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Abstract

:

Mercury is a highly toxic pollutant of major public health concern, and human exposure is mainly related to the aqueous phase, where its dominant form is methyl-mercury (MeHg). In the current work, two carbon-based adsorbents, i.e., a commercial activated carbon and a sunflower seeds’ biochar, were modified by the introduction of thiol-active groups onto their surfaces for the MeHg removal from natural-like water in ppb concentration levels. The examined thiol-functionalization was a two-step process, since the raw materials were initially treated with nitric acid (6 N), which is a reagent that favors the formation of surface carboxyl groups, and subsequently by the thiol surface bonding groups through an esterification reaction in methanol matrix. The adsorbents’ capacity was evaluated toward the Hgtotal legislative regulation limit (1 μg/L) in drinking water (denoted as Q1). The respective isothermal adsorption results revealed an increased affinity between MeHg and thiol-functionalized materials, where the commercial carbon showed slightly higher capacity (0.116 μg Hg/mg) compared with the biochar (0.108 μg Hg/mg). This variation can be attributed to the respective higher surface area, resulting, also, to higher thiol groups loading. Regarding the proposed mechanism, it was proved that the S-Hg bond was formed, based on the characterization of the best performed saturated adsorbent.
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1. Introduction


According to European Union policy, mercury is included in the list of priority pollutants for drinking water, as it presents high toxicity to living organisms. The effects on human health are associated with chronic poisoning, causing major neurological problems and vital organ dysfunction. Extensive studies have been conducted during the recent years, regarding the estimated safe for humans’ annual dose of Hg, with the corresponding concentration limit decreasing, as new data are continuously accumulated [1]. It is emphasized that the highly toxic methyl-mercury (MeHg) is the main chemical specie, existing in the aqueous phase. When inorganic or elemental Hg enters water resources or seawater, the aforementioned MeHg can be formed through bacterial and/or phytoplankton actions [2].



The need to address the total concentration of mercury (Hgtotal) is reflected in the extremely low Regulation Limit (RL) in drinking water, as clearly established by all international organizations. In particular, its concentration in water should not exceed 1 μg Hgtotal/L (1 ppb) in order to be considered potable. This limit is the lowest among other toxic metals and, unlike other cases, it is accepted by both the European Union and the US Environmental Protection Agency (EPA). In addition, according to recent reports, the problem of MeHg environmental pollution is more intense in the Mediterranean region [3]. The relatively higher temperatures in combination with the volatility of this metal favor its mobility and, consequently, its appearance in water resources.



There are several known and, at least, laboratory-tested technologies for Hg or/and MeHg contaminated water treatment, such as adsorption, coagulation, filtration, and biological processes. However, up to now, only adsorption proved to be the better available technique for full-scale implementation, especially when the treated water is intended for drinking. Such distinction arises from the fact that the applied method should be capable of performing in low initial pollutant’s concentration and, respectively, to present residual concentration of treated pollutants below the respective RL [4]. Moreover, adsorption may present high selectivity and minimum to no effects on water quality. In that framework, various materials have been tested as adsorbents for the MeHg removal from aquatic matrixes [5]. The most promising case proved to be the carbon-based materials, due to their potential, regarding the application of rather simple surface modification procedures [6], and also, due to composite formation of materials, i.e., forming binary materials with an inorganic phase [7].



Toward improved sustainability, several researchers have synthesized carbon-based materials, originating from agricultural wastes, such as biochar, in order to test them for the removal of toxic metals from contaminated waters [8]. Biochar may present high surface area values, similar to activated carbons, and as a result, can show high pollutant’s adsorption capacities. On the other hand, the requirement of residual concentrations below the respective (mandatory) RL is generally hard to fulfill for the case of toxic metals without the proper surface modification. Especially for the case of Hg, thiol active groups proved to be very efficient, increasing substantially the affinity between pollutant–adsorbent [9]. The removal mechanism follows the general HSAB theory (Hard and Soft Acids and Bases), where thiol as a soft alkali group prefers to bond with the soft acid mercury ions [10].



