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Trong bài báo này, bentonite Cổ Định Thanh Hóa đã được nghiên cứu dùng làm chất hấp phụ để xử lý ba loại phẩm nhuộm anion Remazol Deep Black, cation Diani & Black  và trung tính Astralon Black AFDL trong dung dịch nước. Đẳng nhiệt hấp phụ theo ba mô hình Langmuir, Freundlich và Redlich-Peterson ở dạng tuyến tính và phi tuyến tính cũng được nghiên cứu so sánh. Kết quả cho thấy bentonite Cổ Định có khả năng hấp phụ cao đối với loại phẩm nhuộm cation Astralon Black AFDL và phẩm nhuộm trung tính Diani & Black, nhưng hầu như không hấp phụ loại phẩm nhuộm anion Remazol Deep Black. Sự hấp phụ cả hai loại phẩm nhuộm trung tính và cation tuân theo ô hình Redlich-Peterson. Sử dụng dạng mô hình đẳng nhiệt phi tuyến cho kết quả phù hợp hơn dạng tuyến tính do có cùng cấu trúc sai số.

I - INTRODUCTION
At present, there are more than 10,000 dyes available commercially, most of which are difficult to biodegrade due to their complex aromatic molecular structure and synthetic origin [1].  Dye molecules comprise of two key components: the chromophores, responsible for producing the color and the auxochromes, which can not only supplement the chromophore but also render the molecule soluble in water and give enhanced affinity toward the fibers. Dyes may be classified on the basis of their solubility: soluble dyes which include acid, mordant, metal complex, direct and reactive dyes; and insoluble dyes including azoic, sulfur and disperse dyes [2].
Extraction of dyes from wastewaters in an economic faction has been an important challenge in relation to the environmental viewpoint. Unless property treated, the dyes present in wastewaters can significantly affect photosynthetic activity due to reduced  light penetration and may also to be toxic to certain forms of aquatic life. So many studies have been devoted to the treatment of these wastewaters, aiming at removing dyes, pigments and some other coloring agents. In this respect, inorganic oxides and especially activated carbon particles have been extensively used as adsorbents [3, 4]. However, the cost is high and recovering activated carbon particles from wastewater may be difficult. Bentonite, whose main component is montmorillonite, is a potential and important adsorption material because of its large surface area, large number of interlayer exchangeable inorganic cations and abundance in nature. Application of bentonite to adsorption of dyes for aqueous solution was reviewed in detail by Gupta et al. [2].
In the present paper, a comparision of linearized and non-linearized method of three widely used isotherms of Langmuir, Freundlich and Redlich-Peterson applying to the experimental data of some dyes, namely, Remazol Deep Black, Diani & Black  and Astralon Black AFDL on bentonite was discussed. 
II – EXPERIMENTAL
The natural bentonite which origined from Co Dinh Thanh Hoa was provided kindly from Vietnam Academy of Sciences and Technologies. It was crushed, ground and separated from  quartz by sedimentation. This bentonite possesses specific surface area of 156 m2/g and isoelectric point of 7.4 [5].  Commercial textile dyes were provided freely from Thuy Duong Textile Corporation (Hue city) and used in all adsorption experimental without further purification. Astralon Black AFDL (noted as AB) is cation dye. Diani & Black  is mordant dye (noted as DB); Remazol Deep Black (noted as RDB)  is anion dye.The chemical structure is illustrated as table 1.
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Fig. 1: Molecular structure of dyes

The adsorption capacity is calculated by equation:
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where qt is the adsorption capacity at determined time (mg.g-1); V the volue of solution (L); m the mass of absorbent (g); Co and Ct are the concentration of dye at initial and determined time (mg.L-1).
 Adsorption efficiency, F:             
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where Co and Ce are the initial and equilibrium concentration of dyes, respectively (mg.L-1).

 Adsorption data obtained in the concentration range 70- 400 mg.L-1 were correlated with the Langmuir, Freundlich and Redlich-Peterson adsorption isotherm models in non-linear and linear form as shown in table 1.

