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Abstract  Desorption is one of the popular methods for the design and regeneration of catalysts. For better 
understanding and modeling of this process, it is important to have models with theoretical basis. In the present work 
kinetics of solute desorption at solid/solution interface has been studied by statistical rate theory (SRT) when the system is 
close to equilibrium. Based on numerically generated points (t; q) by the SRT equation, it has been shown that the results of 
numerical analysis are in good agreement with our theoretical derivation of new rate equation fo r desorption systems close 
to equilibrium. Finally the results of the present theoretical study were confirmed by analysis of two experimental systems. 
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1. Introduction 
Adsorption and desorption processes are the most popular 

methods for removal of pollutants from wastewaters[1-3]. 
Somet imes for contaminants separation process, adsorption 
method is used firstly and then to release of adsorbed species, 
desorption process is needed[4, 5]. Therefore desorption 
kinetic and equilibrium are important in understanding 
desorption characteristics from adsorbent.  

Kinetic of desorption has been studied extensively, 
experimentally  and theoretically. Kinetic equations 
commonly  are used in desorption studies including zero 
order[6], pseudo first order[7, 8], pseudo second order[7, 8], 
and simple Elovich equation[9]. The mentioned models of 
desorption kinetics were presented experimentally and there 
are no theoretical interpretation for them. By applying the 
SRT approach, pseudo first order kinetic model has been 
derived for desorption at the solid/solution interface[10]. 

Statistical rate theory (SRT) approach has been used for 
modeling of desorption kinetics at gas/solid[11, 12] and 
solid/solution interfaces[13]. The analytical solution of the 
basic equation of SRT for kinetics of desorption at 
solid/solution interface led  to a complex expression. 
Recently, we have derived simple equations for description 
of desorption kinetics at limit ing conditions[10, 13].  

This article is intented to derive a desorption rate equation 
on the basis of statistical rate theory at close to equilibrium 
condition. 
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2. Theory Section 
The statistical rate theory (SRT) approach, which is based 

on quantum mechanics and thermodynamics, has been 
provided by Ward[14, 15]. Rudzinski et  al has shown how 
the SRT approach can further be generalized to describe the 
kinetic of adsorption at gas/solid[16, 17] and 
solid/solution[18, 19] interfaces. Recently, we have used the 
SRT approach fo r adsorption kinetics near the in itial times of 
adsorption and close to equilibrium[20] and also for 
description of competitive adsorption at solid/solution 
interface[21]. 

The general rate expression to describe the kinetics of 
adsorption is presented by the following form[17, 18] 

[exp( ) exp( )]s sb b
ls

d K
dt kT kT

µ µ µ µθ − −′= −     (1) 

where k  is the Boltzmann constant and T is absolute 
temperature, is adsorption/desorption rate at equilibrium. µs 
and µb are the chemical potentials of the adsorbate on the 
surface and in the bulk phases, respectively. θ is the 
fractional surface coverage and is defined as θ=q/qm. q is the 
amount of adsorbate at any time and qm is the maximum 
value of q.  

The first studies to use the SRT approach to describe the 
sorption rate at the solid/solution interfaces were made by 
accepting Langmuir model of one-site-occupancy adsorption 
on solid surface[18]. For the Langmuirian adsorption, the 
chemical potential of adsorbate on the surface (µs) can be 
expressed by[18] 

ln ln
1s skT kT qθµ

θ
= −

−
           (2) 
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where qs is the molecular part ition function of an adsorbed 
molecule. 

In solid/solution systems, the chemical potential of 
adsorbate in the bulk phase (µb) is given by[22]: 

lnb b kT cµ µ= +                     (3) 
where c is concentration of solute in the bulk phase. 

The following expression can be assumed for lsK ′ [20] 

(1 )ls ls e eK K c θ′ = −                    (4) 
where, θe is the surface coverage at equilibrium, ce is the 
equilibrium concentration of solute and Kls is a constant.  