The above-mentioned mechanism was implemented in the literature mainly for the case of inorganic mercury [9,10], but also for the removal of some other toxic metals from aquatic matrixes (water or/and waste streams) [11]. Moreover, when biochar was modified by thiol groups for improving the MeHg adsorption, the rather high initial concentrations of this pollutant was initially used in the literature studies [12]. However, in this work, lower initial MeHg concentrations were applied, i.e., closer to the real (environmental) ones, by using a typical commercial activated carbon, as well as a biochar produced by sunflower seeds, as adsorbents. These materials were selected in order to be proved that biochar may present competitive adsorption efficiency regarding the removal of MeHg from water, promoting also a sustainable way for the agricultural waste valorization. Initially, both were properly modified by introducing thiol groups on their surface, in order to present increased selectivity against the MeHg removal from natural-like water (simulated), aiming at the S-Hg bond formation. The two carbon-based adsorbents were thiol-functionalized by following a two-step process, applying aquatic and organic matrixes, and, as a result, MeHg residual concentration close to its RL were obtained. Their evaluation performed according to the corresponding capacity QRL, which is mentioned hereafter as Q1.




2. Materials and Methods


2.1. Adsorbents


The commercial activated carbon CarboTech D45/2 supplied by DMT Modern Fuels Unit (Essen, Germany, material’s reference in the text hereafter as D45). The biochar was prepared by pyrolyzing sunflower seeds for 0.5 h at 800 °C and for 0.5 h at 900 °C. Then, the biochar activated chemically by re-pyrolyzing it in the presence of potassium hydroxide, applying the ratio biochar/KOH equal to 1:4, for 1 h at 400 °C and for 1 h at 800 °C (material’s reference in the text hereafter as SF/KOH). Both materials were grounded and sieved to obtain granules in the size range 63–125 μm.




2.2. Thiol-Functionalization


The surface modification of examined adsorbent materials was conducted in two steps. Initially, 1 g of them was placed in a beaker, and 10 mL of 6 N HNO3 were added. The mixture was stirred for 4 h at 90 °C, and then, it was separated by filtration. The solid phase was washed out with distilled water until a neutral pH was obtained for the filtrate, and it was dried at 50 °C for 1 h (materials’ reference in the text hereafter as D45_HNO3 and SF/KOH_HNO3, respectively. During the second activation step, 1 g of the acid-treated material was placed in a sealed beaker, and 2.5 mL of 2-mercaptoethanol (purchased by J.T. Baker)/10 mL of distilled water or methanol solution was added. The mixture was stirred for 4 h at 50 °C and then filtered. The thio-functionalized material was washed out with distilled water several times in order to remove the reagent’s excess and was dried at 50 °C for 1 h (materials’ reference in the text hereafter as D45-SH_H2O and SF/KOH-SH_H2O for water matrix and D45-SH_MeOH and SF/KOH-SH_MeOH for methanol matrix).




2.3. Adsorbents Characterization


The method ASTMD 5373-93 [13] was used for the elementary analysis of the examined carbonaceous adsorbents, during which the carbon, hydrogen, nitrogen, sulfur and oxygen content was determined. The elemental analysis experiments were performed by using a Thermo Finnigan Flash EA 1112 CHNS analyzer. The specific surface area was estimated by the isotherms of adsorption and desorption of liquid nitrogen at −196 °C, according to the BET (Brunauer–Emmett–Teller) model. The FT-IR (Fourier-Transformed Infra-Red) spectra of the samples were recorded in KBr media, using a Perkin-Elmer Spectrum 100 spectrophotometer. The fine sample powder was pelletized with KBr powder for the FT-IR study, aiming to reveal the major (surface) bond vibrations.



X-ray Photoelectron Spectroscopy (XPS) was applied to identify the sulfur and MeHg speciation after its uptake by the adsorbents. The spectrum was acquired in an Axis Ultra DLD system by KRATOS, where a mono-chromator Al–Ka1 X-ray beam was used as the excitation source. The pass energy was 160 eV for the survey scans and 40 eV for the high-resolution spectra. The spectra were calibrated in terms of charging-induced shifts by considering the C 1s peak originating from the carbon surface contamination, and located at 284.6 eV.




