The influence of pH on the kinetics, reversibility and mechanisms of Pb(II) sorption at the calcite-water interface
Author links open overlay panel
, , , 
[bookmark: _GoBack]https://doi.org/10.1016/j.gca.2005.04.022 
Abstract
Pb(II) sorption experiments with calcite powders were conducted in suspensions equilibrated at atmospheric PCO2(g) and ambient temperature at pH 7.3, 8.2 and 9.4. Pb fractional sorption was low at pH 7.3 and 9.4 relative to pH 8.2, and correlated well with PbCO30(aq) speciation. Desorption experiments conducted for initial sorption times ranging from 0.5 h to 12 d reveal an almost completely reversible process at pH 8.2, attributed to the dominance of an adsorption mechanism, with slight and pronounced irreversibility at pH 7.3 and 9.4 respectively. Similarities in X-ray absorption near edge spectra (XANES) for 24 h and 12 d pH 7.3 and 9.4 sorption samples indicate no effect of initial sorption time. Results from linear combination (LC) fits of XANES spectra for samples sorbed at pH 9.4 confirm ∼75% adsorbed and ∼25% coprecipitated components. The coprecipitated fraction was attributed to the non-exchangeable metal observed in desorption experiments. At pH 7.3, ∼95% adsorbed and ∼5% coprecipitated components were obtained. A comparison of results from desorption experiments and LC-XANES alludes to an irreversibly bound adsorbed component for the pH 9.4 12 d sorption sample. Extended X-ray absorption fine structure spectroscopy (EXAFS) analysis of pH 7.3 and 9.4 12 d sorption samples confirms the presence of both adsorbed and coprecipitated metal. At pH 7.3 a first-shell Pb-O bond length of 2.38 Å is intermediate between that of adsorbed (2.34 Å) and coprecipitated (2.51 Å) Pb. At pH 9.4, two first-shell Pb-O distances at 2.35 Å and 2.51 Å were obtained, indicative of the occurrence of both adsorption and coprecipitation and a larger coprecipitated fraction relative to that at pH 7.3, consistent with LC-XANES results. We propose that the disparity in the fraction of coprecipitated metal with pH may be linked to the ability of sorbed Pb to inhibit near-surface dynamic exchange of Ca and CO3 species, which dictates step advance and retreat. Less effective inhibition of step motion at pH 9.4, due to lower fractional sorption, combined with highest rates of dynamic exchange results in a significant fraction of coprecipitated Pb at this pH. At low pH, though fractional sorption is also low, lower rates of exchange prohibit significant coprecipitation. At pH 8.2, effective inhibition of surface processes due to higher fractional sorption and lower rates of exchange compared to pH 7.3 and 9.4 preclude detectable coprecipitation. Other factors such as changes in surface speciation and solubility of the Pb-Ca solid solution with pH may also come into play. Overall, this study presents evidence for the influence of pH on Pb sorption mechanisms, and addresses the efficiency of Pb immobilization in calcitic systems.
Introduction
Assessing Pb(II) interactions with mineral surfaces is essential for the prediction of this metal’s mobility and thus potential bioavailability. Due to the ubiquity and reactivity of calcite in natural systems, and the high affinity of Pb for the calcite sorbent (Kozar et al. 1992; Fulghum et al., 1998; Rouff et al. 2002), this mineral presents a viable substrate for effective Pb retention. The efficacy of metal sequestration is contingent upon occurrent mechanistic processes, which in turn are dictated by the physicochemical properties of the system under investigation. Potential sorption mechanisms include inner- or outer-sphere adsorption, coprecipitation (whereby Pb is incorporated into the calcite structure to form a dilute solid-solution) and precipitation of discrete Pb carbonate phases. This study will explore the effects of pH and contact time on Pb-calcite sorption processes via the coupling of batch sorption, desorption and spectroscopic experiments in an attempt to isolate relevant mechanisms, determine the stability of sorption products, and comment on the efficacy of these processes on metal immobilization.
The influence of pH on metal sorption is an oft-studied parameter due to significant effects of this variable on metal fractional sorption, the possibility of pronounced changes in pH values as reactions occur, as well as the effect of this parameter on retention mechanisms (Jenne, 1998). The effect of pH on divalent metal uptake by calcite has been addressed in a number of previous studies. In general, sorption of divalent metals such as Cd, Mn, Co, Ni, and Zn increases as pH is increased (Zachara et al., 1991). This has been attributed to decreased competition due to attenuation of Ca2+ in calcite-saturated solutions with increasing pH. Uptake as a function of pH is metal-dependent, with metals with higher affinities sorbing at lower pH values. For (hydr)oxide surfaces, sorption affinity is related to the metal hydrolysis constant or acid-base characteristics (Sparks 1995, Jenne 1998). The effect of pH on sorption mechanisms has also been explored. Van der Weijden et al. (1994) observed decreased reversibility for calcite-sorbed Cd when pH decreased from 8.2 to 7.9. For shorter sorption times this was attributed to sorption of Cd at only the most energetically favored sites at low pH due to enhanced competition with Ca. For 2–6 month equilibration periods the observed trend was interpreted as an increase in the rate of calcite recrystallization from pH 8.2 to 7.9, which promoted metal coprecipitation at the lower pH value. Using X-ray photoelectron spectroscopy (XPS) on calcite single crystals, Xu et al. (1996) found higher concentrations of Co in the near-surface and decreased metal concentration with depth of pH 8.2 samples, as compared to pH 7.3–7.4 samples. This was interpreted as combined Ca/Co solid solution formation and precipitation of Co carbonate or hydroxycarbonate at high pH, and dominance of primarily solid solution formation at low pH.
