Adsorption mechanisms of metal cations from water on an oxidized carbon surface
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Abstract

Adsorption of Cr(III), Mn(II), Cu(II) and Zn(II) on an oxidized activated carbon cloth was studied. The adsorbent was characterized to determine its surface chemistry by potentiometric titration. This technique revealed the amount of surface oxygen functionalities and their acidity constant distribution. The acidity constant range involved in the metal cation adsorption was obtained from this distribution. Metal cation adsorption was by a proton exchange mechanism and endothermic process, due to the increase in the negative surface charge of the oxidized activated carbon with higher temperature. Proton exchange involved an inner-sphere or outer-sphere surface metal complex formation mechanism. In the case of divalent cation adsorption, the increase in temperature changed the adsorption mechanism from outer-sphere to inner-sphere. However, the adsorption mechanism of Cr(III) was outer-sphere and independent of temperature. Adsorption capacity augmented with the increase in the charge-to-size ratio of the hexa-aquo cations. In addition, the adsorption capacity of divalent cations increased with the rise in stability of the surface metal complex formed. 
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1.
Introduction

The adsorption mechanism of metal cations from aqueous solutions onto carbon materials essentially depends on the surface chemistry of the activated carbon and the experimental conditions used [1,2]. The mechanisms can be: by ion exchange and/or formation of surface metal complexes, mainly operating on the acidic surface oxygen functionalities; by adsorption on electron-rich regions within the graphene layers, acting as Lewis basic sites [2-6]; and by surface precipitation, which can occur under certain experimental conditions. This last mechanism removes metal cation from water but cannot be strictly considered an adsorption mechanism.

 When oxidized activated carbons are used as adsorbents, adsorption takes place by ion exchange when acid surface functionalities are dissociated at the working solution pH. This mechanism also involves the formation of a surface metal complex, because metal cations in aqueous solution are mainly as hexa-aquo cations or as a hydrolyzed form of these, depending on the solution pH. Hence, the adsorption mechanism in this case can be considered, more appropriately, as “proton exchange with formation of surface metal complexes”. For hexa-aquo cations, [M(H2O)6]n+, the adsorption mechanism may be either by inner-sphere (IS) or by outer-sphere (OS) surface metal complex formation, as illustrated for a divalent hexa-aquo cation in the respective schemes shown in Figures 1 and 2.

Despite the large number of publications on metal ion adsorption by carbons, little research has been published on the type or strength of the surface acid functionalities involved in the proton exchange mechanism or on the type of surface metal complex formation mechanism. Therefore, the objective of this work was to elucidate these aspects in the adsorption of Cr(III), Mn(II), Cu(II), and Zn(II) on an oxidized activated carbon cloth. The possible factors influencing one or other surface metal complex formation mechanism were also considered.

2.
Experimental

The sample used in this work was an activated carbon cloth oxidized with a saturated solution of (NH4)2S2O8 in 1M H2SO4, as described elsewhere [7], and will be referred to in the text as ACC-ox. Surface area and porosity of this sample were previously studied, finding BET surface area of 1636 m2/g, external surface area of 94 m2/g, micropore volume of 0.71 cm3/g, and mean micropore width of 1.80 nm. The total oxygen content from the amounts of CO and CO2 evolved up to 1273 K determined by temperature-programmed desorption was 18 % [8].

Surface charge of ACC-ox as a function of solution pH was determined at 288 and 308 K by potentiometric titration, as described elsewhere [8], using an automatic titrator (Metrohm 702 Titrino).

Adsorption isotherms of Cr(III), Mn(II), Cu(II), and Zn(II) were determined at 288 and 308 K by using 0.1 g of carbon and 100 mL of solutions containing 3-150 mg/L of the corresponding nitrates. Adsorption was carried out in the absence or in presence of 0.01 M KNO3 to vary the ionic strength of solution. The initial solution pH depended on the salt concentration: 4.0-3.5 for Cr(III); 6.1-5.8 for Mn(II); 5.9-5.2 for Cu(II), and 6.1-5.6 for Zn(II). Thermostated suspensions were mechanically shaken at 300 rpm for one day. Equilibrium concentrations were determined by atomic absorption spectrometry.