The pH of solution were measured by using a laboratory scale pH meter (HM-25R ) and the absorbance measurements were carried on UV-Vis spectrophotometer (T80). Adsorption experimentals of bentonite with dyes were performed by  batch technique at 298 K. A series of 6 erlenmeyer flasks containing 50 mL of adsorbate solutions of various concentration (70 mg.L-1 - 400 mg.L-1) and the amounts of 0.1 gram bentonite were employed. These flasks were stirred using a mechanical magnetic stirrer for 4 hours to achieve equilibration. Once, the equilibrium is through to be reached, solution was filtered and concentration of dye in the solution after equilibrium adsorption was determined spectrophotometrically by measuring absorbance. The wavelength was recorded before and after the adsorption. In all the cases no shift in the absorbance peak was observed. The phase of bentonite was identified by XRD diffraction (D8-Advance Brucker, Germany) using CuKα radiation (λ = 1.5406 Å).
Table 1: The Langmuir, Freundlich and Redlich-Peterson in non-linearized and linearized form [6]
	Model
	Non-linearized
	Linearized
	Plot

	Langmuir -1
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	Langmuir -2
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	Langmuir -3
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	Langmuir -4
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(qe is the equilibrium adsorption capacity (mg.g-1), Ce the equilibrium dye concentration in solution (mg.L-1), qm the monolayer adsorption capacity of the adsorbent (mg.g-1), KL the Langmuir constant (L.mg-1), KF the Freundlich constant (mg1−1/n.L1/n.g−1) and n (dimensionless) the heterogeneity factor and KR (L.g-1),               aR (L-1.mg1−1/KR) and bR (exponent, which lies between 0 and 1) are Redlich-Peteson constant, respectively.

III - RESULTS AND DISCCUSSION
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Fig. 2 presents UV-Vis spectra of anion, mordant and cation dyes in aqueous solution with value pH varying in the range of 2-12. The wavelengths of absorption peaks can be correlated with the types of bonds or the functional groups within a molecule. For anion and cation dyes, the absorption bands in visible range with highest intensity at 600 nm and 620 nm respectively, which seem to be unchangeable as the value pH changes, should be attributed azoic groups. The mordant dye exhibits only absorption band  with peak at 590 nm, which may be assigned to azoic group.  The intensity and position of this band is not changeable as the value pH varies. From the above result, the absorbance measurements by UV-Vis spectrophotometer were carried out at 620, 590, and 600 nm for cationic dye, mordant dye and anionic dyes, respectively. 
The XRD patterns of natural bentonite and refined bentonite are presented in Fig. 3a. Montmorillonite of natural bentonite is characterized by basal spacing d001 at 5.71o. The characterized diffractions of quartz  are observed at 26.77o. For the refined bentonite, only characterized diffraction of montmorillonite and no diffractions of quartz are observed indicating that the refined bentonite contains no quartz in point of view of XRD detection. Fig. 3b shows the effect of pH on the adsorption efficiency of three dyes. For mordant and cation dyes, the adsorption efficiency seems to decrease with an increase in pH value. Both range of pH less 4 and more 10, the adsorption is affected significantly by pH of solution. However, the adsorption is less affected as the pH value varies in the range of 4-10. In contract to cation and mordant dyes, the adsorption of anion dye onto studied bentonite is not observed in any cases. The reason why the bentonite can be adsorptive of cation and mordant but not anion dye need to more study in adsorption mechanism. However, since the isoelectric point is at pH=7.4 indicating  that the adsorption of dyes onto bentonite is dominated by complex mechanism than electrostatic  interaction mechanism.
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	Fig. 3: a. XRD patterns of natural bentonite and refined bentonite; b. Effect of pH on the adsorption conversion (cation dye: 400 mg.L-1, V = 50 mL, bentonite: 0.1 g; mordant dye: 240 mg.L-1, V = 50 mL, bentonite: 0.1 g; anion dye: 80 mg.L-1, V = 50 mL, bentonite: 0.2 g )


