes used consisted on platinum electrode as working and auxiliary electrode and silver chloride as reference electrode. The titrant used was 6.2 mN Na2S2O3. Others chemicals required for the analysis were purchased from IPL (Uherský Brod), namely phosphate buffer solution pH 7, potassium iodide, Na2S2O3 and 2.5N HCl. The analysis required the determination of chlorine and one fifth of the chlorine dioxide at pH 7, following by the determination of remaining four-fifths of ClO2 and all of the chlorite.  Briefly, 1 mL of pH 7 phosphate buffer was mixed with the analyte and 1 g KI was added. Then, amperometric titration was performed adding 6.2 mN Na2S2O3 as titrant to end point. Then, 2 mL of 2.5N HCl were added to the same sample, kept in the dark for 5 min, and titration continued adding 0.05 ml of titrant to end point, which is detected in a plot of current vs volume of titrant 

Determination of effective diffusion coefficient
Determination of effective diffusion coefficient of bleaching agent (1% NaClO2) into a thin polymeric matrix film was analyzed by immersing 0.8 g of the material into 21 mL of the solution and measuring the variation of ClO2 concentration after removal of the solid at different immersing time. This allows evaluating the reactivity and diffusion of ClO2 into the solid. We suppose that sodium chlorite will diffuse towards the solid external surface where it will start to react and perform the bleaching process. Further, it will continue diffusing to the inner volume of the solid. At steady state, the flow rate to the surface is equal to the reaction rate at the surface. Fick’s first law was used to calculate the value of effective diffusion coefficient. This law is commonly represented as  where Ji is the diffusion flux density (amount of substance per unit area per unit time) so it can be also expressed as  Therefore, the effective diffusion coefficient can be calculated as described next 
 	(48)
	 	 (49)
Where the diffusion flux density (g·cm-2·min-1) is represented by the term ,  is the thickness of the solid (cm) and ∆c is the difference in fluid concentration in the volume (). The resulting effective diffusion coefficient calculated during the process was 7.49 x 10-7 cm2/min as expressed in (50) 
	  	(50)

The adsorption – diffusion process during the first 5 minutes of bleaching was modeled using the Weber and Morris plot (Figure 7). The slope of the plot of concentration versus square root of time represents a rate parameter. The plot shows that the amount diffused is directly proportional to the square root of time since a linear curve is present over the sampling period. As the experiments were performed in slow stirring conditions it is expected that the external diffusion of the bleaching agent from the bulk fluid to the external surface layer of the solid film will occur first followed by micropore diffusion, which clearly predominates. Additionally, under these conditions it is more likely that interfacial mass resistance will occur.  Deviation from the origin during initial stage of adsorption (before sampling) indicates that pore diffusion is not the only rate controlling step, suggesting that at early stages of the process, surface diffusion occurs.
[bookmark: bbib38] It is important to note that the bleaching of the polymeric material is a complex reaction due to the different chemical compounds that are formed during the grafting process (i.e. Maillard reactions) that are suitable to react with the bleaching agent. The effective diffusion coefficient was roughly estimated without consideration of the reaction rates and kinetics of reaction. As stated previously, we suppose that the reaction takes place in the polymeric surface. The model we used was solely based on Fick’s first law of diffusion; however for this particular case we consider that this model can properly describe the bleaching process using low concentrations of NaClO2. The value obtained by this method was 7.49 x 10-7 m2/s. Experiments performed by Yasuda et al, demonstrated that the diffusion coefficient and permeability of solutes in polymers is affected by the degree of hydration [25]. This aspect could be of importance in the present case because the polymer matrix contains a high concentration of water (92%). Lower values of effective diffusion coefficient of molecules in collagen have been previously reported. Shenoy and Rosenblatt studied the diffusivity of anionic dextran and albumin in collagen and hyaluronic acid matrices. They reported values of about 1.04 × 10-7 cm2/s and 1.86 × 10-7 cm2/s [26] which are of the same order of magnitude as the values reported here. Studies about the determination of NaClO2 diffusion coefficient in literature are scarce. Some values of diffusion coefficient have been reported for chloride compounds diffused in concrete composite materials. reported by Sun et al., who determined numerical values in the range between 1.0 × 10−7 cm2/s and 2.4 × 10−7 cm2/s after modeling a non steady diffusion-reaction process [27]. Estimation of diffusion coefficients in polymer materials is complex with numerical values that are normally between solids and liquids. Moreover, they strongly depend on the concentration and the degree of polymer swelling, solute molecules size, stiffness, mobility of the polymer structure and free volume inside the polymer [28]. 
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Fig. 7 Weber Morris plot of diffusion of bleaching agent into the polymeric matrix versus square root of time. Conditions: 21 mL of 1% NaClO2 ; mfilm=0.8 g; film dimensions: 27.5 mm × 100 mm × 1.5 mm; time= 5 minutes; stirring speed= 30 rpm Data presented is the average of 3 measurements