By combination of eqs 2-4 and eq 1, one arrives at: 
' (1 ) 1[ ]

(1 )ls L
L

d cK K
dt K c
θ θ θ

θ θ
−

= −
−         (5)  

where KL is Langmuir constant and is defined as 

exp( )
o
b

L sK q
kT
µ

=                   (6) 

Equation 5 which has been presented by Rudzinski and 
Plazinski, is the basic equation for description of single 
solute adsorption on homogeneous solid surfaces[18, 20]. 

The statistical rate theory (SRT) has been used by 
Rudzinski et al for the modeling of desorption kinetics at 
gas/solid interface[11, 12]. Our recent studies have 
concerned the description of desorption kinetics at the 
solid/solution interfaces by using the SRT approach[13]. It 
was assumed that at the start of desorption process, the bulk 
concentration of solute (c) is equal to zero  but it  increases 
during desorption process as[13]: 

)( θθβ −= ic                           (7) 
where β is a constant and θi is the fractional coverage of 
adsorbed molecules at the start of desorption process. By 
utilizing of eq 7, the basic equation of SRT for kinetics of 
desorption at solid/solution interface is expressed as[13]: 

( )(1 )[ ]
( )(1 )

i
ls L

L i

d K K
dt K

β θ θ θθ θ
θ β θ θ θ

− −′= −
− −   (8) 

Recently, we have derived the following simple equation 
for description of desorption kinetics near the initial t imes of 
process based on the above equation[13]: 

2
' 'ln (1 )

2i i k tθθ θ θ θ α− + + = −            (9) 

where α' and k' are constants. 
The aim of this paper is to derive a new and simple 

equation from eq  8 for desorption kinetics when system is 
close to equilibrium. At first eq 8 is rearranged as 

2
2 2

2(1 ) ( )
( )

(1 )( )

i
ls L L

i

K K Kd
dt

θθ θ θ
β βθ

θ θ θ θ

 
− − − 

′  =  − −
  
 

       (10) 

KL in the above equation can be replaced from Langmuir 

isotherm (
(1 )

e
L

e e
K

C
θ

θ
=

−
). On the basis of eq 7, the 

equilibrium bulk concentration (ce) in  Langmuir isotherm is 

equal to ( )i eβ θ θ− , so 
2 2 2

2 2
2

( ) (1 )(1 ) ( )
( )

(1 )( )

i e e
i

ls L e

i

K Kd
dt

θ θ θ θθ θ θ
β θθ

θ θ θ θ

 − −
− − − 

′  =  − −
  
 

(11) 

By rearrangement of eq 11, one arrives at 

2
[( )( )] 2 (1 )( )( )

(1 )( )
ls L e i e e i

e i e
ie

K Kd
dt

β θ θ θ θθ θθ θθ θ θ θ θθ
θ θ θθθ

 ′ + + − +
= − −  − − 

(12) 

and since the system is close to equilibrium, the assumptions 
of 2e eθ θ θ+ ≈ , 1 1

1
eθ

θ
−

≈
−

 and 1i e

i

θ θ
θ θ

−
≈

−
 in eq 12 are 

acceptable. Based on these assumptions eq 12 simplifies to 

2
2 ( )( )ls L

e i e
e

K Kd
dt

βθ θ θ θ θθ
θ

′
= − −         (13) 

By using Langmuir isotherm and eq 4, one arrives at 
2 ( )( )ls

e i e
e

Kd
dt

βθ θ θ θ θθ
θ

− −           (14) 

Based on the present derivation, the integration of the 
mentioned kinetic model should be done with the boundary 
condition θ(t1)= θ1. Where, t1 is the time after which eq 14 
can be used. Therefore integration of eq 14 with the 
boundary condition θ(t1)= θ1 yields 

ln i e

e
Ktθ θθ

α
θ θ

−
= +

−
              (15) 

where K and α are constant and are equal to 
22 ( )ls

i e
e

KK β
θ θ

θ
≡ −              (16) 

1
1

1
ln i e

e
Ktθ θ θ

α
θ θ

−
≡ −

−
             (17) 

As shown in eq 15, it is expected that the plot of 

ln i e

e

θ θθ
θ θ

−
−

 is a linear function of time (for 1tt ≥ ). The 

intercept of this p lot is α and the tangent is K. In  the next 
section by using generated and experimental data the 
accuracy of present derivations will be discussed. 