3.
Results and discussion

3.1.
Surface chemistry of the adsorbent
Potentiometric titration curves obtained at 288 and 308 K are depicted in Fig. 3. They reveal that the negative surface charge at a given pH increases with higher temperature due to an increase in proton release from surface oxygen complexes of acid character [8]. Fig. 3 also shows that the pHPZC value decreased from 3.91 at 288 K to 3.34 at 308 K. 

The numerical SAIEUS procedure (solution of adsorption integral equation using splines) [9-11] was applied to the potentiometric titration curves in order to determine the acidity constant distribution, f(pKa), of species present on the surface of samples. Acidity constant distributions obtained at 288 and 308 K are depicted in Fig. 4.  Table 1 lists the amounts of the different acidic groups according to their pKa and peak position. Results obtained reveal a highly heterogeneous distribution of surface acidic groups, with pKa values ranging from 3 to 10. Carboxyl groups are considered to have pKa values < 8 and phenolic groups values of 8 - 10, although basic species can appear at pKa values > 9 [8]. Results show that the number of acidic groups increases with higher temperature. 

3.2.
Adsorption of metal ions

The divalent cations were present completely as hexa-aquo cations and Cr(III) was present as [Cr(H2O)6]3+ (80%) and as [Cr(H2O)5(OH)]2+ (20%). These data were deduced from the speciation diagrams [5] of the metal cations used and their solution pHs. The size of the hexa-aquo cations is given in Table 2; they are sufficiently small to be accessible to the micropores of ACC-ox.

The adsorption of most metal cations on oxidized activated carbons appears to occur by ion exchange with the surface acid groups of the carbon [1,2,6,14]. This would result in a displacement of protons from the surface acid functional groups. This displacement of protons was determined by measuring the initial and equilibrium solution pHs at each adsorption isotherm data point. Fig. 5 shows a good linear relationship between the H+ displaced and the metal cations adsorbed at 308 K, and similar results were obtained at 288 K. The slopes of the straight-lines were equal to 1.00 ± 0.02 and 0.98 ± 0.03 at 288 and 308 K, respectively. This means that three and two surface acidic groups were involved in the adsorption of the trivalent and divalent cations, respectively.

Adsorption isotherms of the metal ions on ACC-ox at 308 K are depicted, as an example, in Fig. 6. These isotherms fitted well with the Langmuir equation (1), as shown in the above Figure:

C/X = 1/BXm + C/Xm

(1)

where X is the amount adsorbed at a given equilibrium concentration, C, Xm is the adsorption capacity, and B the Langmuir constant. Results obtained after applying Eq. (1) to the adsorption isotherms are displayed in Table 3, which shows that: i) Xm increased with higher adsorption temperature, and ii) Xm increased following the order Mn(II) < Zn(II) < Cu(II) < Cr(III). 

The increase in Xm with higher adsorption temperature is due to the increase in the negative surface charge of the oxidized activated carbon (Fig. 3). Table 2 shows the pKa values of the hexa-aquo cations. These cations could be exchange by protons from surface acid groups with a pKa smaller than the pKa of the hexa-aquo cation [15]. However, comparison of the Xm values in Table 3 with the amount of surface acid groups (Table 1) reveals that not all of these groups were involved in the metal cation adsorption. Not even all of the strongest carboxyl groups, i.e., those with pKa values between 2 and 4, were able to adsorb metal cations.

The above results were a consequence of both the strong interactions between the metal cations and the oxidized carbon surface and the rapidity of the adsorption process, which produces metal cation adsorption on all acid sites encountered by these ions in their passage from the aqueous solution to the outer surface of the carbon particles [16]. This can result in the deposition of metal cations on the most external surface of the oxidized carbons. This phenomenon is similar to that reported to take place in the preparation of supported metal catalysts when there are electrostatic interactions between the metal precursor and the support [17]. The adsorbed metal ions either electrostatically repel other metal cations in solution or block their accessibility to other surface acid groups located within internal pores of the oxidized carbons. Both phenomena make that not all surface carboxyl groups are involved in metal cation adsorption. A further and complementary explanation is that some surface carboxyl groups that can exchange protons with the metal cations are not situated at the appropriate distance from each other to form the adsorbed metal complex.

