Adsorption properties of activated carbons and ordered mesoporous materials for organic pollutants in aqueous systems
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1. Introduction - The extensive contamination of soils and ground water from the widespread use of pesticides in modern agriculture is a current concern that is impelling research looking for remedies. Since the presence of herbicides in water can cause serious problems in the environment and to human health, their removal from wastewaters is a crucial issue. Environmental regulations, in developed countries, have become very strict for drinking water treatment over the last few years, especially concerning herbicidal compounds. In Portugal, for example, permitted levels have been decreased to only 0.1 µg/L for any one pesticide or a total of 0.5 µg/L for all [1]. 

Adsorption onto porous materials is, amongst the methods currently employed to remove inorganic and organic pollutants (including herbicides) from aqueous or gaseous phases, one of the most used [2]. Activated carbons, AC, with high micropore volume and surface areas, capacity of being texturally and chemically modified and regenerated by thermal desorption or combustion have been powerful and dominant adsorbents for liquid phase adsorption. However the pollutants which can be adsorbed in these microporous materials are limited by the small pore apertures (pore diameter < 2 nm). Therefore the availability of mesoporous materials such as MCM41 and SBA15, also with high surface areas, capacity of being functionalised and regenerated by a simple washing procedure [3, 4], and pore size adjustable in the mesoporous range, broadens the potential applications of porous solids as adsorbents in aqueous systems.
Liquid phase adsorption is used for assessing the capacity of materials to adsorb pollutants from contaminated water. Several models, such as the Langmuir and Freundlich models, have been developed to describe liquid phase adsorption phenomena. The Langmuir model is obtained under the ideal assumption of a totally homogenous adsorption surface and the well-known expression of the Langmuir model is given by Eq. (1) [5]:
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where nmL is the maximum adsorption capacity, corresponding to a complete monolayer coverage on the surface.

The Freundlich isotherm is more suitable for heterogeneous surfaces and it is basically empirical. It can be written in the form [5]:
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In equations 1  and 2, nads is the measured adsorption at a solute equilibrium concentration Ceq, KL is the Langmuir constant and KF and exponent nF are adjustable parameters whose values depend on the system. Plotting (Ceq/nads) against Ceq, the Langmuir parameters nmL and KL are obtained while plotting ln(nads) vs ln(Ceq) gives the values of the Freundlich parameters KF and nF. 
The work presented here focuses on the adsorption of methylene blue (MB), a well-established organic dye probe, for ascertaining adsorption capability of the MCM41 and SBA15 materials and the three AC tested: AC prepared from recycled PET by chemical activation without additional treatment, AC submitted to a post treatment by oxidation with concentrated nitric acid and AC submitted to a high temperature. These AC have also been tested as adsorbents for removal of 4-chloro-2-methylphenoxyacetic acid (MCPA) from the liquid phase. A comparative study of the influence of the textural and chemical parameters of these materials on the liquid phase adsorption will also be presented.
2. Experimental and Characterisation – Waste granulated PET was used as raw material to prepare AC by chemical activation with KOH at 973 K with a ratio of KOH/precursor of two [6]. Part of this sample was treated with concentrated HNO3 at 358 K for 1 hour; another part was heated at 1173 K during 2 hours in a nitrogen flux. The MCM41 and SBA15 materials were prepared by direct synthesis, respectively, at ambient temperature and pressure and under hydrothermal conditions [7].
All adsorbents were structurally characterised by nitrogen adsorption at 77 K. Additionally the AC were also characterised by elemental analysis and point of zero charge whereas the mesoporous materials were characterised by X-ray diffraction (XRD) and diffuse reflectance UV–Vis spectroscopy (DR UV–Vis).
The adsorption isotherms of MB and MCPA were performed on the untreated and chemically treated AC and MB also on the MCM41 and SBA15 type materials. In the batch method, a fixed amount of adsorbent was added to a flask containing the same volume of aqueous solutions with different initial known concentrations. The erlenmeyer’s were then placed in a thermostated shaker bath, at 298 K, for different times, to establish the equilibrium time (4 days). The pH of the medium with MCPA was controlled by the addition of HCl or NaOH (0.1mol/L) to adjust the pH to 3, 7 and 11. All suspensions were then filtered, diluted if needed, and the residual concentrations of the MB and MCPA were determined by UV-Vis by measuring the absorbance at characteristic wavelengths, respectively, 630 nm and 228.6 or 279 nm. 

3. Results and Discussion – In order to obtain the textural properties the AC, MCM41 and SBA15 type materials were characterised by N2 adsorption at 77 K. The results of the isotherms analysis, illustrated in figs. 1 and 2, are presented in table 1. The AC prepared from PET (AC-2-700) presents a micropore volume of 0.57 cm3g-1 and a mean pore size of 1.05 nm. The oxidation with concentrated HNO3 promotes a pore size broadening and a decrease in the micropore volume (PET-2-700ox). In the other hand, the AC submitted to a high temperature treatment (PET-2-700red) exhibited a decrease in the mean pore size and micropore volume. The elemental analysis and point of zero charge also reflect differences between the activated carbons, namely the acid or basic character and the carbon and oxygen content. 
When the AC was submitted to an oxidation treatment with concentrated nitric acid, the carbon content decreased from 84.3% to 54.8% and a decrease in the PZC was also confirmed. A decrease in the PZC corresponds to an increase of the acidic groups on the activated carbon surface, which will influence the removal of MB and MCPA from the liquid medium.
The MCM-41 and SBA15 type materials present high pore volume, Vp, respectively ~0.80 cm3g-1 and 0.97-1.22 cm3g-1 and also high pore width Dp(H)cor, ~3.8nm and ~12 nm. For all samples, the 3 or 4 peaks observed at low diffraction angles (results not shown) could be indexed to only one hexagonal structure (p6mm). Additionally, no peaks at higher angles were observed indicating the absence of any crystalline phases. The powder XRD patterns determined are characteristic of 2-D hexagonal structures with high degree of ordering. 
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	Figure 1. N2 adsorption isotherms on the AC prepared from PET and after modification.
	Figure 2. N2 adsorption isotherms on the MCM41 and SBA15 type materials.


