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 Effect of Heavy Metals on the Sorption of Hydrophobic Organic Compounds to Wood Charcoal JUNYI CHEN, DONGQIANG ZHU,* AND CHENG SUN State Key Laboratory of Pollution Control and Resource Reuse and School of the Environment, Nanjing University, Jiangsu 210093, P.R. China
 
 Black carbon (BC) is believed to be an important adsorbent of organic pollutants. A complex suite of heavy metals and organic pollutants is commonly present in many situations. An issue that has received little direct attention is the effect of heavy metals on sorption of organic compounds to BC. We found that coadsorption of Cu2+ at an environmentally relevant, comparable concentration (50 mg L-1) decreases sorption of both the polar compound, 2,4dichlorophenol (DCP), and nonpolar compounds, 1,2dichlorobenzene (DCB) and naphthalene (NAP), by 3060%, as measured by the change in the distribution coefficient (Kd). This was attributed to surface complexation of Cu2+ to form hydration shells of dense water that directly compete with organics for adsorption surface area. In contrast, coadsorption of Ag+ increases sorption of the organic solutes, which was accounted for by the decline in hydrophilicity of the local region around Ag+-complexed functionalities due to softness of the cation, leading to mitigated competitive sorption of water. Coadsorption of heavy metal ions to nonporous graphite, a model of the BC graphene (polycyclic aromatic) structure that has no O-containing groups, however, only slightly inhibits organic adsorption due to the low affinities of metal ions to graphite surface. The results of the present study showed that the presence of coexisting heavy metals greatly affects sorption of organic pollutants on BC and thereby their fate and transport.
 
 Introduction Environmental black carbon (BC) refers to carbonaceous materials produced from incomplete combustion/oxidation of fossil fuels and biomass, including soot and charcoal (1, 2). The structure of charcoal is believed to be closely related to that of activated carbon (AC), which is composed primarily of short stacks of graphene (polycyclic aromatic) sheets rimmed with O-containing groups (-OH, -CO2H, -O-, d O, -CHO, etc.) to form a microporous network (1-3). BC shows much stronger sorption affinities toward hydrophobic organic compounds (HOCs) than other forms of natural organic matter (e.g., humic acids) on an organic carbon basis (4-7), especially at low solute concentration, and thus may play an important role in the fate of organic pollutants. HOC sorption to BC has been investigated with respect to the pore size and surface chemistry of the adsorbent and structure property of the adsorbate (8-14). For example, Zhu * Corresponding author phone: +86 025-8359-6496; fax: +86 0258359-6496; e-mail: [email protected]. 2536
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 and Pignatello (10) showed molecular sieving effects on wood charcoal for tetrasubstituted benzenes (tetramethylbenzenes and trinitrotoluene) and some trisubstituted benzenes (1,3,5trichlorobenzene) relative to other lower-size adsorbates (benzene, toluene). Wang et al. (12) found that solutes with larger molecular sizes have greater competitive effects on pyrene sorption, which was attributed to both direct competition for sorption sites and pore blockage mechanism. In terms of surface chemistry, the O/C ratio of BC has the strongest impact where BC sorption substantially decreases with an increasing O/C ratio (11, 13). For the structure property of adsorbate, sorption of planar, aromatic, and π-electron donor or acceptor compounds in general is greater than that of their opposites because of greater contact area and/or stronger direct molecular interactions with the adsorbent (8-11). In spite of the potential importance, very few direct studies have been conducted to clarify the effect of solution chemistry on organic adsorption to BC. Kilduff and Wigton (15) found that preloaded humic substances on AC significantly reduces the sorption of trichloroethylene (TCE), which was accounted for by the combined effects of size-exclusion and a pore blockage mechanism in addition to competitive adsorption. More recently, Kwon and Pignatello (16) showed that mixing wood charcoal particles in a soil-water suspension decreases the sorption capacity of benzene on the charcoal, indicating suppression on BC sorption by soil constituents. Carbonaceous materials, including AC and synthesized carbon nanotubes, are effective adsorbents to remove toxic heavy metals (e.g., Zn2+, Cd2+) from the aqueous phase mainly via complexation with the O functionalities (17-20, 21, and references therein). At many contaminated sites, a complex suite of organic chemicals and inorganic elements is commonly present together (22, 23). For example, contaminated soils often contain polycyclic aromatic hydrocarbons (PAHs), organic solvents, pesticides, and heavy metals in addition to all naturally occurring chemical species (alkali and alkaline earth metals, trace metals, anions, natural organic matter). The coexisting heavy metal ions can be adsorbed and enriched on the BC surface, which may affect organic adsorption to BC. To our knowledge, this topic has not been adequately investigated. In the present study, we sorbed polar and nonpolar organic compounds separately to wood charcoals with coexisting heavy metal ions to better understand the effect of their presence on organic adsorption to BC.
 