It was possible to calculate the pKa range of the strongest carboxyl surface groups involved in the adsorption of each metal cation at each temperature. This is because the Xm value for each metal cation and temperature corresponds exactly to the value of protons displaced from the surface carboxyl groups, as shown above. Results obtained are displayed in Table 3 and indicate that the strength of carboxyl groups involved in metal cation adsorption increased in the order Cr(III) < Cu(II) < Zn(II) < Mn(II). In addition, there was virtually no change in the pKa range involved in the adsorption of each metal cation as a function of adsorption temperature. This is because the rise in temperature produced an increase in the number of dissociated groups within these pKa ranges (see Fig. 4). 

The order of increase in Xm is the same as that found for the increase in the Z/r ratio of the hexa-aquo cations (Table 2). This is because the adsorption was governed by attractive electrostatic interactions between the carbon surface and the metal cations, since the carbon surface was negatively charged at the solution pH used.
The ion-exchange adsorption mechanism can operate following the schemes shown in Figures 1 and 2, as mentioned above. In the IS mechanism (Fig. 1), water ligands from hexa-aquo cations are substituted by carboxylate anions, whereas in the OS mechanism (Figure 2), water ligands remain between the surface functional groups and the adsorbed cation. Hence, the adsorbed cations are bound to the surface functional groups by covalent bonds in the former mechanism and by electrostatic bonds in the latter.

The effect of ionic strength on metal cation adsorption on oxides and other inorganic adsorbents has been used as a method to distinguish between IS and OS mechanisms [18-21]. Thus, adsorption is by IS mechanism when it is not affected by a variation in ionic strength. Conversely, adsorption is by OS mechanism if uptake decreases when ionic strength increases. This latter effect is called the classical ionic strength effect and is due to competition for the surface oxygen groups between the adsorbing cations and those from the background electrolyte, with both forming OS metal complexes. Figure 7 depicts adsorption isotherms on ACC-ox at 288 K obtained at two different ionic strengths. The adsorption was lower at the higher ionic strength, and the metal cations were adsorbed by an OS mechanism at 288 K.

However, when adsorption was carried out at 308 K (Figure 8), the increase in ionic strength did not affect the adsorption of divalent cations (IS mechanism), but decreased the Cr(III) uptake (OS mechanism). Therefore, an increase in adsorption temperature changes the adsorption mechanism of the divalent cations from OS to IS, whereas the OS mechanism of Cr(III) adsorption is not affected. Hence, in the former case, the increase in temperature favors the loss of water from the coordination sphere of the hexa-aquo divalent cations. This phenomenon can be related to the water-exchange rate constant of hexa-aquo cations in aqueous solution, KH2O.
It is therefore reasonable to think that hexa-aquo cations with higher KH2O values are more likely to be adsorbed by an IS mechanism. Thus, the values of KH2O at 298 K [22] for [Cr(H2O)6]3+,  [Mn(H2O)6]2+, [Cu(H2O)6]2+, and [Zn(H2O)6]2+ are 2.4 x 10-6 s-1, 2.1 x 107 s-1, 4.4 x 109 s-1 and 6.7 x 107 s-1, respectively. The very low KH2O value for [Cr(H2O)6]3+ indicates that this hexa-aquo cation is highly inert, therefore an increase in adsorption temperature within the range under study would not affect the OS mechanism. The high inertia of this cation is due to the high ligand-field stabilization energy of the d3 electronic configuration of Cr(III). Conversely, the much greater KH2O value of the divalent hexa-aquo cations indicates that the IS mechanism can operate more easily than in  case of Cr(III) under certain experimental conditions.

Finally, formation of the new surface metal complex would increase when its stability constant increases. The order of the variation of Xm for the divalent cations was the same as reported for the Irving-Williams series [14,23], which summarizes the stabilities of complexes formed by divalent cations of the first transition series. The high Xm value found for Cu(II) is due to the high stability constant of the Cu(II) IS surface metal complex formed. This is a consequence of the Jahn-Teller distortion of octahedral Cu(II) complexes [23].

4.
Conclusions

Three surface carboxyl groups were implicated in the adsorption of trivalent cations and two groups in the adsorption of divalent cations. Not all surface carboxyl groups with the appropriate pKa to adsorb metal cations were involved in their adsorption. The strength of the groups involved in the adsorption increased in the order Cr(III) < Cu(II) < Zn(II) < Mn(II). The adsorption of the metal cations studied was endothermic and due to the increase in the negative surface charge of the oxidized activated carbon with higher temperature.