3. Results and Discussion 
In this section, we are going to analyse the applicability 

of the derived equation (eq 15). The analytical solution of 
eq 8 led  to a complex expression. One powerful technique 
for numerical simulations is stochastic simulat ion. For this 
purpose three sets of hypothetical kinetic data points (q; t) 
were generated based on SRT rate equation for desorption 
at solid/solution interface (eq 8). For this purpose we 
applied the CKS package developed by Houle and 
Hinsberg[23,24]. Recently we utilized this method for 
numerical solution of some adsorption and desorption 
kinetic equations, successfully[10,13,20].  

For simplification of eq 8 the adsorption and desorption 
rate constants (k a and kd) are defined as 
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a ls Lk K K′=                 (18) 

ls
d

L

Kk
K

′
=                  (19) 

Combination of eq 8 and above equations gives 
( )(1 )

( )(1 )
i

a d
i

d k k
dt

β θ θ θθ θ
θ β θ θ θ

− −
= −

− −  (20) 

The generated data were obtained by considering certain 
values of qi (the amount of adsorbate on the surface at the 
start of desorption), qm, k a and kd (Table 1 and 2)[13]. Three 
sets of desorption kinetic data points (q; t) with similar 
initial condition (Table 1 and 2) but different kd values 
(Table 2) were generated. The different values of kd were 
used to make d ifferent values of Langmuir equilibrium 
constant (KL). 

Table 1.  The constants which have been used for desorption kinetic 
modeling 

system qi (mg/g) qm (mg/g) Mw 
(g/mol) 

cadsorbent 

(g/L) 
SRT(generated 

data) 60.00 60.00 60.00 10.00 

Vitamin E / 
silica 53.86×10-1 36.21×10-3 43.07×101 20.00 

Cd(II) / 
Aeromonas 

caviae 
37.64 15.53×101 11.20×101 10.00×10-1 

Table 2.  The values of ka and kd used for different systems, the adjustable 
values of θe and the Kls values obtained for different systems based on 
different kinetic models 

system ka 
(min-1) 

kd 
(mol2/L2.

min) 
θe 

Kls 

SRT  Eq 15 

Generate
d data 1  1.00×10-5 1.00×10-5 1.64×10

-2

 0.61×10
-1

 0.62×10
-1

 

Generate
d data 2  1.00×10-5 1.00×10-4 6.00×10

-3

 0.17 0.16 

Generate
d data 3  1.00×10-5 1.00×10-6 4.97×10

-2

 0.20×10
-1

 0.24×10
-1

 

Vitamin 
E / silica 1.00×10-3 1.00×10-13 2.36×10

-2

 0.24×10
5

 0.22×10
5

 

Cd(II)/ 
Aeromon
as caviae 

2.80×10-3 2.15×10-9 1.56×10
-1

 0.14×10
2

 0.13×10
2

 

In the first system, k a is equal to kd (k a=1.00×10-5 min-1, 
kd=1.00×10-5 mol2/L2.min). The generated data (q; t) based 
on SRT equation (eq 20), are shown in Figure 1(a). With 
utilizat ion of generated data, values of ln i e

e

θ θθ
θ θ

−
−

 as a 

function of time were calculated for close to equilibrium 
data (see eq 15) and plotted in Figure 1(b). The value of θe 
was adjusted until the intercept of the linear p lot became 
equal to α (eq 17). The adjustable value of θe is reported in 
Table 2. By utilizing the slope of Figure 1(b) (K constant), 
the value of Kls was calculated by eq 16 and was reported in 
Table 2. The Kls value was obtained from the SRT rate 
equation by eqs 4, 18 and 20 and is reported in  Table 2. 
Agreement between the obtained Kls values from the SRT 

rate equation and from eq  15, confirms the accuracy of new 
derived equation. 