The influence of pH on sorption mechanisms has also been addressed for other metal-mineral systems, using both macroscopic and molecular scale techniques. Variation in mechanism as a function of pH has been observed for Zn (Bochatay and Persson 2000, Roberts et al 2003, Trivedi et al 2004), Cu (Bochatay et al 1997, Hyun et al 2000, Morton et al 2001) Ni (Scheidegger et al 1996, Roberts et al 1999, Elzinga and Sparks 2001a), Co (Persson et al 1995, Papelis and Hayes 1996, Chen and Hayes 1999) and Cd (Zachara et al 1992, Echeverria et al 2002, Boyanov et al 2003) for a variety of substrates relevant to environmental systems, such as clay minerals, Fe(III)-, Mn(III,IV)- and Al(III)-(hydr)oxides, and silica.
In Pb-containing systems, altering pH has also been observed to influence dominant sorption mechanisms. The dominance of either inner- or outer-sphere complexation—in Pb-montmorillonite systems, for example (Strawn and Sparks, 1999)—is contingent upon pH and ionic strength. Under conditions in which primarily inner-sphere complexation dominates, pH dependent metal configuration is marked by transitions from mono- to polynuclear complexes (Elzinga and Sparks, 2002), or prevalence of mono-, bi-, or tridentate surface complexes (Ostergren et al 2000, Trivedi et al 2003, Um and Papelis 2003). In systems inclusive of secondary anions, pH can dictate the extent and occurrence of Pb-ligand ternary complexation with mineral surfaces (Bargar et al 1998, Ostergren et al 2000, Elzinga et al 2001b).
The mechanistic variation observed in the aforementioned studies alludes to the influence of pH on metal sequestration. Inner-sphere adsorption complexes may be less prone to displacement than electrostatically interacting outer-sphere counterparts. Polynuclear and multidentate complexes may interact more strongly with mineral surfaces than mononuclear and/or monodentate inner-sphere complexes, and coprecipitated metal is likely to be less susceptible to remobilization than surface-bound complexes. Therefore, an understanding of these processes and the conditions under which they occur is essential for predicting metal mobility, bioavailability and toxicity.
For Pb sorption to calcite at pH 8.2 under conditions of ambient temperature and PCO2 10−3.5 atm, we have already assessed the effect of sorption density on mechanism via the use of X-ray absorption spectroscopy (XAS) (Rouff et al., 2004). At low sorption densities, the formation of Pb mononuclear inner-sphere adsorption complexes was identified, and a continuum from adsorption to precipitation of Pb carbonate phases was observed with increasing sorption density. The present work aims to explore the possibility of mechanistic variation in the system with pH. In addition, this study complements macroscopic observations (Rouff et al., 2005), which have delineated the Pb sorption edge and assessed the influence of Pb aqueous speciation on uptake over the pH range 7.3–9.4. In the current work, macroscopic adsorption experiments were conducted at pH 7.3, 8.2 and 9.4 to assess fractional sorption trends and kinetics, and the reversibility of these processes was determined via desorption experiments. Possible occurrent mechanisms alluded to by batch experiments were verified via in situ XAS studies conducted in parallel.
Section snippets
Calcite Substrate
For batch uptake experiments, a reagent calcium carbonate powder from Alfa Aesar, confirmed as pure calcite by X-ray diffraction, was used as the sorbent. The material was found to contain trace concentrations of Pb (<0.19 ppm) by isotope dilution. The specific surface area was 0.2 m2g−1 as determined by multi-point, low surface area, N2 adsorption BET analysis, with average particle sizes close to 5 μm. The calcite was suspended in deionized water and equilibrated with atmospheric CO2(g) (PCO2 
Aqueous Speciation
The program PHREEQC (Parkhurst and Appelo, 1995), implementing the MINTEQ database, was used to determine metal aqueous phase speciation over the pH range studied. At pH <7.5 the dominant species is PbNO3+(aq), from pH 7.5 to 8.9 Pb is primarily speciated as PbCO30(aq), whilst at pH >8.9, the dominant aqueous species is Pb(CO3)22−(aq). Minor species over the pH range include Pb2+(aq) and PbOH+(aq).
Sorption Isotherms
The measured partitioning of Pb between the solid and the aqueous phase was used to create 24 h
Discussion
Interpretation of macroscopic and spectroscopic experiments indicates variation in dominant uptake mechanisms with pH. At pH 8.2, adsorption dominates, whereas at pH 7.3 and more so at pH 9.4 a coprecipitation mechanism is operative in addition to adsorption (Fig. 9). The relation between the fraction of adsorbed vs. coprecipitated metal and pH may be due to disparities in the interactions between aqueous and surface bound species as pH varies. These pH-dependent interactions may be related to
Summary and conclusions
Results from both macroscopic and spectroscopic experiments have revealed effects of pH on Pb interactions with calcite surfaces in pre-equilibrated systems for 1 μM Pb concentrations. Batch desorption as well as XAFS studies indicate the dominance of reversibly bound Pb surface adsorption complexes at pH 8.2. At pH 7.3, these complexes persist, with the additional formation of a minor coprecipitated component as evidenced by EXAFS analysis. At pH 9.4, desorption experiments in conjunction with 
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