The ion-exchange adsorption mechanism for [M(H2O)6]n+ can operate following an IS or OS mechanism. These were differentiated by studying the effect of ionic strength on metal cation adsorption. Results obtained showed that the adsorption temperature affected the adsorption mechanism of divalent cations. In this case, an increase in adsorption temperature within the studied range changed the adsorption mechanism from OS to IS. Conversely, the OS mechanism operating in Cr(III) uptake was not affected by the adsorption temperature. These mechanisms were related to the water-exchange rate constant of the hexa-aquo cations in aqueous solution. 

The order of increase in Xm was the same as found for the increase in the charge-to-size ratio of hexa-aquo cations, because the adsorption was governed by attractive electrostatic interactions. Furthermore, the order of the variation of Xm for the divalent cations was the same as reported for the Irving-Williams series, which summarizes the stabilities of complexes formed by divalent cations of the first transition series.
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Table 1
Results of potentiometric titration: number of groups in meq/g and peak position in parenthesis.

	T(K)
	pKa 2-4
	pKa 4-6
	pKa 6-7
	pKa 7-8
	pKa 9-10
	Carboxylic
	Phenolic

	288
	1.11(2.91)
	0.03(5.77)
	
	0.06(7.30)
	0.31(9.29)
	1.20
	0.31

	308
	1.82(2.94)
	0.28(4.76)
	0.11(6.35)
	0.78(7.99)
	1.50(9.29)
	2.99 
	1.50


Table 2
Size (r), charge-to-size ratio (Z/r) and pKa values of the hexa-aquo cations.
	Metal cation
	r*
	Z/r
	pKa**

	
	nm
	nm-1
	

	Cr(III)
	0.46
	6.52
	4.0

	Cu(II)
	0.42
	4.76
	7.6

	Zn(II)
	0.43
	4.65
	9.0

	Mn(II)
	0.44
	4.55
	10.6






* From reference [12]





** From reference [13]

Table 3
Adsorption capacity (Xm, meq/g) and pKa range of the surface carboxyl groups involved in the metal cation adsorption on ACC-ox at two adsorption temperatures.
	Metal cation
	288 K
	308 K

	
	Xm
	pKa range
	Xm
	pKa range

	Cr(III)
	0.97 ± 0.02
	2.00-3.05
	1.41 ± 0.01
	2.00-3.07

	Cu(II)
	0.86 ± 0.01
	2.00-3.00
	1.05 ± 0.76
	2.00-2.95

	Zn(II)
	0.63 ± 0.01
	2.00-2.92
	0.76 ± 0.01
	2.00-2.92

	Mn(II)
	0.54 ± 0.01
	2.00-2.90
	0.62 ± 0.01
	2.00-2.89


Figure Captions
Figure 1.
Inner-sphere surface metal complex formation mechanism for a divalent hexa-aquo cation.

Figure 2.
Outer-sphere surface metal complex formation mechanism for a divalent hexa-aquo cation.

Figure 3.
Variation in surface charge of ACC-ox as function of solution pH at 288 K, --- and 308 K, —.
Figure 4.
pKa distributions for ACC-ox at 288 K, --- and 308 K, —.
Figure 5.
Variation in protons displaced with the amount of metal ions adsorbed at 308 K on ACC-ox. (  Cr(III), ( Cu(II), ( Zn(II), ( Mn(II).
Figure 6.
Adsorption isotherms at 308 K on ACC-ox. ( Cr(III), ( Cu(II), ( Zn(II), ( Mn(II). Curves represent the fitting of the experimental data to the Langmuir equation.

Figure 7.
Adsorption isotherms at 298 K on ACC-ox at two different ionic strengths. Open symbols: no KNO3 added; closed symbols: 0.01 M KNO3. a) ( Cr(III), ( Mn(II); b) ( Cu(II), ( Zn(II).

Figure 8.
Adsorption isotherms at 308 K on ACC-ox at two different ionic strengths. Open symbols: no KNO3 added; closed symbols: 0.01 M KNO3. a) ( Cr(III); b) ( Cu(II), ( Zn(II), ( Mn(II). Open symbol 0 M KNO3.
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