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Abstract:

Adsorption is a feasible and environment friendly dye remediation method. The pseudo-second-order kinetic models is
commonly applied to experimental data in many adsorption kinetic studies to express the adsorption mechanism of adsorbate onto
the adsorbent. Six varied linear expression of pseudo-second-order kinetic equation have been examined in this research. The
results showed that the R2 values can be used to select the best-fit linear forms of the pseudo-second-order kinetic equation.In this
study, the results also indicated that the linearized expression of type 6 can be used to calculate the pseudo-second-order rate
constants and to predict qt more appropriate than the other 5 expressions of pseudo-second-order equation for this studied system. .
Keywords: Linear regression; Pseudo-second-order; Nitric acid-treated rice husk; Adsorption; Methylene blue; Kinetics

1.Introduction
The chemical industries always cuased a lot of environmental pollution, such as air pollution, water pollution and soil
pollution. Many researchers tried to solve these environmental pollution. Wastewater is one of the most import subject. Wastewater
can found in the discharge of many industries. Synthetic dyes wastewater always can cause more attention than the other wastewater
pollution due to the reducing of light penetration and its visible color. Many methods was invented to remove the dye from the
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wastewter. Most of the used processes for the color removal are developed based on the biological theory, physical theory and
chemical theory. Some of them were not environmentfriendly method. In the recent years, environment friendly method caused a lot
of attention. Therefore, recent efforts have been made to discover new environment friendly and economically feasible treatment
alternatives (Hamdaoui, Saoudi et al. 2008). Among several effective methods, adsorption with natural material receive great
attention due to the easy availability, ease of operation, simplicity of design and comparable low cost of application. (Karadag, Koc
et al. 2007, Chowdhury and Das Saha 2011, Shih 2012). In order to investigate the adsorption mechanism to obtain a better
removal efficiency, several adsorption kinetic models have been proposed to express the adsorption mechanism of adsorbate onto
the adsorbent. In these adsorption kinetic models, the pseudo-second-order kinetic models is the most popular model and have been
commonly applied in many adsorption kinetic studies. Numerous altered equation expression of the pseudo-second-order model
were derived to simplify the calculation diffcultyduring the past few decades. Among these equation expressions, the formual
derivation of Ho’s equation is frequently used to investigate the correlation of the adsorption data for pseudo-second-order kinetic
model due to its simplicity and its good fitting of many adsorption researchs over the past decade (Ho and McKay 1998, Ho, Ng et
al. 2000, Shahwan 2014).
Among these literatures, the linear regression technique has been the most frequently used analysis method to find the best-fit
kinetic models for dye removal, but linear regression is criticized since it leads to varied linearized forms. In order to find the best-fit
kinetic models, six linearized types of pseudo-second-order kinetic models were used to calculatee the kinetic parameters by using
the least squares method (Karadag, Koc et al. 2007). Also, the comparison of the the theoretical qt calculated by these six inearized
types of pseudo-second-order kinetic model and the experimental qt data were used to find the best-fit kinetic model.
2. Materials and methods
The experimental data employed in this study was gained from the literature (Shih 2012). In the study of Shih (Shih 2012),
many acid-treated rice husk was used as the adsorbent. The experimental data applied in this research mainly obtained from the
results of the nitric acid-treated rice husk (NRH) used as the adsorbent.
The pseudo-second-order equation is generally written as below (Ho, McKay et al. 2000, Demirbas, Kobya et al. 2004,
Ofomaja 2007, Sari, Tuzen et al. 2007, Neşe and T. Ennil 2008):

dqt
= K 2 (qe − qt ) 2
dt

(1)

where qt (mg/g) is the sorption capacity at time t (min); qe is the sorption capacity at equilibrium (mg/g) and K2, is the rate constant
of the pseudo-second-order sorption (min-1) (Djeribi and Hamdaoui 2008, Ncibi 2008, Huang and Shih 2014). Integration and
rearrangment of Eq. [1] with applying border conditions t = 0 to t = t and qt = 0 to qt = qt gives the non-linear form of
pseudo-second-order equation as follows (Ho 2006, Huang and Shih 2014):

 K q 2t 
qt =  2 e 
 1 + K 2 qet 

(2)

Eq (2) can be rearranged to obtain a linearity forms as follows:

Type 1 pseudo second-order:

1
1
=
+ K 2t
(q e − qt ) q e
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Eq (3) is the first linearized type of pseudo-second-order equation. Eq (3) can be converted to another 5 alternative linearity forms as
follows(Kumar 2006, Hamdaoui, Saoudi et al. 2008, Chowdhury and Das Saha 2011, Huang and Shih 2015, Huang and Shih 2017):

Type 2 pseudo second-order:

1 1
1 1
  = +
2
 qt  qe K 2 qe t

Type 3 pseudo second-order:

qt = qe −

1 qt
K 2 qe t

 qt 
2
 = K 2 qe − K 2 qe qt
 t 
1
2 1
Type 5 pseudo second-order:   = − K 2 qe + K 2 qe
qt
t
Type 4 pseudo second-order: 