Table 1. Results of the structural characterisation by XRD and analysis by the BET, (S and DR methods of the adsorption isotherms of nitrogen at 77 K

	Activated

Carbon
	N2 Adsorption

	
	ABET/[m2g-1]
	AS/[m2g-1]
	VS/[cm3g-1]
	V0/[cm3g-1]
	L0/[nm]
	Eº / kJmol-1


	PET-2-700
	1334
	189.4
	0.52
	0.57
	1.05
	21.7

	PET-2-700-ox
	885
	163.3
	0.31
	0.37
	1.45
	18.8

	PET-2-700-red
	604
	177.0
	0.21
	0.23
	1.03
	21.9

	Mesoporous Material
	ABET/[m2g-1]
	AS/[m2g-1]
	VS/[cm3g-1]
	VSmi/[cm3g1]
	a0/[nm]
	Dp(H)cor
/[nm]

	Si-MCM41
	1038
	1037
	0.81
	0.00
	4.44
	3.75

	Ti-MCM41-50
	1032
	1033
	0.80
	0.00
	4.45
	3.78

	Si-SBA15
	814
	670
	0.97
	0.06
	12.55
	6.72

	Ti-SBA15-50
	1040
	858
	1.22
	0.07
	12.17
	6.60


(A - surface area, V - pore volume, L0 - mean pore width; VSmi - micropore volume, a0 - unit cell parameter and Dp(H)cor = (0.162/0.137)Dp(H)), BET, S and 0 subscripts correspond to BET, (S and DR methods, respectively). 

For liquid phase adsorption, we investigated the effects of contact time of the MB and MCPA with the adsorbent and an example of this study is presented in figure 3. Representative adsorption isotherms of MB, over the different AC, are presented in figure 4 and the relevant information are that the maximum of MB adsorption capacity is ~1.2mmol/g for the untreated AC, but this capacity increases for the AC submitted to an oxidation treatment with concentrated nitric acid to ~1.4mmol/g. The oxidation promotes a broadening of the pore size allowing the entrance of the MB molecule and the reduction treatment at elevated temperature induces a decrease of the micropore volume and micropore size leading to a decrease in the MB adsorption capacity. 
The three AC have been tested for MCPA removal at different pH values (pH = 3; pH = 7; pH = 11). The MCPA removal was more efficient in an acidic medium. The results (not show here) in the acidic medium demonstrated that the AC without any treatment exhibited only a slightly inferior adsorption capacity for MCPA when compared with the commercial AC-ONEP used in drinking water treatments [8]. In order to improve these results, the AC was submitted to different treatments, however at the moment, the modified AC’s exhibit a slight MCPA adsorption capacity when compared with the original one. 
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	Figure 3. Adsorption kinetic studies of methylene blue on the AC prepared from PET.
	Figure 4. Adsorption isotherms of MB over AC prepared from PET and after chemical treatment.


The liquid phase adsorption data were analyzed according to the Langmuir and Freundlich equations. By considering Langmuir or Freundlich model parameters, the following order of MCPA adsorption capacity for the three AC, in acidic medium, was inferred: AC-2-700 ( AC-2-700red ( AC-2-700ox. For MCPA adsorption the two models seemed very satisfactory for describing the experimental data, as the corresponding plots of equation (1) and equation (2) presented a good linear range (results not shown here). The adsorption capacity and the values of the Langmuir and Freundlich parameters will be discussed latter. 
In terms of performance in the liquid phase, in the majority of the systems it is the porous volume that controls the adsorption process and it seems valid for MB but not valid for MCPA. However, we are currently doing more structural and chemical studies with more samples and different pollutants to explore in a detailed way these first statements.  
Preliminary tests on the mesoporous materials demonstrated a non significant MB adsorption capacity. Additionally the adsorption capacity of the dye seems to be independent of the textural properties of the mesoporous type material, MCM41 or SBA15, and also independent of the Ti incorporation in the hexagonal structures. In order to increase the adsorption capacity, functionalisation of mesoporous adsorbents with organic moieties will be performed [4]. Alternatively mesoporous titanosilicates can be experimented as photocatalysts for environmental clean-up applications, including, the photodegradation of MB and MCPA [9].

4. Conclusions - In the present study, the adsorption characteristics of MB (methylene blue) and the herbicide MCPA (4-chloro-2-methylphenoxyacetic acid) on activated carbon obtained from waste granulated PET, by chemical activation with KOH  have been analysed and the results seem promising. The results of the study show that the AC used were capable of removing MB and MCPA effectively from aqueous solutions as the adsorption capacity was only slightly inferior for MCPA when compared with the commercial AC-ONEP used in drinking water treatments. The Langmuir and Freundlich equations seem to be very useful for analysing the MB and MCPA adsorption isotherms and the parameters allow us to verify that the adsorption is favourable.
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