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Abstract

:

Metal oxide nanoparticles have great potential for selective adsorption and catalytic degradation of contaminants from aqueous solutions. In this study, we employ mass spectrometry and molecular dynamics simulations to better understand the chemical and physical mechanisms determining the affinity of chlorobenzenes and polychlorinated biphenyls (PCBs) for zinc oxide nanoparticles (ZnO NPs). The experiments and simulations both demonstrate that the adsorption coefficients for chlorobenzenes increase steadily with the number of chlorine atoms, while, for PCBs, the relation is more complex. The simulations link this complexity to chlorine atoms at ortho positions hindering coplanar conformations. For a given number of chlorine atoms, the simulations predict decreasing adsorption affinity with increasing numbers of ortho substitutions. Consequently, the simulations predict that some of the highest adsorption affinities for ZnO NPs are exhibited by dioxin-like PCBs, suggesting the possibility of selective sequestration of these most acutely toxic PCBs. Remarkably, the experiments show that the PCB adsorption coefficients of ZnO NPs with diameters ≤ 80 nm exceed those of a soil sample by 5–7 orders of magnitude, meaning that a single gram of ZnO NPs could sequester low levels of PCB contamination from as much as a ton of soil.
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1. Introduction


Aromatic organochlorines are a class of compounds that persist in the environment and in the bodies of humans and other animals long after their use. This class includes polychlorinated benzenes (Cl-benzenes), such as hexachlorobenzene [1,2], polychlorinated biphenyls (PCBs) [3], and dichlorodiphenyltrichloroethane (DDT) [4,5]. Both Cl-benzenes and PCBs have been found in the environment and are extremely persistent, often lasting for years or even decades in soil and lake sediment [6,7]. Because of their low vapor pressure, PCBs accumulate primarily in the hydrosphere, despite their hydrophobicity, as well as in the organic fraction of soil and in organisms [8,9]. The major sources of PCBs and Cl-benzenes in drinking water are runoff from landfills, discharge of waste chemicals, and agricultural use [8]. Recent research has revealed that PCBs cause cancer in animals and are probable human carcinogens [10,11]. Depending on their pattern of chlorine substitution, PCBs exhibit different conformational preferences, biological activities, and degradation pathways in the environment [12]. Chlorine substitutions adjacent to the bond linking the two phenyl groups (ortho)—illustrated in Figure 1—have particularly strong effects on PCBs’ conformational preferences. PCBs with no chloro substitutions at ortho positions can easily adopt conformations in which the two phenyls are coplanar, while increasing numbers of ortho substitutions (a maximum of four) sterically hinder coplanar conformations. Some highly chlorinated PCB congeners that have one or fewer ortho substitutions can possess dioxin-like toxicity and are of particular concern [12,13]. These dioxin-like PCBs bind the aryl hydrocarbon receptor with high affinity and possess metabolism pathways characteristic of 2,3,7,8-tetrachlorodibenzodioxin (TCDD) [14]. On the other hand, some PCB congeners with ortho substitutions also possess potent biological activities and toxicity, but through mechanisms that are distinct from the classic dioxin pathway [15,16,17]. Therefore, there is a clear need for the water industry to remove these pollutants by using cost-effective methods in order to provide fresh water in adequate amounts to meet human health requirements.



Adsorption is one of the most effective physical processes for the removal of organic pollutants from water [18,19]. Activated carbon is widely used to remove organic contaminants from water [20,21]; however, it is poorly selective, and fouling is a major issue. Nanotechnology promises improved performance. In recent years, efforts have been made to apply nanotechnology for the detection of environmental pollutants and the remediation of organic pollutants [22,23,24]. The promise of nanoparticles comes from their high adsorbate capacity per mass and the tunability of their surfaces, which may enable selectivity for specific contaminants, thus reducing fouling by innocuous solutes. Recent studies revealed that metal oxide nanoparticles, such as silver [25,26,27], ZrO   2   [28], or TiO   2   [29], are capable of pesticide degradation via either surface or photocatalysis. Recently, ZnO NPs were found to possess higher photocatalytic efficiency than other common inorganic photocatalytic materials and were found to be more biocompatible than TiO   2   [30]. In the field of photocatalysis, ZnO NPs have emerged as leading candidates for efficient environmental management because of their unique characteristics, including a wide direct band gap (3.3 eV) in the near-UV spectral region, strong oxidative and photocatalytic potential, and a large free-exciton binding energy (60 meV) [31,32] so that excitonic emission processes can persist at or even above room temperature. Moreover, ZnO NPs have proven to be an efficient photocatalyst and adsorbent for various types of organic pollutants under UV and solar irradiation [33].



Given the hydrophobic nature of aromatic organochlorines, they tend to partition from water into the organic fraction of soil [34]. However, the soil-bound molecules are in dynamic equilibrium with those in the aqueous phase and periodically desorb and resorb. Therefore, these contaminants can be extracted from water by materials with sufficiently high adsorption affinities, depleting their concentrations in the soil phase [35]. The desorption kinetics typically show two clear timescales: A majority of the contaminants are depleted in about a day, while the remaining residues desorb on a timescale of months [35,36]. Owing to their smaller size, Cl-benzenes exhibit faster desorption kinetics than PCBs [35].



Computational methods can assist in the design of the next generation of materials for detection, sequestration, and catalytic degradation of environmental pollutants by enabling rapid prediction of adsorption thermodynamics and rationalization of the physicochemical interactions underlying adsorption. Statistics-based methods, known as linear free-energy relationships, quantitative structure–activity relationships, or surface adsorption indices, yield rapid predictions of adsorption properties for large sets of compounds based on experimental results for a small training set of representative compounds [37,38,39,40,41,42]. These statistical methods typically predict adsorption equilibrium constants according to   log  k =  c 0  +  ∑ i   c i   d i   , where   c i   is a set of coefficients for a given adsorbent material that was optimized from the training dataset, and   d i   represents molecular descriptors that describe the physicochemical properties of the adsorbate molecule [43,44]. Hence, the physicochemical effects that drive the adsorption of a given adsorbate on a particular surface can be inferred from the coefficients,   c i  , of the surface and the descriptors,   d i  , of the adsorbate. However, it can be difficult to interpret these coefficients in terms of energetic and entropic interactions among the adsorbate, surface, and solvent. Furthermore, conformational effects, such as those distinguishing dioxin-like and non-dioxin-like PCB congeners, are not well represented by popular molecular descriptions.