2.4. Adsortpion Evaluation


A 50 mg/L Hg(II) stock solution was prepared by dissolving 62.58 mg of reagent grade CH3HgCl in a small volume of HCl (1:1) and diluting it to 1 L with distilled water. The working standard solutions were prepared by the proper dilution of stock solution in natural-like water, according to the National Sanitation Foundation (NSF, Ann Arbor, MI, USA) protocols. The NSF water was prepared by the dilution of 252 mg NaHCO3, 12.14 mg NaNO3, 0.178 mg NaH2PO4·H2O, 2.21 mg NaF, 70.6 mg NaSiO3·5H2O, 147 mg CaCl2·2H2O, and 128.3 mg MgSO4·7H2O in 1 L of distilled water. Prior to adsorption experiments, the pH adjusted to the target value by adding drops of either NaOH or HNO3 (0.1 N).



The adsorption isotherms were recorded according to batch experiments in order to evaluate the MeHg uptake and estimate the corresponding capacity, aiming to achieve residual concentration of Hg equal to the regulation limit of 1 μg/L (Q1). In a conical flask, 20–150 mg of the adsorbent material was placed and equilibrated with 200 mL of the MeHg solutions (in NSF matrix) with the initial concentration of 500 μg Hg/L. The pH value was adjusted to 7, the flask was shaken for 24 h, and afterwards, the suspension was filtered.



The residual MeHg concentrations in the filtrate were determined by a Bacharach Coleman-Model 50B cold vapor mercury analyzer system (Figure S1), following a method that was optimized in previously published research [14]. In brief, the aquatic samples were pre-treated by adding 0.005% w/v KMnO4 and 0.05% w/v NaBH4; the latter was needed for the reliable MeHg measurement as a reducing agent for the atomization of mercury.





3. Results


3.1. Characterization of Examined Adsorbents


The elemental analysis of carbonaceous materials, in which the thiol-functionalization process was applied, is presented in Table 1. As expected, they consisted mainly of carbon and oxygen, while nitrogen and sulfur were under the detection limit concentration for the case of SF/KOH. In Figure 1, the IR spectra of D45 and SF/KOH materials showed similar main vibration stretching bonds. The wide peaks at 1632 cm−1 for the D45 and at 1620 cm−1 for the SF/KOH adsorbents were attributed to C=O, C-O, and C=C bonds [9]. The sharp peaks at 1387 cm−1 and 1123 cm−1 for the D45 and at 1382 cm−1 and 1124 cm−1 for the SF/KOH samples were related to C-H and C-O (alkoxyl) bonds vibration, respectively [15]. Regarding the surface area, the produced biochar presented competitive value when compared to the commercial activated carbon.




3.2. Thiol-Functionalization Mechanism


The thiol-functionalization of the activated carbons’ surface was considered to be a two-step process in order to be optimized under the applied conditions. Initially, the sorbent was treated by nitric acid, which favors the formation of surface carboxyl groups. Nitric acid is the most widespread relevant reagent, since it reaches the highest carboxyl distribution among the use of other oxidants (i.e., hydrochloric acid, sulfuric acid, etc.) [16]. According to the IR spectra of HNO3-treated materials (Figure 1), the peaks at 1755 cm−1 for the case of D45_HNO3 and at 1743 cm−1 for the SF/KOH_HNO3 were attributed to vibration stretching of the bond C=O relevant to carboxyl groups [17]. The aforementioned peaks were absent from the corresponding diagrams of the initial materials, indicating that carboxyl groups introduced onto D45 and SF/KOH surfaces by the HNO3 treatment.