 Experimental Section Materials. Wood charcoals were made by aerobic pyrolysis of maple wood shavings for 2 h at 400 °C (C-A). A portion of C-A was hydrogenated to reduce the O content (C-H) (24). Preparation and characterization of these two chars have been detailed elsewhere (11). C-A and C-H have O contents of 22.3% and 4.17% (by weight) and N2-BET surface areas of 390 m2/g and 460 m2/g, respectively. Nonporous graphite powder (99.99% C, 325 mesh) (Aldrich) was used without treatment. Information of elemental analysis (C: 100.1%; H: < 0.5%; O: < 0.5%) and surface area (4.5 m2/g) were reported previously (10). Test organic compounds include nonpolar 1,2-dichlorobenzene (DCB, Aldrich) and naphthalene (NAP, Aldrich) and polar 2,4-dichlorophenol (DCP, Aldrich). Aqueous stock solutions of Cu2+ at 5000 mg L-1 and Ag+ at 20 200 mg L-1 were prepared from AgNO3 and CuSO4‚5H2O in analysis grade, respectively. Batch Sorption. Sorption was carried out in PTFE-lined screw cap glass vials with a capacity of 22 mL for graphite 10.1021/es062113+ CCC: $37.00
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 TABLE 1. Freundlich Model Parameters KF and n ( SD for Isotherms Measured for Organic Adsorption to Air-Pyrolyzed Charcoal (C-A), Hydrogen-Reduced Charcoal (C-H), and Graphite (GR) in Different Electrolyte Solutions, along with Distribution Coefficient KdM and pH ( SD for Adsorption of Heavy Metal Ions Averaged on Test Sorption Points compd
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 metal ion
 
 KF (mmol1-n L- kg-1)
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 0.32 ( 0.02 0.33 ( 0.02 0.36 ( 0.03 0.48 ( 0.03 0.56 ( 0.05 0.42 ( 0.01 0.33 ( 0.01 0.338 ( 0.009 0.33 ( 0.02 0.29 ( 0.01 0.58 ( 0.03 0.58 ( 0.03 0.53 ( 0.04 0.57 ( 0.01 0.56 ( 0.01
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 a Metal ion spiked at 50 mg L-1. available.
 
 b
 
 Initial pH of background solution was adjusted to 4.5 for DCP, and was unadjusted for NAP and DCB. c Not
 