In contrast to statistics-based methods, physics-based molecular dynamics simulations can unambiguously reveal the molecular interactions that underlie adsorption at the cost of a significantly increased investment of computational resources. For the adsorption of a diverse set of aromatic compounds on graphitic nanomaterials, we demonstrated that existing models of intermolecular interactions (molecular force fields) predict adsorption affinities with high correlation (  r > 0.9  ) to experiments [45]. At the same time, these simulations reveal the atomic-scale interactions that determine the adsorption affinities, including electrostatic and van der Waals energies, hydrogen bonding, enthalpic and entropic contributions of the solvent, and the conformational entropy of the adsorbate [46,47,48]. Where adequate experimental data are unavailable, molecular dynamics simulations can also be used to train statistics-based methods [47]. An important advantage of molecular dynamics simulations over experiments in the study of environmental contaminants is that they allow researchers to avoid the hazards and costly safety measures associated with procuring, handling, and disposing of toxic and carcinogenic compounds, including dioxin-like PCBs. However, at this time, a major limitation of molecular dynamics is the lack of reliable atomically detailed models for the surfaces of many solid materials and the lack of force fields providing a consistent description of interactions among the organic solute, the solid surface, and water.



The present study focuses on the interaction of aromatic organochlorines with ZnO NPs in the aquatic environment by leveraging analytical chemistry techniques and a molecular dynamics simulation to understand the physicochemistry of adsorption of these organochlorines to the ZnO surface. In particular, we consider the influence of the number of chlorine atoms in the organochlorines, their substitution pattern, the solution concentrations of the organochlorines and ZnO NPs, the size of the ZnO NPs, and the pH and ionic strength of the solution. The results are envisioned to increase the understanding of the transport of pollutants in the environment and to enable the implementation of nanotechnology in pollutant filtration and water treatment.




2. Methods


2.1. Nanomaterials and Chemicals


The ZnO NPs (approximate diameter, 80 nm) used in this study were obtained from BASF through the nanoGEM collaboration for a previous study [40]. Smaller ZnO NPs (14 nm) were purchased from PlasmaChem GmbH (Berlin, Germany). Mesoscale ZnO particles (1000 nm) were purchased from Atlantic Equipment Engineers (Upper Saddle River, NJ, USA). Brief physicochemical characterizations of the ZnO particles are summarized in Table S1 of the Supplementary Information (SI). Detailed characterization data of the nanoGEM ZnO NPs may be found in our previous publication [40]. For comparison, a well-characterized sample of soil [49] was kindly provided by the Kansas State University Soil Testing Lab. All organochlorines and solvents used in this research were purchased from Sigma (St. Louis, MO, USA). The structures of the PCBs used in the experiments are shown in Figure 1.




2.2. Adsorption of Aromatic Organochlorines onto ZnO NPs


The adsorption experiments were conducted based on a protocol established by our group with some modifications [40]. In brief, 2 mg of ZnO NPs were added to a 2 mL glass vial filled with 200  μ L of deionized water. The vial was then vortexed to suspend the nanoparticles before adding 1 mL of working solution (WS1, WS5, WS10, WS20, WS50, or WS100) containing the aromatic organochlorines compounds at various concentrations. The vials were sealed immediately with a screw cap with PTFE/silicone septa (purchased from Agilent Technologies). The process of adsorption of the aromatic organochlorines compounds onto nanoparticles was conducted by vigorously shaking the mixtures for 5 h until equilibrium was reached. The particles were then separated from the solution through centrifugation. In addition, it is important to note that the recovery data collected in Table S4 demonstrated that the adsorption of ZnO NPs for aromatic organochlorines actually occurred on the nanoparticles and not to the vial or cap surfaces.




2.3. Adsorption of Aromatic Organochlorines onto Soil Particles


To compare the adsorption ability between the soil particles and ZnO NPs, the soil sample [49] was subjected to a procedure similar to that of the ZnO NPs. The concentration of soil was 1 mg/mL. The concentration of the Cl-benzenes or PCBs was 0.05 mg/L.




2.4. Working Solutions


Individual standard stock solutions of organochlorine were prepared in acetone, similarly to the protocol used by other authors [50], and stored at   − 20   °C. A solution of 10 mg/L of a mixture of 16 aromatic organochlorines was prepared in acetone through the dilution of individual aromatic organochlorine stock solutions and stored at 4    ∘  C. The above organochlorine stock solution was diluted to 1 mg/L with acetonitrile and then diluted with water to yield working solutions with organochlorine concentrations of   1 ×  10  − 3    ,   5 ×  10  − 3    ,   1 ×  10  − 2    ,   2 ×  10  − 2    ,   5 ×  10  − 2    , or   1 ×  10  − 1     mg/L, which are referred to as WS1, WS5, WS10, WS20, WS50, or WS100, respectively.




2.5. Extraction of Aromatic Organochlorines


After 5 h of vigorous shaking of the organochlorine–nanoparticle suspensions at room temperature (25    ∘  C), the ZnO NPs were removed from the solution through centrifugation at 9300× g for 20 min at 4    ∘  C. After centrifugation, the aqueous supernatant of the organochlorines was collected and transferred into vials for subsequent extraction of the aromatic organochlorines. Equal volumes of hexane and aromatic organochlorine aqueous solution were mixed by vigorously shaking for 30 min at room temperature, and they were then centrifuged at 9300× g for 5 min at 4    ∘  C. The hexane layer was collected and stored at 4    ∘  C.