The process of introducing thiol groups onto the carbon surface is mainly based on the application of appropriate reagent. In this study, 2-mercaptoethanol was used, which has a thiol group at one end of the molecule and a hydroxyl group at the other end. The purpose of the carboxyl groups’ formation was fulfilled during the second step, where an esterification reaction between them and the hydroxyl end took place [9]. As supported by IR spectra of thiol-modified materials in both aquatic or organic matrixes, the weak peaks at 2429 cm−1 for the case of D45-SH_MeOH3, 2351 cm−1 for D45-SH_H2O, 2422 cm−1 for SF/KOH-SH_MeOH, and 2430 cm−1 for SF/KOH-SH_H2O were attributed to the vibration stretching of the S-H bond [10]. Moreover, the sulfur content increased in thiol-functionalized materials, according to the elemental analysis data (Table 2). Due to the surface modification, the percentage distribution of all elements changed as well as the specific surface area, which showed a decrease of 33% or 36% for the cases of D45-SH_MeOH or SF/KOH-SH_MeOH, respectively. When the water matrix was used, the surface area showed reduction equal to 29% for the case of D45-SH_ H2O and 31% for SF/KOH-SH_ H2O, since the 2-mercaptoethanol load was lower, limiting the respective pores’ blockages [18].




3.3. Methylmercury Adsorption


Aiming to apply quite realistic conditions during the evaluation of D45-SH and SF/KOH-SH materials, regarding MeHg removal, the natural-like water (according to NSF) was applied at pH 7 in order to obtain the adsorption isotherms. Moreover, the initial MeHg concentration was 500 μg Hg/L, attempting to fulfill two aspects, i.e., residual concentrations close to RL and valid fitting by the applied isothermal models.



Regarding the isothermal models, those of Freundlich [Qe = KF·Ce1/n] and of Langmuir [Qe = Qmax·KL·Ce/(1 + KL·Ce)] are the most widespread adsorption equations, considering liquid phase adsorption. Qe represents the amount of adsorbed metals per mass of adsorbent at the equilibrium concentration Ce, Qmax is the maximum adsorption capacity, KF and n are the Freundlich constants related to adsorption capacity and intensity, and KL is the Langmuir constant [19,20,21].



The isothermal data and the corresponding equations’ fitting are presented in Figure 2. All modified materials showed high correlation for both models, which is attributed to the rather low adsorption load and consequently, they represent monolayer coverage. On the other hand, when the initial non-modified materials were applied, at the same experimental conditions, zero correlation was presented for both isothermal models and high residual MeHg concentration.



As a result, the evaluation of adsorption capacity of the resulting materials in every modification step conducted through the MeHg residual concentration by applying the same experimental conditions (i.e., 500 μg Hg/L, 750 mg adsorbent/L, use of NSF water, pH 7). According to Figure 3, the treatment of raw carbonaceous materials with nitric acid (i.e., the samples D45_HNO3 and SF/KOH_HNO3) caused a significant reduction of sorbent’s efficiency, so higher MeHg residual concentrations were observed. This can be attributed to the formation of surface carboxyl groups, which are considered as acidic sites [16] and therefore, the HSAB mechanism with the (similarly) acidic MeHg is not favored. The substantial reduction of residual MeHg concentration observed with the use of thiol-functionalized materials (i.e., with the samples D45-SH_MeOH and SF/KOH-SH_MeOH) as the acidic carboxyl groups participated in the esterification reaction and new basic active thiol groups were introduced [10].



According to Table 3, where the estimated fitting parameters of the applied models are presented, the D45-SH_MeOH material showed the highest MeHg capacity at RL (Q1 = 0.116 μg/mg). The respective capacity of SF/KOH-SH_MeOH was found to present a slightly lower Q1 value (0.108 μg/mg), which is related to the relevant smaller surface area and lower sulfur content (Table 1). For the same reasons, D45-SH_H2O and SF/KOH-SH_H2O-modified adsorbents showed reduced capacities (approximately by half) when compared with the aforementioned values, i.e., 0.054 μg/mg and 0.048 μg/mg, respectively. When aqueous matrix was used in the thiol-factualization step, then the dispersion of adsorbent was decreased in comparison with the use of methanol as solvent, and lower rates of thiol group formation on the same surface and for the same time can be expected [22].