 

 
Figure 1.  (a) Numerically generated data points (t; q) based on SRT 
equation for ka =1.00×10-5 min-1 and kd =1.00×10-5 mol2/L2.min. (b) Linear 
plot of eq 15 when system is close to equilibrium 

 

 
Figure 2.  (a) Numerically generated data points (t; q) based on SRT 
equation for ka =1.00×10-5 min-1 and kd =1.00×10-4 mol2/L2.min, (b) Linear 
plot of eq 15 when system is close to equilibrium 
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Two other sets of kinetic data points were generated by 
k a<kd (k a=1.00×10-5 min-1, kd=1.00×10-4 mol2/L2.min) and 
k a>kd (k a=1.00×10-5 min-1, kd=1.00×10-6 mol2/L2.min). The 
generated data points (q; t) of these two systems are shown 
in Figure 2(a) and Figure 3(a). The values of θe and K were 

obtained by plotting of ln i e

e

θ θθ
θ θ

−
−

 vs time for close to 

equilibrium desorption kinetic data (Figure 2(b) and Figure 
3(b)). The values of θe were obtained as adjustable 
parameters and are listed in Table 2. The Kls values 
calculated from these results are listed in Table 2. The 
comparison between the obtained Kls values and the original 
ones (calculated by SRT rate equation) proves the accuracy 
of the above derivation again. 

 

 
Figure 3.  (a) Numerically generated points (t; q) based on SRT equation 
for ka =1.00×10-5 min-1 and kd =1.00×10-6 mol2/L2.min, (b) linear plot of eq 
15 when the system is close to equilibrium 

In this section two different sets of experimental data 
have been selected from the literatures[25, 26] to be 
analysed by SRT approach. The first experimental system 
that was considered is from the paper of Quek et al[25], 
which reports batch desorption study of vitamin E from 
silica. The experimental kinetic data at 40°C were fitted to 
the SRT rate equation (eq 20) by the stochastic numerical 
simulation method. The input data for simulat ion are 
written in Table 1. The values of k a and kd were adjusted 
until a reasonable fit to the experimental kinetic data was 
obtained. The obtained values of ka and kd are reported in 
Table 2. The experimental and simulated values of q as a 
function of time are represented in Figure 4(a). The values 

of ln i e

e

θ θθ
θ θ

−
−

 as a function of time were p lotted for 

desorption kinetic data close to equilib rium (Figure 4(b)), 

the Kls and θe values were obtained and are listed in Table 2. 
The obtained values of Kls are close to the original ones (Kls 
obtained from SRT rate equation). The obtained results of 
these experimental data prove the accuracy of our 
derivation for desorption rate equation. 

 

 
Figure 4.  (a) Desorption kinetics of vitamin E from silica, experimental 
data (open circles)25 and theoretical data based on SRT equation (solid line), 
(b) Linear plot of eq 15 when the system is close to equilibrium 

 

 
Figure 5.  (a) Desorption kinetics of Cadmium(II) from Aeromonas caviae, 
experimental data (open circles)26 and theoretical data based on SRT 
equation (solid line), (b) Linear plot of eq 15 when the system is close to 
equilibrium 
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The next experimental desorption system that has been 
selected to be analysed is desorption of Cadmium(II) from 
Aeromonas caviae[26]. The results of fitting of 
experimental data by SRT desorption rate equation is shown 
in Figure 5(a). The values of k a and kd are obtained as 
adjustable parameters and are listed in Table 2. Ut ilizing eq 
16 for close to equilibrium kinetic data of this system 
(Figure 5(b)) gives acceptable values of Kls (Table 2).  

4. Conclusions  
The desorption kinetics at the solid/solution interfaces has 

been studied based on SRT approach at close to equilibrium 
condition. By considering some assumptions on SRT rate 
equation, a new rate equation was derived for desorption at 
solid/solution interface when system is close to equilibrium.  

Three different sets of numerical desorption kinetic data (q;  
t) were generated by using SRT rate equation. By utilizing 
these generated data, the accuracy of the new derived rate 
equation (eq 15) has been proved. On the basis of two 
experimental kinetic data, it  was indicated that eq 15 can be 
used for modeling of desorption kinetic data when system is 
close to equilibrium. Both experimental and generated data 
were in good agreement with our derivation.  

For modeling of desorption kinetics based on SRT 
approach, but by simple equations, one have to use eq 9 for 
initial times of desorption and eq 15 for near to equilibrium 
conditions. 
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