2.6. Analysis of Aromatic Organochlorines with GC/MS/MS


All gas chromatography/tandem mass spectrometry (GC/MS/MS) analyses were conducted on an Agilent 7000 GC/MS Triple Quadrupole system. Table S2 lists the instrument parameters optimized in this study. In order to maximize the response of the instrument for each aromatic organochlorine, the choices of the precursor ion, product ion, collision energy, and dwell time were optimized. Table S3 lists the optimum MRM parameters for 16 aromatic organochlorines. To prepare the calibration standard curves, equal volumes of hexane and working solutions were mixed by vigorously shaking for 30 min at room temperature and centrifuging at 9300× g for 5 min at 4    ∘  C. The hexane layer was collected for GC/MS/MS analysis. Calibration standards with concentrations of   1 ×  10  − 3    ,   5 ×  10  − 3    ,   1 ×  10  − 2    ,   2 ×  10  − 2    ,   5 ×  10  − 2    , and   1 ×  10  − 1     mg/L were used for evaluation of linearity. Based on a signal-to-noise ratio approach, at the level of   1 ×  10  − 3     mg/L, it was found that the signal-to-noise ratio of each calibration standard was over 10 (Figure S1). Thus, the   1 ×  10  − 3     mg/L level for all of the 16 aromatic organochlorines was considered acceptable for estimating the limit of quantification (Table S4). A 0.01 mg/L quality control sample was used to evaluate the reproducibility and recovery of the analysis. The quality control spiking solution (500  μ L) was mixed with hexane (500  μ L) by vigorously shaking for 30 min at room temperature and centrifuging at 9300× g for 5 min at 4    ∘  C. Subsequently, the hexane layer was collected. The analysis was performed in replicates of six. Excellent reproducibility (shown as quantification RSD %) and recovery were obtained for the 16 aromatic organochlorines (Table S4), suggesting that the method of the analysis was acceptable with high sensitivity, sufficient accuracy, and excellent stability. The Agilent GC-QQQ/MassHunter Workstation software was used for data acquisition. The equilibrium concentrations (  C eq  ) of organochlorines remaining in solution after exposure to the particles were determined directly using the Qualitative Analysis software (Agilent). The adsorption coefficient of a given compound onto a particular type of particle was calculated from the equilibrium concentration with


  k =    V 0   (  C 0  −  C eq  )    m  C eq    ,  



(1)




where   V 0   was the total volume of fluid in the vial,   C 0   was the concentration of each organochlorine compound prior to adsorption,   C eq   was the concentration remaining in solution after the adsorption reached equilibrium, and m was the mass of nanoparticles present in the suspension. In this article, we usually consider the base-10 logarithm of the adsorption coefficient:    log 10   k  C ∘    , where    C ∘  = 1   g/mL is the standard concentration. For brevity, we refer to this quantity as   log  k  .




2.7. Molecular Models of Aromatic Organochlorines


For the molecular dynamics simulations, thirty aromatic solutes were parameterized according to CHARMM General Force Field (CGenFF) version 3.0.1 [51]. These solutes included the non-chlorinated parent compounds (benzene and biphenyl), all Cl-benzene isomers (12 compounds), the 10 ortho-substituted PCBs used in the experiments, 6 dioxin-like PCBs, and 10 other PCBs. The PCBs considered in this work are indicated in Table 1. Benzene, biphenyl, and chlorobenzene are model compounds in the official CGenFF 3.0.1 distribution. The remaining 27 compounds were parameterized using the ParamChem web server (CGenFF program version 1.0) [52,53].




2.8. Molecular Model of the Zinc Oxide Surface


While CGenFF natively represents the aromatic solutes, well-validated atomic parameters for ZnO compatible with CGenFF are not available. Furthermore, the surfaces of the ZnO NPs are heterogeneous; their structure at the atomic level is poorly characterized and likely varies with the synthesis technique used. As described in the SI, we performed reactive molecular dynamics simulations using atomic interaction parameters from ReaxFF [55] to study spontaneous structure formation in ZnO particles. We determined that a ZnO wurzite structure and a pristine Zn-terminated {0001} face might provide a simple representative model of the nanoparticle surfaces. This model was not intended to represent the structural complexity that is likely present at the surfaces of real ZnO NPs. The goal of this model was to capture the qualitative effects of the conformational freedom of PCBs. Although the ZnO NPs appear approximately spherical, the transmission electron images are consistent with local flatness at the length scale of the organochlorine solutes (<1.2 nm) [40]. All production simulations used a surface model consisting of a wurzite ZnO slab with dimensions of   39.96 × 35.20 × 8.5   Å   3   with flat Zn-terminated (0001) facets on its upper and lower surfaces (see Figure 2). The model was periodic (effectively infinite) in the   x y   plane and the free surfaces perpendicular to the z axis. The model was solvated with 1748 water molecules, forming a simulation box with dimensions of   39.96 × 35.20 × 48   Å   3   after equilibration. For simplicity, the positions of the ZnO atoms were fixed during the simulations.



Non-bonded interactions were modeled with Lennard–Jones and Coulomb energies, as given by


   V nonbonded  =  ∑  atoms  i , j     1  4 π  ϵ 0       q i   q j    r  i j    +  ϵ  i j        R  i j  min   r  i j     12  − 2     R  i j  min   r  i j     6    ,  



(2)




with    ϵ  i j   =    ϵ i   ϵ j      and    R  i j  min  =  1 2   (  R i min  +  R j min  )   . The Lennard–Jones parameters and atomic charges of the ZnO were chosen to reproduce the experimental difference in the logarithm of the equilibrium constant between two compounds, biphenyl and 2,3-dichlorobiphenyl (  Δ L =  log 10   (  k PCB  5 /  k PCB  0 )   ). These two compounds were chosen with the aim of balancing the ZnO interaction for aromatics with and without chlorine. We performed free-energy calculations for the ZnO adsorption of these two compounds, optimizing the Lennard–Jones and charge parameters until we obtained a set of parameters for which    Δ  L sim  − Δ  L expt   < 0.1  . The details of the parameter optimization are given in the SI. The final parameters are given in Table 2.




2.9. Molecular Dynamics Methods


Simulations were performed in an explicit solvent using the NAMD molecular dynamics package [56]. The temperature was maintained at 300 K by a Langevin thermostat. Periodic boundary conditions were used along all three axes, giving the ZnO slab effectively infinite extent in the   x y   plane. The pressure was kept at 101.325 kPa using the Langevin piston method [57], with the size of the simulation cell fluctuating along only the z axis. Long-range electrostatic interactions were calculated with the particle mesh Ewald method [58]. Direct Coulomb and Lennard–Jones forces were truncated smoothly from 10 to 12 Å. The equations of motion were integrated with a 4 fs timestep, which gave stable dynamics owing to repartitioning of the mass of non-water hydrogen atoms [59]. The simulations used the TIP3P water model [60], consistently with the parameterization of the CGenFF force field.