 and 35 mL for charcoal. Vials received 90 mg of graphite or 10-20 mg of char and a sufficient volume of 0.02 M background solution containing 200 mg L-1 NaN3 (bioinhibitor) (NaNO3 for NAP and DCB, and NaCl for DCP). NaNO3 instead of NaCl was used if the sorption series contained Ag+-charcoal to avoid precipitation of AgCl. The pH of the background solution for DCP (0.02 M NaCl) was preadjusted to 4.5 using 0.01 M HCl to ensure predominance of the neutral form of the solute (the pH was between 4.60 and 5.76 at sorption equilibrium; the pKa of 2,4-dichlorophenol is 7.85 (25)). The pH was unadjusted for NAP and DCB. After a 2024-h prewetting period, an aqueous stock solution of Cu2+ or Ag+ was added directly to reach a final concentration of 50 mg L-1 (0.78 mM for Cu2+ and 0.46 mM for Ag+), followed by a test organic solute in a methanol carrier kept below 0.001 L L-1 to minimize cosolvent effects. The solutions were mixed end-over-end at room temperature. Two weeks were needed to reach apparent equilibrium (no further uptake) for charcoal, and 3 days were needed for graphite based on earlier studies (10). After centrifugation, the solute DCB was extracted from an aliquot of the aqueous phase with hexanes at a 1:5 hexanes/ water (v:v) ratio and analyzed by gas chromatography (GC) with electron-capture detection (ECD) using a 60 m × 0.25 mm DB-1 capillary column (J&W Scientific). The extraction efficiency of DCB by hexanes is close to 100% according to earlier studies (10, 11). The solute NAP or DCP was analyzed directly by high-performance liquid chromatography (HPLC) with a UV detector using a 4.6 × 150 mm HC-C18 column (Agilent). Isocratic elution was performed under the following conditions: 75% methanol:25% water (v:v) with a wavelength of 254 nm for NAP and 80% methanol:20% water (v:v) with a wavelength of 231 nm for DCP. Metal concentration in the aliquot from centrifugation was measured by atomic absorption (AA) spectrometry (Hitachi Z-8100). To take into account solute loss from processes other than sorbent sorption (i.e., metal sorption to glassware and organic sorption to septum and volatilization), calibration curves were obtained separately from controls receiving the same treatment as the sorption samples but no adsorbent. Calibration curves included at least 7 standards over the test concentration range. When ECD was used in organic analysis, calibration curves were fit to a power law expression to account for the detector response nonlinearity. Based on the obtained calibration curves, the adsorbed mass of organic solute or heavy metal was calculated by subtracting the mass in the aqueous phase from the mass spiked. Distribution
 
 coefficients for metal adsorption (KdM) were shown in Table 1 for charcoal and graphite. The pH of suspension at sorption equilibrium for charcoal was also measured (average values shown in Table 1). Solute Solubility in Aqueous Salt Solution. To examine the affinities of organic solute to metal ion, aqueous solubilities of the 3 test organic solutes were measured in 0, 0.1, 0.2, 0.3, and 0.4 M aqueous solutions of NaCl, CuSO4, and AgNO3, respectively. Vials containing an organic compound and 10 mL of electrolyte solution were shaken in an orbital shaker at 20 ( 1 °C for at least 3 days. After centrifugation, an aliquot of the water phase was withdrawn carefully by syringe for analysis of solute concentration using the same methods as in the batch sorption experiments.
 
 Results and Discussion Adsorption isotherms of the compounds on charcoal and graphite were fit to the Freundlich model, q ) KFCwn, by nonlinear regression weighed by 1/q, where q (mmol kg-1) and Cw (mmol L-1) are the equilibrium sorbed and solution concentrations, respectively, KF (mmol1-n Ln kg-1) is the Freundlich affinity coefficient, and n (unitless) is the Freundlich linearity index. They are shown in Figure 1 for charcoal and Figure 2 for graphite, and the parameters are given in Table 1. The Freundlich model generally fits the data well. Adsorption of all solutes to charcoal and graphite is highly nonlinear. The impact of heavy metal on organic adsorption was quantified by comparing distribution coefficient of the organic solute (Kd) with and without the presence of heavy metal, expressed as (Kd2-Kd1)/Kd1, where Kd2 and Kd1 correspond to heavy metal-complexed char and Na+-char, respectively. It is seen when the heavy metal is present, sorption is enhanced (Ag+) or suppressed (Cu2+) by 30-60%. Because of the predominant role of BC in organic sorption (6, 7), such a modification on BC adsorption by heavy metals would significantly impact the fate and transport of organic pollutants and must be taken into account in any model that attempts to fractionate sorption between BC and other organic matter. For example, the overall sorption to BCcontaining marine sediments has been accounted for by summing up two processes, “partition” into organic carbon and “adsorption” onto BC (5, 7). The effect of heavy metals on BC adsorption would thus greatly change the relative importance of these two processes. The effect of heavy metal ions on organic adsorption to charcoal has to entail surface complexation of the metal, VOL. 41, NO. 7, 2007 / ENVIRONMENTAL SCIENCE & TECHNOLOGY
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 FIGURE 1. Sorbed concentration (q) vs aqueous phase concentration (Cw) at sorption equilibrium to C-A and/or C-H shown separately for test compounds in different electrolyte solutions, along with Freundlich fitting curves. O 0.02 M Na+; 4 0.02 M Na+ plus 50 mg L-1 Cu2+; ] 0.02 M Na+ plus 50 mg L-1 Ag+.
 