In addition, the Q1 values of the thiol-functionalized biochar were revealed, as well as the crucial role of sulfur content in the MeHg removal, since the sample SF/KOH-SH_H2O presented higher surface area but lower capacity when compared with the sample SF/KOH-SH_MeOH. Therefore, it was concluded that the adsorption efficiency mainly depends on the -SH load and partially the surface area during adsorption, since the BET values were slightly different between these samples (Table 2) [18]. However, an attempt to correlate the sulfur content of all materials with the respective performance is not possible, since the D45-SH_H2O showed a higher sulfur percentage and surface area, but lower MeHg capacity, in comparison with the SF/KOH-SH_MeOH. In fact, the oxidation of thiols is extremely likely to take place [23], mainly to disulfides (-S-S-) [24]; hence, the use of an organic solvent (as is the methanol in the present study) is preferred during the thiol-functionalization, instead of the use of an aquatic solvent in order to keep the -SH groups stable [11].



Furthermore, the main Langmuir parameter Qmax should be considered as invalid, since a relatively low MeHg initial concentration was used and correspondingly, lower MeHg loading onto the adsorbent surface was achieved. As a result, the limited accuracy of isotherm’s extrapolation indicates that the SF/KOH-SH_H2O material showed higher maximum capacity, even if the models’ affinity relevant constants (KF, n and KL) may support the opposite [25].




3.4. Adsorption Mechanism


The modified D45-SH_MeOH material was found to be the best among the examined, according to the isothermal data, regarding the removal of MeHg, and it was used to further investigate the adsorption mechanism. The XPS spectra of the D45-SH_MeOH adsorbent before and after the MeHg adsorption (Figure 4a) came in agreement with the respective chemical/elemental analysis, showing that the main elements of its composition were carbon, oxygen, and sulfur. Moreover, the presence of the Hg 4f peak in the saturated sample (after use) indicated the MeHg adsorption.



The high resolution of S 2p core-level spectra for the D45-SH_MeOH material before and after the MeHg adsorption are presented in Figure 4b,c, respectively. In both cases, the S 2p spectra showed two pair of peaks, which correspond to different sulfur bonds/modes. The pair of peaks in the range 163–165 eV was attributed to S 2p1/2 and 2p3/2 of the C-S bond, due to the -SH groups, [26], whereas the pair in the range 167–169 eV was attributed to 2p1/2 and 2p3/2 of oxidized sulfur or/and sulfur oxides [12,18]. Moreover, the second S 2p double peak confirmed the previous hypothesis of the partial oxidation of the introduced thiols. A slight increase in S 2p1/2 and 2p3/2 peaks, related with the -SH groups, were observed after MeHg adsorption, i.e., from 163.2 eV and 164.4 eV to 163.4 eV and 164.6 eV (splitting factor equal to 1.2 eV), respectively. This indicated that the thiols involved in the HSAB reaction with MeHg and, also, the sulfur atoms donated electrons in order to form the S-Hg bond [27,28]. On the other hand, the S 2p1/2 and 2p3/2 peaks correlated well with the structured sulfur oxides (Table 1) and oxidized thiols, showing negligible to no bond energy changes, and confirming their zero participation in the removal mechanism (i.e., from 167.1 eV and 168.6 eV to 167.2 eV and 168.6 eV, respectively). Τhe same conclusion resulted also by the high resolution of O 1s and C 1s core-level spectra (Figure S2).



In Figure 4d, the high resolution of Hg 4f core-level spectra is presented, regarding the saturated D45-SH_MeOH material. The binding energies 105.3 eV and 100.9 eV were related with Hg 4f5/2 and 4f7/2, respectively, indicating the successful MeHg adsorption, while the peak at 103.4 eV is attributed to the Si 2p core level [10,29].