2.10. Free-Energy Calculations


The potentials of mean force as a function of the transition coordinate Z were calculated using the adaptive biasing force (ABF) technique [61,62]. The coordinate Z was defined as the distance along the z axis between the first layer of zinc atoms and the center of mass of the aromatic organochlorine. For all solutes, the potentials of mean force were calculated on the domain   2.6 ≤ Z ≤ 14.0   Å with a bin size of   0.05   Å in simulations of ≥400 ns. An example showing the convergence of independent ABF calculations on this timescale is shown in Figure S2. For the larger non-coplanar PCBs,   Z = 2.6   Å implied nonphysical penetration of the solute into the ZnO slab, leading to problems of sampling with the adaptive biasing force method. Hence, to improve sampling, additional ABF simulations (200 ns) were performed for PCBs 47 and 192 in a window of   3.1 ≤ Z ≤ 14.0   Å, for PCBs 91 and 154 in a window of   3.8 ≤ Z ≤ 14.0   Å, and for PCBs 204, 207, and 209 in a window of   3.8 ≤ Z ≤ 14.0   Å. By convention, the free energy for large distances between the solute and surface was taken to be zero; hence, the floating potentials of the mean of force were anchored so that their average values on the interval   13.5 ≤ Z ≤ 14.0   Å were zero. As derived in previous work [45], the adsorption equilibrium constant was estimated from the potential of mean force with


  k = σ ∫ d Z  exp  − β Δ G ( Z )  ,  



(3)




where  σ  is the effective specific surface area (area/mass) of the ZnO NPs for adsorbing the solutes,   β = 1 / (  k B  T )   is the inverse thermal energy, and   Δ G ( Z )   is the potential of mean force as calculated from the simulations. Given the evidence of porosity of the ZnO NPs and the lack of an unambiguous measure of the specific surface area for solutes of the size of the PCBs, we treated  σ  as a free parameter, which was chosen to minimize the mean deviation of   log  k   from the experimental values for the 17 solutes used in the experiments. This fit value of  σ  may subsume some imperfections in the model and force field.





3. Results and Discussion


3.1. Effects of Chloro Substitutions


The replacement of hydrogen atoms with chlorine has multiple effects on the physicochemical properties of aromatic molecules and, therefore, their affinity for the ZnO–water interface. In general, the greater electron density of chlorine relative to hydrogen implies that chloro substitutions increase the capacity for attractive van der Waals interactions. This trend is consistent with the larger octanol–water partition coefficients of Cl-benzenes with increasing chlorine numbers [63,64]. On the other hand, because carbon–chlorine bonds are more polar than carbon–hydrogen bonds, chloro substitution can also increase a molecule’s polarity, depending on the geometry. For example, chlorobenzene has a greater electric dipole moment and dielectric constant than those of benzene [65], while 1,4-dichlorobenzene, owing to its symmetry, exhibits a dipole moment much weaker than that of chlorobenzene or other dichlorobenzene isomers [66]. For PCBs, the situation is further complicated by the fact that chloro substitutions can dramatically affect PCBs’ conformational preferences. In particular, ortho substitutions sterically prohibit coplanar conformations of the two phenyl groups, keeping these two groups from simultaneously making full contact with any locally flat surface. The position of chloro substitutions affects the partition coefficient of PCBs in both water and soil [34]. Below, using both experiments and molecular simulations, we seek to understand how the number and position of the chloro substitutions and their effect on conformation determine the affinities of aromatic organochlorines for ZnO NPs.




3.2. Effect of Chlorine Number


As a representative example, we first consider the adsorption coefficients determined in the experiments that included 80-nm-diameter ZnO NPs at a concentration of 0.8 mg/L and aromatic organochlorine concentrations of 0.05 mg/L. The   log  k   values of Cl-benzenes increased approximately linearly with the number of chlorine atoms, as shown in Figure 3A. On the other hand, Figure 3B shows that, for the PCBs used in the experiments, the adsorption coefficient depended non-monotonically on the number of chlorine atoms. The properties of the PCBs used in the experiments are listed in Table 1. Biphenyl, which has no chlorine atoms, had the lowest affinity for ZnO NPs among the PCBs, but still exhibited a greater affinity than both chlorobenzene and 1,4-dichlorobenzene owing to its larger size. The   log  k   values of the PCBs increased with each additional chlorine atom, from zero to three chlorine atoms. However, between three and four chlorine atoms, there was, instead, a slight drop in   log  k  . The isomer with four chlorine atoms, PCB 47, had two ortho substitutions, while the previous congeners (PCBs 1, 5, and 31) had a single ortho substitution. Hence, it appears that the reduced conformational freedom of di-ortho-substituted PCB 47 cancelled its increased capacity for van der Waals attraction relative to PCB 31. Perhaps surprisingly, the   log  k   values of the PCBs considered in the experiments steadily declined from four to nine chlorine atoms. The PCB isomer with five chlorine atoms, PCB 91, was the first PCB whose affinity for the ZnO NPs was not significantly larger than that of the Cl-benzene with the same number of chlorine atoms: PCB 91 and pentachlorobenzene exhibited similar   log  k   values. Interestingly, hexachlorobenzene had a greater   log  k   value than any of the PCBs considered in the experiments, including PCB 209, which had 10 chlorine atoms. While the   log  k   values of the Cl-benzenes were highly correlated (   R 2  ≈ 0.9  ) with their hydrophobicity (as characterized by the logarithm of their octanol–water partition coefficients,   log  P OW   ), there was very poor correlation between the   log  k   and   log  P OW    values of the PCBs (   R 2  < 0.24  ) [67,68].




3.3. Effect of the Substitution Position in Chlorobenzenes


Dichloro-, trichloro-, and tetrachlorobenzenes each comprise three isomers with distinct chloro-substitution positions. The experiments included only a single isomer for each chlorine number; hence, we performed molecular simulations to better understand how the positions of the chloro substitutions affected the adsorption coefficients. A typical simulation system is shown in Figure 2, including water, an aromatic organochlorine molecule, and a model of a ZnO surface. Taking advantage of an efficient free-energy calculation technique [61,62], we determined the free energy as a function of distance between each aromatic organochlorine and ZnO surface,   Δ G ( Z )  . The adsorption coefficient was estimated from   Δ G ( Z )   with Equation (3). Figure 4A compares the adsorption coefficients for the Cl-benzenes derived from the experiment to those derived from the simulation. The correlation between the experiment and simulation was   r = 0.99  , which is remarkable given that the simulation parameters were not calibrated using the experimental results for any Cl-benzenes, but instead were based on results for two PCB compounds. However, Figure 4A shows a slightly higher slope for the simulation-derived results than those derived from the experiment.