 FIGURE 2. Sorbed concentration (q) vs aqueous phase concentration (Cw) at sorption equilibrium to graphite shown separately for test compounds in different electrolyte solutions, along with Freundlich fitting curves. O 0.02 M Na+; 4 0.02 M Na+ plus 50 mg L-1 Cu2+; ] 0.02 M Na+ plus 50 mg L-1 Ag+. which modifies surface chemistry and/or pore structure of the charcoal. Although no direct study has been conducted on adsorption of heavy metals to BC, studies of other closely structured carbon adsorbents, AC and carbon nanotubes, are common in literature (17-21, 26). For example, AC is an effective adsorbent for toxic heavy metals such as Cr6+, Cu2+, and Cd2+ (17, 18), and complexation with ionized Ocontaining groups (e.g., -COO- and -O-) is proposed to be the major mechanism for adsorption to AC rich in acidic groups (17, 26). In the present study, metal complexation via ion exchange with acidic functional groups of charcoal is evidenced by declines in pH when the heavy metal is presents i.e., pH deceases by 0.7-0.8 for Cu2+ and 0.9-1.0 for Ag+ in sorption of NAP and DCB (Table 1). However, the extent of pH decrease does not follow the stoichiometry of proton exchange with heavy metal ions because complexation of Ag+ results in even lower pH compared to Cu2+, although less Ag+ is adsorbed (see KdM in Table 1) and Ag+ is less charged by one valence. These results indicate some functional groups (e.g., -OH, -O-, dO, -CHO, etc.) that do not experience protonation at the test pH are also involved in heavy metal complexation on charcoal surface. Protonation of the polar functional groups (i.e., -COObecomes -COOH) at lower pH increases hydrophobicity of 2538
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 these moieties, and thus organic sorption to BC is expected to increase with decreasing pH due to the favored hydrophobic effects. However, earlier studies showed that sorption of naphthalene to char C-A is negligibly affected by pHsi.e., from pH 2.3 to 7 Kd increases 0.4 ( 0.2% per unit pH (27). This is probably because protonation of the functional groups does not relieve much competitive sorption of water molecules due to the still strong H-bonding abilities of these groups compared to their deprotonated counterparts. Nevertheless, it can be inferred that the observed effects on organic sorption by heavy metals are not caused by changes in pH. The pH effect can be further ruled out by considering the following facts. In sorption of DCP, the pH of the Cu2+ samples is only moderately lower than the Na+ samples (i.e., by 0.17 for C-A and by 0.63 for C-H), and thus the pH effect, if any, is expected to be small in DCP sorption. Furthermore, the two metal ions, Cu2+ and Ag+, although both decrease pH (see Table 1) when they are present, show opposite effects on organic sorption (Cu2+ inhibits sorption, while Ag+ enhances sorption). Heavy metal ions should easily outcompete water molecules for functional groups on charcoal surface to form strong inner-sphere complexes. Moreover, because cation hydration reactions are also very strong, the complexed heavy
 
 FIGURE 3. Ratio of aqueous solubility (SWM) to water solubility (SW0) vs metal ion concentration (CWM) for different test compounds, averaged on 4 replicates: (a) DCB and DCP and (b) NAP. Error bars (not shown) are generally smaller than figure symbols. metal ions are likely to host one or more hydration shells of dense water in the meantime. The coordinated “hard” water may intrude adjacent charcoal surfaces and compete with organic solutes for surface area, leading to thermodynamic inhibition on organic adsorption in the local region around the metal-complexed moieties. We explored this competitive adsorption mechanism to explain the inhibitive effect of Cu2+ on organic adsorption. It is worth noting that this mechanism may become more important if the hydrated Cu2+ ions and charcoal micropores have comparable sizes. The two chars, C-A and C-H, tested in the present study are indeed highly microporous: nearly all porosity lies in pores with diameters
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