In order to assess the order of the bleaching reaction, the coefficient of determination (R2) was calculated to fit the data of zero, first and second reaction rate order (Table 1). The results showed that a plot of bleaching agent concentration vs time presented a linear fit and the plot of ln NaClO2 vs time and 1/ NaClO2 vs time fitted a polynomial trend, thus the data sets obtained during the first 5 minutes of bleaching process were more represented by a zero order reaction. This may indicate that the rate is independent of the concentration of NaClO2. In terms of concentration, from the practical point of view, the ideal case would be to know the minimum amount of bleaching reagent required to reduce the coloration to a certain specific level (i.e. lightness) and without material degradation. Further experiments will be conducted on this regard.

Table 1. Linear and polynomial fit for testing the reaction order of the bleaching process
	Plot
	R2

	 
	linear fit
	polynomial fit

	NaClO2 vs time
	0.979
	0.963

	ln NaClO2 vs time
	0.977
	0.995

	1/NaClO2  vs time
	0.947
	0.995


 
Conclusions
Reaction mechanism of bleaching process is generally complicated by the complexity of the reaction mixture due to simultaneous reaction happening in series and in parallel. This causes difficulties in the estimation of reaction order. In the present study, we approach the diffusion of a liquid into a porous material with chemical kinetics of first and general order. The use of several boundary conditions was discussed in this paper. In order to determine the effect of mass transfer on the overall reaction rate, an effectiveness factor was determined for a first order reaction and for a reaction of order n using the perturbation method. This factor is also important to describe how far the reactant diffuses into the solid before the reaction takes place. Understanding of η is important to define reaction limited by surface reaction and by diffusion. For a given reaction, if we get determine the value of Thiele modulus, the magnitude of this particular parameter will give information whether diffusion or reaction is important. Accordingly, internal diffusion process is considered in cases where  is considerably large and surface reaction when  is small. Rate of reaction will be small compared to the diffusion rate as the concentration inside the pore will remain without change.  Therefore, Thiele modulus gives important information about the relationship between pore diffusion and reaction rate. Two different cases of boundary conditions were studied. The first one is when there is equal concentration on the surface of the solid and the bulk, the second one is when the bulk fluid moves slowly and interfacial resistance is present. For this case, a nonlinear system is obtained and requires the use of numerical methods. Different values of Biot number were evaluated to discuss the significant variation of concentration within the solid pore.  When this parameter is high, it is possible to neglect external resistance to mass transfer so that the concentration at the surface is almost equal to the fluid concentration. Finally, experimental measurements were performed to determine the effective diffusion coefficient of a liquid into a thin solid film. 

List of symbols
						
	m
	mass of molecule

	ν
	speed of particles

	τ
	time

	J
	flux

	n
	order of reaction

	c
	concentration of bleaching agent

	D
	Diffusion coefficient

	k
	rate constant

	x
	Space coordinate

	L
	Half length of the solid

	ε
	Porosity

	CL
	Concentration of solute in the bulk

	
	Thiele module

	C
	Dimensionless parameter of concentration

	X
	Dimensionless parameter of distance

	A,B
	arbitrary constants

	r
	Reaction rate of the process

	rs
	ideal reaction rate without diffusion

	η
	effectiveness factor

	p
	Number of terms in series expansion

	ξ
	Parameter that represents distance at the particle surface

	ω
	Parameter that represents 

	S
	Surface area of solid

	rm
	rate of mass transfer at the interface

	Bim
	mass transfer Biot number

	q
	Number of interior nodes

	∆c
	Difference in fluid concentration

	δ
	Thickness of the solid

	R2
	Coefficient of determination
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