Figure 4B displays the   Δ G ( Z )   functions calculated in the simulations for all distinct Cl-benzene species. When the separation between the surface and Cl-benzene molecule was large (  Z > 8   Å), the interaction between the two was negligible, and   Δ G ( Z )   was flat when the compound reached the interfacial water layer,   Z < 5   Å. For all compounds, a minimum of the free energy appeared at    Z min  = 3.0   Å, where the Cl-benzenes lay flat on the ZnO surface. As expected, the minimum free energies (  Δ G (  Z min  )  ) became more favorable with increasing chlorine number, with benzene exhibiting the weakest adsorption and its fully chlorinated derivative, hexachlorobenzene, exhibiting the strongest. The minimum free energies differed little between isomers with the same Cl numbers. Indeed,   Δ G (  Z min  )   decreased monotonically with the Cl number, irrespective of which isomers were chosen.



The simulation results, therefore, justify the consideration of only a single isomer for each Cl number in the experiments. On the other hand, Figure 4B suggests some interesting trends for the adsorption affinity of different substitution patterns. The isomers with adjacent clusters of chlorine atoms (1,2-, 1,2,3-, or 1,2,3,4-substituted benzenes) exhibited higher adsorption affinity (and more negative   Δ G (  Z min  )  ) than their counterparts with more evenly distributed chloro substitutions. The more symmetric 1,4- and 1,3,5-substituted benzenes had the weakest adsorption for their Cl numbers.




3.4. Effect of Substitution Position in PCBs


While the Cl-benzenes had little conformational freedom, the two phenyl groups of biphenyl and some PCBs were relatively free to rotate relative to each other. Experiments and quantum-level calculations for biphenyl in the gas phase suggest a preference for a nonplanar conformation (an average angle of 44   ∘   between the phenyl groups) [69,70]. On the other hand, multiple ortho substitutions hinder coplanar conformations, leading to larger average angles (74   ∘   for PCB 4) [71]. Our simulations revealed similar trends for these compounds in water, with average angles for biphenyl and PCB 4 of 46.0    ∘  ±   0.1   ∘   and 67.3    ∘  ±   0.2   ∘  , respectively. The hindering of roughly coplanar arrangements of the phenyl groups by ortho substitutions had a large effect on the conformation of the adsorbed PCBs and their adsorption coefficients.



As shown in Figure 5A, our simulations on the ZnO surface model were in qualitative agreement with the experiment, particularly in capturing the loss of affinity caused by the presence of two ortho substitutions. However, the effect of the ortho substitutions appeared to be stronger in the simulations than in the experiment. We hypothesize that this difference is due to the fact that the computational model of the ZnO surface was perfectly flat, while the natural ZnO NPs likely possessed a rougher surface. There are two ways to have two ortho substitutions: They can be on distinct phenyl groups (2,2   ′  ) or the same phenyl group (2,6). PCB 192 is distinct from the other PCBs with the two ortho substitutions considered here because PCB 192 has these substitutions on the same phenyl group (2,6) rather than on different groups (2,2   ′  ). Owing to the greater flexibility afforded by the 2,6-substitution, the simulations predicted a greater   log  k   value for PCB 192 than for other ortho-substituted PCBs with similar Cl numbers. Surprisingly, the experimental data did not show a higher   log  k   value for PCB 192 compared to these other PCBs. This discrepancy might again be due to the differing topography between the computational model and the real ZnO NPs.



To better understand the effect of the chloro-substitution position, we performed simulations for 15 additional PCBs, including five dioxin-like PCBs. The results are plotted in Figure 5B. For PCBs with no ortho substitutions, the adsorption coefficient increased steadily with the number of chlorine atoms, much like the Cl-benzenes. The   log  k   values for the three dioxin-like PCBs with no ortho substitutions, PCB 169, 126, and 77, significantly exceeded those of all other PCBs considered here. As compared to their isomers with no ortho substitutions, the adsorption coefficients of the PCBs with a single ortho substitution were significantly weaker. A steady increase in   log  k   with the Cl number was also observed for these PCBs. Figure 5B shows that, in general, more ortho substitutions led to weaker adsorption.




3.5. Substitution Position and PCB Conformation


The simulations furthermore revealed the considerable differences in the geometry of the adsorbed PCBs depending on the number of ortho substitutions. For instance, Figure 5C shows that the center of mass of the tetrachlorobiphenyls approached more closely to the surface when there were fewer ortho substitutions. Figure 6A,B illustrates the adsorbed conformations of two pentachlorobiphenyls, PCB 91, with three ortho substitutions, and PCB 126, a dioxin-like PCB of particularly potent toxicity [12,72] with no ortho substitutions. While PCB 91 adopted a twist angle approaching 90   ∘   on the model ZnO surface, PCB 126 was able to lie nearly flat on the surface, maximizing its contact area. Figure 6C,D demonstrates that these conformations are representative: PCBs 91 and 126 had mean twists of 71.3    ∘  ±   0.3   ∘   and 22.1    ∘  ±   0.3   ∘   when adsorbed to the surface. For PCB 91, coplanar conformations were effectively forbidden: Twist angles < 6.9   ∘   were not observed. Upon adsorption, PCB 126 became much more likely to adopt a coplanar conformation—maximizing its contact area with the ZnO surface—than when it was free in solution.




3.6. Effect of Nanoparticle Size


Given their greater surface-area-to-volume ratios, smaller particles have the potential for greater adsorption coefficients and greater surface loading for a given mass of particles. To determine the effect of particle size on the adsorption of organochlorines, ZnO NPs of diameters of approximately 14, 80, and 1000 nm were incubated with the aromatic organochlorines. The data presented in Figure 7A,B reveal that, as expected, the adsorption coefficients increased with decreasing particle size. However, Figure 7C,D demonstrates that the variation of   log  k   with size was of a larger magnitude than would be expected for hypothetical particles of the same shape with fixed surface properties.



For approximately spherical particles, the specific surface area in Equation (3) can be expressed as:


  σ =   A eff  m  =   4 π   ( d / 2 )  2  γ   ρ 4 π   ( d / 2 )  3  / 3   =   6 γ   ρ d    



(4)




where   A eff   is the effective surface area of the particles available for adsorbing the solute, m is the mass of the particles,  γ  is a parameter accounting for nanoscale surface roughness [73] and deviations from the spherical geometry of a particle,  ρ  is the average mass density of a particle, and d is the diameter of a particle. Therefore, the adsorption coefficient can be expressed as:


  k =   6 γ   ρ d   ∫ d Z  exp  − β Δ G ( Z )  .  