The adsorption isotherms were investigated based on three popular models as shown in Table 1. For Langmuir model, there are four forms.  Linear regression of experimental data by Langmuir models and Freundlich model for the adsorption of AB dye onto bentonite were illustrated in Fig 4. It is not possible as the linearized form of Redlich-Peterson isotherm equation contains three unknown parameters KR, aR and bR. Therefore, an optimization process by using Microsoft Excel – Solver program is adopted an bR value to maximize the coefficient of determination R2.  The parameters of KF, n, KL, qm, KR, aR and bR for the adsorption of AB and DB dyes onto bentonite are listed in table 2. The quality of the fit of the experimental data with the isotherm equation is assessed on the magnitude of the correlation coefficient R2 for the regression. In the other words, the isotherm giving an R2 value being 
closest to unity will provide the best fit. 
In the present paper, non-linear regression was   performed by using Microsoft Excel – Solver program. A error function was defined to enable the optimization process to determine and evaluate the fit of the isotherm equation to the experimental data. By here, the error function of root mean squared residual  (RMSE) 
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 was used. The lower the RMSE value of model  the more appropriately  the model  applies to the adsorption process.   Fig. 5 illustrates plots of  Langmuir, Freundlich and Redlich-Peterson models in non-linear form for the adsorption of AB dye.  The parameters of Langmuir, Freundlich and Redlich-Perterson in non-linear form for AB and DB dyes   are presented in table 3.
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	(a) Langmuir-1
	(b) Langmuir-2
	(c) Langmuir-3
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	(d) Langmuir-4
	(e) Freundlich
	(f) Redlich- Peterson


Fig. 4: Plots of Langmuir, Freundlich and Redlich-Peterson isotherms in linear form for the adsorption of AB dye onto bentonite
Table 2: The parameters of  isotherm models in linear  for the adsorption of AB and DB dyes onto bentonite
	Models
	AB
	DB

	Parameters
	qm
	KL
	R2
	qm
	KL
	R2

	Langmuir-1
	344.8
	0.060
	0.996
	131.6
	0.067
	0.991

	Langmuir-2
	322.6
	0.076
	0.927
	117.6
	0.0853
	0.943

	Langmuir-3
	323.7
	0.077
	0.888
	120.2
	0.0792
	0.885

	Langmuir-4
	332.2
	0.068
	0.888
	124.4
	0.0701
	0.885

	Parameters
	n
	KF
	R2
	n
	KF
	R2

	Freundlich
	4.400
	103.949
	0.972
	3.25
	27.8742
	0.994

	Parameters
	aR
	bR
	KR
	R2
	aR
	bR
	KR
	R2

	Redlich-Peterson
	1.611
	0.793
	185.185
	0.998
	7.909
	0.698
	227.273
	0.998

	[image: image26.emf]0 30 60 90 120

0

50

100

150

200

250

300

 

 

q

e

C

e

 : Experimental

 : Langmuir Non-Linear

 : Freundlich Non-Linear

 : Redlich-Peterson Non-Linear


(a)
	[image: image27.emf]0 30 60 90 120

0

30

60

90

120

 

 

q

e

C

e

 Experimental

 Langmuir Non-Linear

 Freundlich Non-Linear

 Redlich-Peterson Non-Linear


(b)


Fig. 5: Plots of Langmuir, Freundlich and Redlich-Peterson equation in non-linearized form:
 a. for AB dye; b.  for DB dye
Table 3: The isotherm parameters of Langmuir, Freundlich and Redlich-Peterson models in 
non-linearized  form for AB and DB dyes
	Models
	AB
	DB