Type 6 pseudo second-order:

 t

 qt


1
1
 =
+ (t )
2
qe
 K 2 qe

(4)

(5)

(6)

(7)

(8)

3. Results and discussion
In this study, the experimental data for dye adsorbed onto the surface of NRH were fitted to the six different linearized
versions of pseudo-second-order equation. The fig. 1 has 1/(qe-qt) on the Y axis and t on the X axis for the linearized type 1. The
fig. 2 has 1/qt on the Y axis and 1/t on the X axis for the linearized type 2. The fig. 3 has qt on the Y axis and qt/t on the X axis for
the linearized type 3. The fig. 4 has qt/t on the Y axis and qt on the X axis for the linearized type 4. The fig. 5 has 1/t on the Y axis
and 1/ qt on the X axis for the linearized type 5. The fig. 6 has t/ qt on the Y axis and t on the X axis for the linearized type 6. The
rate constant K2 and the theoretical qe for these various linearized versions of pseudo-second-order equations can be calculated from
the plot of these six figures, (Kumar 2006, Hamdaoui, Saoudi et al. 2008, El-Khaiary, Malash et al. 2010, Huang and Shih 2017).
All parameters for these six linearized versions of pseudo-second-order kinetic equations included theoretical qe and the rate
constant K2 and the correlation coefficient, R2 are shown in Table 1. From the values of parameters, it was observed that the qe
values, K2 values and R2 values calculated from these six linearized versionss of pseudo-second-order equations were diverse.
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In the results of comparion of the qe values predicted by these six linearized versions with the experimental value , the
difference between the experimental value of qe and the value of qe obtained using linearized versions 6 is the smallest. The low
difference between the experimental value of qe and the value of qe obtained using linearized versions 6 can not use to prove the
linearized versions 6 is the bet-fit linear form of kinetic equation. From the literatures, the researchers define the best-fit linear form
of kinetic equations is generally selected based on the R2values. In the table 1, values of R2 for types 3 and 4 were lower than
0.87, these low values of R2 for types 3 and 4 suggested that these two linearized versions applied in the prediction of the MB
adsorption onto NRH particles can not obtain a favourable results. R2 values for types 1, 2, 5 and 6 were higher than 0.95. The
high values of these 4 linear expression indicated that the calculated results will be closer to the experimental data than the types 3
and 4. We also can find the R2 value of linearized version 6 was the highest for the MB adsorption on NRH, this high R2 value
implied that linearized version 6 of pseudo-second-order equatuion should be the best fitted kinetic exoression to represent the
MB adsorption on NRH. In order to prove the correctness of the high values of R2 can be use to find the best fitted kinetic
exoression,

the comparison between the plot of experimental qt vs time with the plot of theoretical qt calculated from these six

linear pseudo-second-order kinetic kinetic models vs time were made (figure 7-12.).

Linear Type

Type 1

Type 2

Type 3

Type 4

Type 5

Type 6

1.68606
qe (mg/g)
K2(g/mg.min) 0.0184
2
0.9729
R

1.39
0.03778
0.9536

1.452
0.03235
0.8622

1.52593
0.02654
0.8622

1.42623
0.03422
0.957

1.6176
0.0205
0.9868

The theoretical qt valuses of these six linear types of pseudo-second-order equations in fig 7-12 were calculated by bringing the
qe values and k2 valuesof each linear types of pseudo-second-order equations into the nonlinear form of pseudo-second-order
equation.
From these figures, the result of figure 12 clearly indicated that the linearized version 6 is closer to the experimental data
than the other 5 linearized versions.
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4. Conclusion
In this research, thes adsorption kinetics of experimental outcome were analyzed by using 6 different linearized expressions of
pseudo-secondorder kinetic equation. The linearized transformation of the pseudo-secondorder kinetic equatuion cause the real
problems and complexities in calculating the parameters of the pseudo-secondorder kinetic equatuion. The various results obtained
from the various linearized expressions of pseudo-secondorder kinetic equatuion probably as a result of the variation in the error
structure got varied in the linearized process of the non-linear pseudo-secondorder kinetic equatuion. Also, the different axial
settings of linearized expression could affect the determination process (Khambhaty, Mody et al. 2008). In this study, six different
linear expressions of pseudo-second-order equation were used for linear regression and compared using the correlation coefficient,
R2. Also, these varied linear expressions of pseudo-second-order equation were used to determine the kinetic parameters. These
kinetic parameters were used to calculate the theoretical qt and compared to evaluate the experimental qt data. The calculated results
of thses linear expressions were different. The difference of of thses linear expressions probably due to the change of the error
distribution caused by the linearization technique. These results implied that it is a important issue to choose a suitable linear type to
obtain the best-fitted data. In the results, it is found that the R2 values can be used to select the best-fit linear forms of the
pseudo-second-order kinetic equation.
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