(5)







This decomposition of k into influences from d,  ρ ,  γ , and   Δ G ( Z )   is not unique, but is intended to separate effects at different spatial scales.



For the purposes of comparison, we can normalize the   log  k   values for ZnO NPs for different particle diameters with the transformation:   log   k ∗  ≡ log  k + log  d /  d ref    , where we have set the reference diameter to    d ref  = 80   nm. If all ZnO NPs have a similar chemical structure and atomic-scale topography at their surfaces, then the integral in Equation (5) would be similar among nanoparticles of different size. If all particles also have a similar overall density ( ρ ), aspect ratio, and nanoscale roughness ( γ ), then the   log   k ∗    values would be equal among the ZnO NPs of different diameters. Consistent with these assumptions, normalizing the adsorption coefficients brings the curves for ZnO NPs of different sizes closer together, as shown in Figure 7C,D. Nonetheless, the curves in these plots are not completely superimposed, implying that there are some differences between the ZnO NPs that cannot be ascribed to their diameter alone. The adsorption coefficients increase with diameter even after normalization, suggesting that the smaller ZnO NPs are less spherical or rougher (  γ ( 14  nm ) > γ ( 80  nm ) > γ ( 1000  nm )  ), less dense (  ρ ( 14  nm ) < ρ ( 80  nm ) < ρ ( 1000  nm )  ), or have a chemical structure that leads to stronger interactions with the aromatic organochlorines (  Δ G ( 14  nm ) < Δ G ( 80  nm ) < Δ G ( 1000  nm )  ). Trends in the normalized   log  k   values appear to differ between Cl-benzenes and highly chlorinated PCBs, suggesting differences in the nanoscale structure of the ZnO NPs, or perhaps their surface chemistry. It is not clear whether these trends are specific to the particular ZnO NP samples used in this article or whether smaller ZnO NPs typically yield greater adsorption affinity than larger ZnO NPs even after accounting for the effect of size.




3.7. Effect of Organochlorine Concentration


The results presented in Figure 8 demonstrate that the adsorption coefficients on ZnO NPs were similar between organochlorine solute concentrations of    C 0  = 0.01   and 0.05 mg/L. Hence, the adsorption coefficients were not affected by the concentrations of aromatic organochlorines when the concentration of each individual probe component was less than that of 0.05 mg/L, avoiding the nonlinear adsorption isotherms seen at higher concentrations [38,40]. Thus, it appears that the results given here represent physicochemical interactions between the organochlorine solutes and the surfaces of the ZnO NPs, while solute–solute interactions remained negligible in this regime.




3.8. Effect of Nanoparticle Concentration


Nanoparticles tend to attract each other through chemical bonding or physical interactions, forming larger particles in order to reduce high surface energy. To determine the effect of the concentration of ZnO NPs on adsorption, experiments were performed with different nanoparticle concentrations. The data presented in Figure 9 reveal that the adsorption coefficients of the Cl-benzenes and PCBs decreased significantly when the concentrations of ZnO NP were increased from 0.1 to 1 mg/L. This decrease suggests greater aggregation of the ZnO NPs as their concentration increased, reducing the accessible surface area for binding organochlorines. As shown in Figure S4 of the Supporting Information, the   log  k   values of the Cl-benzenes, as well as the PCBs with fewer than six chlorine atoms, decreased roughly uniformly with increasing ZnO NP concentration. On the other hand, the more highly chlorinated PCBs exhibited a large loss of adsorption affinity between ZnO NP concentrations of 0.3 and 0.5 mg/L. We hypothesize that the Cl-benzenes and less chlorinated PCBs, particularly those that can adopt planar or near-planar conformations, are able to infiltrate gaps between the aggregated ZnO NPs at 0.5 mg/L, while the relatively bulky PCBs (154, 192, 204, 207, and 209) are too large to fit through these gaps. In practice, the aggregation behavior of the metal oxide NPs depends sensitively on the ambient pH, ionic strength, ion species, and the presence of natural organic matter in their aqueous environment [74,75,76,77,78,79]. Overall, with increasing ionic strength, the sedimentation of ZnO NPs is accelerated [80,81].




3.9. Effects of pH and Ionic Strength


In addition to influencing the tendency of the NPs to aggregate, the pH can determine the protonation state of surface groups, such as metal hydroxides [82], likely affecting interactions with solutes. The formation of charged surface groups can enhance the affinity of water for the surface and reduce the adsorption affinity of hydrophobic solutes, such as aromatic organochlorines. Moreover, ZnO NPs dissolve slowly at pH 7.4 and more rapidly at both acidic and basic pH (pH < 6 and pH > 9), releasing aqueous Zn    2 +    ions [83]. Degradation of the nanoparticles, in turn, can lead to time dependence in the surface chemistry and morphology. To gain a better understanding of how pH and ionic strength might affect the interactions of Cl-benzenes and PCBs with ZnO NPs, experiments were performed in 0.1× phosphate buffered saline (PBS) solution, yielding a pH of 7.4 and an ionic strength of ≈16 mmol/L. As shown in Figure 10, we found a marked decrease in the adsorption coefficients in PBS as compared to water. The effect of PBS on Cl-benzene adsorption appeared to diminish in magnitude as the chlorine number was increased from 1 to 4, with   log  k   changing by −1.5 for chlorobenzene and by −0.4 for 1,2,4,5-tetrachlorobenzene. The change for pentachlorobenzene and hexachlorobenzene was similar to that of the latter. For PCBs, the effect of PBS on adsorption appeared to be nearly independent of the Cl number, with changes in   log  k   ranging from −1.2 to −0.9.




3.10. Partitioning between Soil and Nanoparticles


To estimate the ability of the ZnO NPs to extract aromatic organochlorines from soil, we determined the   log  k   values for these molecules in a sample of Kansas soil using the same protocols as those employed for ZnO NPs. Figure 11 compares the adsorption coefficients for soil with those of 14 nm ZnO NPs. In contrast to our experiments with ZnO NPs, the experiments with soil revealed PCB adsorption coefficients that increased monotonically with the Cl number. These adsorption coefficients (  log  k  ) were highly correlated with the partition coefficients (  log  P OW   )    R 2  = 0.96  , suggesting that the PCBs partitioned into a bulk organic phase within the soil. A linear regression gives a fit line:


  log   k soil  ≈ 0.608  log  P OW  + 0.185 .  