	Parameters
	qm
	KL
	RMSE
	qm
	KL
	RMSE

	Langmuir
	330.2
	0.070
	8.449
	126.4
	0.0648
	5.147

	Parameters
	n
	KF
	RMSE
	n
	KF
	RMSE

	Freundlich
	4.400
	103.348
	5.017
	3.24
	27.7645
	1.916

	Parameters
	aR
	bR
	KR
	RMSE
	aR
	bR
	KR
	RMSE

	Redlich-Peterson
	1.626
	0.794
	187.872
	5.167
	7.864
	0.699
	226.959
	0.698


For case of AB dyes, Redlich-Peterson and Langmuir-1 mode is appropriate to apply to the adsorption of AB dye in linearized form thus confirming the monolayer coverage of AB dye onto bentonite. In fact, Langmuir isotherm is a special case of Redlich-Peterson isotherm when constant bR was unity. When comparing the R2 values of all the four linearized form of Langmuir equation with Freundlich isotherm will result in different outcomes. The R2 value for Langmuir-1 were found to be greater than the R2 value of Freundlich and Langmuir-2, 3, 4. But, when comparing the R2 value of Langmuir-2,3,4 isotherm with Freundlich isotherm, Freundlich was seemed to well represent the experimental data than the other two. Thus, the theoretical assumption of Langmuir, monolayer coverage of  AB dye on bentonite was getting valid in case of Langmuir1 but not getting valid for Langmuir 2, 3, 4. However, the degree of best fit is significantly different in three models based on non-linearized form using RMSE values in which the value of 8.449; 5.017; 5.167 is for Langmuir; Freundlich and Redlich-Peterson models, respectively suggesting the order of best fit of experimental data is Freundlich > Redlich-Peterson > Langmuir model in non-linearized form. As for case of DB dye,  the value R2 of Langmuir-1, Freundlich and Redlich-Peterson modes is very closed to the unity, so all of models can describe well the experimental data while the order of best fit is Redlich-Peterson > Freundlich > Langmuir non-linearized form. In fact, Langmuir isotherm and Freundlich are a special case of Redlich-Peterson isotherm as constant bR being unity or aR >> 1, respectively. This explained why the Redlich-Peterson model represents more comprehensive to the experimental data than Langmuir and Freundlich model.  It is noted that both Freundlich and Redlich-Peterson model provide the unique results in lineared and non-linearized forms but not Langmuir form. It is oblivious that only Langmuir modes possess several transformations to linearized form and  these transformations are distorted by the experimental error. Kumar [6] explained  the reason is that the linear method assumes the scattering of points around the line follows a Gaussian distribution and the error distribution  is the same at every value of absciss. But this is rarely true or practically possible with equilbrium relations (as most of the equlibtium relation are non-linear) as the error distribution gets altered after  transforming the data to a linear. 
Thus, it may be inappropriate to maximized the R2 of the vertical distances of points from the line unless the error distribution is same at every value at X. Thus, the different outcomes for different linearized forms is because for different axial settings the predicted Y values were fixed to a line that assumes a trend line which assumes a uniform distribution error for all value of X. Thus, it will be an inappropriate method to get isotherm parameters by fitting the experimental data by linear method, instead, it is better to for non linear method which have a uniform error distribution for the whole range of experimental data.
We don’t have any data for comparison of adsorption capacity of studied bentonite. According to the review of Gupta et al.[2] about adsorption capacity of more 20 natural adsorbents  with more 50 dyes, most  adsorption capacities are in the range of 50-200 mg dye / g. In comparison with these data, the adsorption capacity of present bentonite of AB and DB dye around 320.2 and 126.2 mg.g-1, respectively is rather high. It implies that the Co Dinh bentonite can be used as an adsorbent for the removal of dye from its aqueous solutions.
IV - CONCLUSIONS
Bentonite from Co Dinh, Thanh Hoa using as an adsorbent for the removal of three dyes Remazol Deep Black, Diani & Black  and Astralon Black AFDL from aqueous solusion. The results show that bentonite is significantly adsorptive of mordant and cation dyes of Diani & Black and Astralon Black AFDL, respectively but not anion dyes of Remazol Deep Black. Comparative analysis of linear and non-linear method of estimating the sorption isotherm parameters for some dyes onto bentonite were studied The Redlich-Peterson and Freundlich models are well fitted to experimental data. By  using non-linear form, there are no problems with transformation  of non-linear Langmuir  isotherm equation to linear forms, and also they are in the same error structure. The maximum amount of monolayer coverage calculated based on Langmuir models are 320.2 and 126.2 mg.g-1  for Astralon Black AFDL and Diani & Black, respectively. Bentonite Co Dinh was found to be an effective adsorbent for cation and mordant dyes colour removal.
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Fig. 2: UV-Vis spectra of  three dyes in different pH solutions: a. anionic dye ,
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