4. Discussion


Carbonaceous materials, such as those examined in this study, namely the commercial activated carbon (D45) and the sunflower seeds biochar (SF/KOH), are low-cost adsorbents and, moreover, the second one promotes sustainability, since it is produced by agricultural waste. In any case, both of them were successfully thiol-functionalized by applying a two-step process. In particular, they are both treated initially by nitric acid in order to increase the carboxyl groups distribution and then, a thiol carrier molecule (2-mercaptoethanol) was retained on their surface through an esterification reaction in methanol solution in order to limit -SH oxidation. The functionalized materials were tested for the removal of MeHg from natural-like water in the ppb level, aiming at realistic conditions similar of those to be found in nature. According to the results, the MeHg capacity at RL (Q1) for the D45-SH_MeOH material was 0.116 μg/mg, whereas that for the SF/KOH-SH_MeOH material was slightly lower (at 0.108 μg/mg). Τhe aforementioned results cannot be compared with those of the literature, as the value Q1 is not used by other researchers for the evaluation of the Hg adsorption capacity, to the best of our knowledge. Moreover, it was proved that the adsorption mechanism depended on the S-Hg bond formation. As a future work, rapid small-scale continuous-flow column tests (RSSCT) are recommended, since better performance may be expected, due to the different hydrodynamic conditions, which favors the increase in intramolecular diffusion.
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Figure 1. IR spectra of initial materials, as well as after every corresponding treatment stage, i.e., by HNO3, by thiol-functionalization with MeOH, or by water matrix: (a) D45; (b) SF/KOH. 
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Figure 2. Adsorption isotherms of thio-functionalized materials in NSF water at pH 7. Solid lines represent the Freundlich model and dashed lines represent the Langmuir model: (a) MeOH matrix; (b) H2O matrix. 
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Figure 3. Residual concentration of MeHg in every step of D45 and SF/KOH modification process under the same experimental conditions, i.e., 500 μg Hg/L, 750 mg adsorbent/L, NSF water, pH 7. 
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Figure 4. XPS spectra of D45-SH_MeOH material before and after the MeHg adsorption; (a) high-resolution S 2p core-level spectra of this material (b) before and (c) after the MeHg adsorption, and the Hg 4f core-level spectra of D45-SH_MeOH material after the MeHg adsorption (d). 
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Table 1. Elemental analysis and surface area of the carbonaceous materials.
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Sample

	
C

	
H

	
N

	
S

	
O

	
BET




	

	

	

	
% w/w

	

	

	
m2/g






	
D45

	
87.6

	
0.53

	
0.37

	
0.68

	
10.8

	
1230




	
SF/KOH

	
71.7

	
0.20

	
ND

	
ND

	
28.1

	
928
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Table 2. Elemental analysis and surface area of the thiol-functionalized carbonaceous materials.
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Sample

	
C

	
H

	
N

	
S

	
O

	
BET




	

	

	

	
(% w/w)

	

	

	
(m2/g)






	
D45-SH_MeOH

	
78.4

	
3.45

	
2.83

	
3.21

	
12.1

	
826




	
D45-SH_H2O

	
79.1

	
2.93

	
2.64

	
2.97

	
12.4

	
872




	
SF/KOH-SH_MeOH

	
68.9

	
1.94

	
1.92

	
2.08

	
25.2

	
594




	
SF/KOH-SH_H2O

	
69.5

	
2.25

	
2.14

	
1.82

	
24.3

	
637
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Table 3. Estimated fitting parameters of Freundlich and Langmuir main adsorption models.
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Adsorbent

	
Q1

μg/mg

	
Freundlich Parameters

	
Langmuir Parameters




	
KF

μg/mg (μg/L)−1/n

	
1/n

	
R2

	
KL

L/μg

	
Qmax

μg/mg

	
R2






	
D45-SH_MeOH

	
0.116

	
0.116

	
0.72

	
0.993

	
0.009

	
6.8

	
0.997




	
D45-SH_H2O

	
0.054

	
0.054

	
0.74

	
0.997

	
0.004

	
5.7

	
0.993




	
SF/KOH-SH_MeOH

	
0.108

	
0.108

	
0.63

	
0.993

	
0.008

	
4.5

	
0.992




	
SF/KOH-SH_H2O

	
0.048

	
0.048

	
0.74

	
0.993

	
0.004

	
5.7

	
0.995
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