(6)







The   log  k   values of the 14 nm ZnO NPs markedly exceeded those of the soil by 4.4 for chlorobenzene to 7.6 for PCB 47. This difference exceeded six log units for all PCBs used in the experiments with Cl numbers < 8. Hence, in the regime where the concentration of PCBs was lower than that required for significant loading of the ZnO NPs, 1 g of 14 nm ZnO NPs could extract more than half of the PCB content from 1 metric ton of soil. The difference in the adsorption coefficients between ZnO NPs and soil was likely even greater for dioxin-like PCBs. Assuming the validity of the linear relation between the   log  k   and   log  P OW    values for PCB sorption in soil (Equation (6)), we can estimate the   log  k   values of PCBs 126 and 169 to be 4.4 and 4.7. Based on Figure 7B and the free-energy calculations, we might expect   log  k   values on 14 nm ZnO NPs of 12.4 and 13.0 for PCBs 126 and 169. Therefore, it seems possible that a sample of 14 nm ZnO NPs might be capable of sequestering half of the dioxin-like PCBs from a mass of soil that is eight orders of magnitude greater.





4. Conclusions


In this article, we investigated the adsorption of Cl-benzenes and PCBs onto ZnO NPs. Adsorption coefficients were determined using GC/MS/MS experiments, while molecular dynamics simulations were leveraged to interpret the experimental results and to explore the behavior of dioxin-like PCBs, which are more difficult to handle. We found that the   log  k   values of the Cl-benzenes increased roughly linearly with the number of chlorine atoms and with   log  P OW   . In stark contrast, the   log  k   values of the PCBs varied non-monotonically with the number of chlorine atoms and correlated little with their   log  P OW    values. Free-energy calculations performed in the context of the molecular dynamics simulations were in qualitative agreement with these trends. The simulations strongly supported the hypothesis that the non-monotonic behavior was due to steric clashes of ortho-substituted chlorine atoms, which prevented some PCBs from adopting coplanar arrangements. These ortho-substituted PCBs were therefore unable to make full contact with a surface that was roughly flat at the 1 nm length scale, reducing their adsorption affinities to the ZnO NPs as compared to PCBs lacking ortho substitutions. The simulations predicted that a roughly linear dependence of   log  k   on the Cl number is recovered if one considers only PCBs with no ortho substitutions or only PCBs with one ortho substitution (Figure 5B).



Dioxin-like PCBs are the most acutely toxic PCB congeners owing to their interaction with the aryl hydrocarbon receptor [14]. One of the necessary characteristics of dioxin-like PCBs is having at most one ortho substitution, which makes them able to adopt coplanar conformations. Hence, the simulations predicted especially strong adsorption of dioxin-like PCBs to ZnO NPs, with PCBs 169 and 126 exhibiting the greatest   log  k   values of any of the 26 PCBs or aromatic organochlorines considered. These two PCBs are considered the most toxic congeners, as they have toxic equivalence factors relative to TCDD of 0.03 and 0.1 [14,84]. Hence, it seems that materials such as ZnO NPs might be able to selectively sequester the most toxic PCB congeners.



The experiments were also used to probe the effects of the ZnO particle size, the ZnO particle concentration, the aromatic organochlorine concentration, and a phosphate buffer solution. The   log  k   values increased with decreasing particle diameter, as expected; however, these values scaled more rapidly with diameter than would be expected for homogeneous spherical particles, suggesting differences in nanoscale structure or surface chemistry among the particles of different sizes used in the experiments. A plausible explanation is that the smaller ZnO NPs are more porous than the larger NPs. Experiments with different concentrations of the organochlorine compound suggested that the experiments were performed in the dilute regime, where interactions between co-adsorbed compounds were negligible. We found a decrease in   log  k   with increasing ZnO NP concentration, suggesting some aggregation of the NPs at higher concentrations. In comparison to the pure water, the 0.1× PBS solution was associated with lower   log  k   values.



Optimal materials for remediation and contaminant sequestration must have much higher affinity for the target contaminants than the medium from which they are to be extracted. To get some idea of how nanomaterials such as ZnO NPs might perform in these applications, we compared sorption of the organochlorines in soil to that on 14 nm ZnO NPs. The ZnO NPs possessed PCB   log  k   values exceeding those of soil by 5.4 to 7.6 orders of magnitude, suggesting that gram quantities of ZnO NPs might be able to sequester the PCB content of tons of soil in the limit of dilute PCB concentrations. However, the performance of the ZnO NPs in natural waters might be significantly reduced due to fouling by natural organic matter and other soluble species. Optimizing the selectivity of the NPs to reduce fouling will be addressed in future work.
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Figure 1. Two-dimensional structural diagrams of the PCBs included in the experiments. Non-ortho and ortho substitutions are indicated for the monochloro and dichloro congeners. 
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Figure 2. Exemplary model of a simulation system, including an effectively infinite ZnO slab, an organochlorine molecule, and water. Atom color scheme: H, white; C, dark green; O, red; Cl, bright green; Zn, gray. Although the simulations included explicit water molecules, for clarity, water is shown as a transparent blue surface. 
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Figure 3. Contribution of the numbers of chlorine atoms of aromatic organochlorines to their adsorption coefficients (  log  k  ) on ZnO NPs as determined by GC/MS/MS. The concentration of ZnO NPs was 0.8 mg/L and the concentration of the aromatic organochlorines was 0.05 mg/L. (A) Adsorption coefficients of chlorobenzene, 1,4-dichlorobenzene, 1,3,5-trichlorobenzene, 1,2,4,5-tetrachlorobenzene, pentachlorobenzene, and hexachlorobenzne. (B) Adsorption coefficients of biphenyl and 10 ortho-substituted PCBs. 
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Figure 4. Molecular dynamics simulations of chlorobenzene adsorption on a model ZnO surface. (A) Comparison of adsorption coefficients determined from the experiment and predicted from the simulation. (B) Simulation-derived free energy as a function of distance between each chlorobenzene molecule and model ZnO surface. Compound names shown in boldface were those considered in the experiments and are plotted in panel A. While isomers with the same chlorine number had similar free energy profiles, we calculated small (  < 0.4   kcal/mol) but statistically significant differences. Zoomed-in plots of the free-energy minima, including error bars, can be found in Figure S3 of the Supplementary Information. 
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Figure 5. Molecular dynamics simulations of PCB adsorption on a model ZnO surface. (A) Comparison of adsorption coefficients determined from the experiment and calculated from the simulations. (*) PCB 192 has its two chloro substitutions on the same phenyl group (2,6). All other PCBs with #ortho = 2 considered here have one chloro substitution on each phenyl group (2,2   ′  ). (B) Simulation-derived adsorption coefficients for a range of PCBs marked with symbols indicating the number of ortho substitutions. (†) Dioxin-like PCBs. This plot includes all of the simulation data in panel A as well as many additional points with different numbers of ortho substitutions. (C) Simulation-derived free energies as a function of distance between a model ZnO surface and select tetrachlorobiphenyls with different numbers of ortho substitutions. 
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Figure 6. Twist angle distributions of two pentachlorobiphenyls, PCB 91 (tri-ortho-substituted) and PCB 126 (no ortho substitutions, dioxin-like). Simulation snapshot of PCB 91 (A) and PCB 126 (B) adsorbed to the model ZnO surface. For clarity, water molecules are not shown. Distribution of the angle between the two phenyl groups for PCB 91 (C) and PCB 126 (D). The distributions are derived from simulations with each PCB in pure water or adsorbed to the model ZnO surface. 
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Figure 7. Effect of the ZnO particle size on adsorption coefficients of aromatic organochlorines. Adsorption coefficients for chlorobenzene (A) or PCB (B) adsorption on ZnO particles with average diameters of 14, 80, 1000 nm. Adsorption coefficients for adsorption of chlorobenzenes (C) or PCBs (D) normalized to represent 80 nm particles assuming a spherical geometry. 
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Figure 8. Effect of the concentrations of aromatic organochlorines on their adsorption onto ZnO NPs. Adsorption coefficients of chlorobenzenes at concentrations of 0.01 and 0.05 mg/L with a concentration of ZnO NPs of 0.1 mg/L (A) or 0.2 mg/L (B). Adsorption coefficients of PCBs at concentrations of 0.01 and 0.05 mg/L with a concentration of ZnO NPs of 0.1 mg/L (C) or 0.2 mg/L (D). 
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Figure 9. Effect of the concentration of ZnO NPs on adsorption for aromatic organochlorines. Concentrations of ZnO NP from 0.1 to 1 mg/L. (A) Chlorobenzene concentration at 0.01 mg/L, adsorption coefficients for chlorobenzenes from 1 Cl atom (  log k 1  ) to 6 Cl atoms (  log k 6  ). (B) Chlorobenzene concentration at 0.05 mg/L, adsorption coefficients for chlorobenzenes from 1 Cl atom (  log k 1  ) to 6 Cl atoms (  log k 6  ). (C) PCB concentration at 0.01 mg/L, adsorption coefficients for PCBs from from 1 Cl atom (  log k 1  ) to 10 Cl atoms (  log k 10  ). (D) PCB concentration at 0.05 mg/L, adsorption coefficients for PCBs from from 1 Cl atom (  log k 1  ) to 10 Cl atoms (  log k 10  ). 
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Figure 10. Effect of pH and ionic strength on the interaction of ZnO NPs and aromatic organochlorines. (A) Adsorption coefficients for chlorobenzene adsorption to ZnO NPs in HPLC water or 0.1× PBS. (B) Adsorption coefficients for PCB adsorption to ZnO NPs in HPLC water or 0.1× PBS. Solute concentrations were 0.01 mg/L and ZnO NP concentrations were 0.5 mg/L. 
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Figure 11. Comparison of adsorption coefficients on 14 nm ZnO NPs and a sample of soil. (A) Adsorption coefficients for chlorobenzene adsorption. (B) Adsorption coefficients for PCB adsorption. 
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Table 1. PCBs considered in this work. (*) PCBs tested in the experiments. (   †  ) Dioxin-like PCBs. PCB numbers are assigned according to the standard scheme of Ballschmiter et al. [54] The number of chlorine atoms and the number of ortho-substituted chlorine atoms are given for each compound. Structures are shown in Figure 1.
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	PCB
	Compound Prefix
	#Cl
	#ortho





	0
	biphenyl *
	0
	0



	1
	2-chloro *
	1
	1



	2
	3-chloro
	1
	0



	4
	2,2   ′  -dichloro
	1
	2



	5
	2,3-dichloro *
	2
	1



	11
	3,3   ′  -dichloro
	2
	0



	31
	2,4   ′  ,5-trichloro *
	3
	1



	35
	3,3   ′  ,4-trichloro
	3
	0



	47
	2,2   ′  ,4,4   ′  -tetrachloro *
	4
	2



	51
	2,2   ′  ,4,6   ′  -tetrachloro
	4
	3



	54
	2,2   ′  ,6,6   ′  -tetrachloro
	4
	4



	66
	2,3   ′  ,4,4   ′  -tetrachloro
	4
	1



	77
	3,3   ′  ,4,4   ′  -tetrachloro    †  
	4
	0



	91
	2,2   ′  ,3,4   ′  ,6-pentachloro *
	5
	3



	105
	2,3,3   ′  ,4,4   ′  -pentachloro    †  
	5
	1



	126
	3,3   ′  ,4,4   ′  ,5-pentachloro    †  
	5
	0



	154
	2,2   ′  ,4,4   ′  ,5,6   ′  -hexachloro *
	6
	3



	157
	2,3,3   ′  ,4,4   ′  ,5   ′  -hexachloro    †  
	6
	1



	169
	3,3   ′  ,4,4   ′  ,5,5   ′  -hexachloro    †  
	6
	0



	189
	2,3,3   ′  ,4,4   ′  ,5,5   ′  -heptachloro    †  
	7
	1



	192
	2,3,3   ′  ,4,5,5   ′  ,6-heptachloro *
	7
	2



	194
	2,2   ′  ,3,3   ′  ,4,4   ′  ,5,5   ′  -octachloro
	8
	2



	204
	2,2   ′  ,3,4,4   ′  ,5,6,6   ′  -octachloro *
	8
	4



	206
	2,2   ′  ,3,3   ′  ,4,4   ′  ,5,5   ′  ,6-nonachloro
	9
	3



	207
	2,2   ′  ,3,3   ′  ,4,4   ′  ,5,6,6   ′  -nonachloro *
	9
	4



	209
	decachloro *
	10
	4
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Table 2. Optimized ZnO model interaction parameters.
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	Atom
	q (Elementary)
	  ϵ   (kcal/mol)
	   R min    (Å)





	O
	−0.15
	0.28
	3.0



	Zn
	−0.15
	0.08
	3.5
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