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中  文  摘  要

	研究污染物在土/液界面上的环境化学行为对于认识其界面分配过程、污染物在土壤中的移动性和生物有效性等具有重要意义，而从能量关系来揭示土壤与离子间的相互作用规律一直是土壤化学家希望予以解决的中心课题。本论文推导了Cu2+与Zn2+等重金属离子与土壤胶粒间的平均结合自由能和平均吸附自由能的计算公式，用悬液Wien效应法研究了Cu2+、Zn2+、Pb2+和Cd2+与黄棕壤、棕壤和黑土黏粒间的能量关系；考虑到环境体系的复杂性，通过批平衡法并结合FTIR和分子模拟等手段研究了草甘膦和四环素对Cu和Zn在土壤中吸附行为的影响。其主要研究结果如下：

在强直流电场（> 2 kV cm−1）中，由于松施效应和电泳效应的减弱或消失，溶液电导可达最大值，这种现象称为Wien效应。论文使用悬液Wien效应法研究了Cu2+、Zn2+、Pb2+和Cd2+与黄棕壤、棕壤和黑土粘粒间的能量关系。Cu2+、Zn2+、Pb2+和Cd2+在黄棕壤、黑土和棕壤上的平均结合自由能大小顺序分别为Pb2+ > Zn2+ ≥ Cu2+ > Cd2+、Pb2+ > Cu2+ ≥ Zn2+ > Cd2+ 和Pb2+ > Cd2+ > Cu2+ ≥ Zn2+。黄棕壤、黑土和棕壤中重金属离子的平均结合自由能分别为7.16 - 8.54 kJ mol−1、9.05 - 9.88 kJ mol−1和7.36 - 9.35 kJ mol−1，重金属在黑土上的平均结合自由能较棕壤和黄棕壤大。而重金属在黄棕壤、黑土和棕壤上的吸附自由能与场强有关，其大小顺序分别为Cu2+ > Cd2+ > Pb2+ > Zn2+、Cu2+ > Zn2+ > Pb2+ > Cd2+和Cu2+ > Pb2+ > Cd2+ > Zn2+。在150 kV cm−1场强处，Cu2+、Zn2+、Cd2+ 和 Pb2+在土壤中的平均吸附自由能大小范围为1.23 - 2.15 kJ mol−1。

在研究外加场强对悬液电导影响的过程中，首次发现当外加场强从0.9 × 106 V m-1增加到 5 × 106 V m-1时，溶液电导随场强增加而降低，出现了明显的负Wien效应，但随着场强的进一步增加，悬液电导又随场强增加而增加。根据电导-场强曲线最低处的曲线向上弯曲程度自定义了两个定量描述离子与土壤胶粒间相互作用的参数(极化率和去极化率)，由电导率最低谷两侧电导率与场强的曲线斜率可得到这两个参数的大小。研究发现Zn2+最容易从土壤颗粒表面剥离，而Pb2+则与棕壤和黑土间结合较强，Cd2+与黄棕壤间的结合力较强。这与金属离子在瞬间的极化大小顺序有关，即不同金属离子瞬间反吸附到土壤颗粒表面的能力有关。用负Wien效应方法来研究土壤颗粒与反号离子间的相互作用优于其他平衡方法，因为它是直接测定出来的，而不是通过离子交换测定的，且相对于离子交换平衡吸附方法它要更省时省力。

农业土壤上大量使用除草剂可能会改变土壤中重金属的环境化学行为，因为如除草剂草甘膦就具有极强的金属配位能力。论文通过批平衡法研究了草甘膦与Zn在红壤和乌栅土中吸附的交互作用过程。由于乌栅土较红壤具有较高的有机质含量和CEC、较高pH，所以Zn在红壤上的吸附量较其在乌栅土上低。草甘膦显著降低了Zn在土壤上的吸附量，主要由于草甘膦的存在降低了平衡液pH，此外由于草甘膦与Zn发生了配位反应，而生成的配合物在土壤上的亲和力比Zn离子本身要低，进而降低了Zn在土壤上的吸附量。这种现象在红壤中表现得更为明显，因为Zn在红壤中的吸附量比乌栅土要小很多。而Zn的存在增加了草甘膦在土壤表面的吸附量，这主要是由于Zn与土壤表面的质子发生交换反应，大量的H+被置换到溶液中，增加了溶液酸度，从而增加了草甘膦在土壤上的吸附量；另外当Zn吸附于土壤表面后，草甘膦以Zn为“桥”吸附于土壤表面。

针铁矿是土壤中重要的铁氧化物，论文通过批平衡法研究了草甘膦对Zn在针铁矿表面吸附等温线的影响，草甘膦显著影响了Zn在矿物表面的吸附行为，降低了Zn在针铁矿表面的吸附量。研究了不同酸度下草甘膦对Zn在针铁矿上吸附的影响，当pH < 5时，草甘膦增加了Zn在针铁矿表面的吸附量；而当pH > 5，草甘膦降低了Zn的吸附量。草甘膦能显著降低针铁矿的表面电位，FTIR研究发现草甘膦主要是通过羰基基团的配位作用而吸附于针铁矿表面。

四环素与Cu常作为饲料添加剂，但由于畜禽的不完全吸收导致大量的四环素与Cu通过动物粪便和尿液排出体外，而大量施用含四环素和Cu的畜禽粪肥可能会导致土壤中四环素和Cu的累积。论文通过批平衡法研究了四环素与Cu在红壤和乌栅土上吸附的交互作用。四环素增加了Cu在土壤上的吸附量，主要由于四环素与Cu发生了配位反应，生成了带正电荷的配合物，且配合物在土壤上的亲和力较Cu本身要高；而Cu降低了四环素在红壤上的吸附量，但增加了乌栅土对四环素的吸附。

为了进一步研究四环素与Cu的交互作用机制，研究了四环素与Cu在土壤矿物蒙脱石上的吸附过程。四环素显著影响着Cu在蒙脱石上的吸附量。四环素在矿物上的吸附能力在酸性条件下较强，Cu可以吸附在矿物上的四环素为“桥”而被吸附；在碱性条件下，四环素在矿物上的吸附较弱，大部分四环素均存在于溶液中，四环素与Cu发生配位反应，而生成的配合物在矿物表面的亲和力较Cu要弱，从而降低了Cu在蒙脱石上的吸附量。所以，当pH < 6时，四环素增加了Cu的吸附量，而pH > 6时，则降低了Cu的吸附量；同时，Cu增加了四环素在矿物表面的吸附，通过形态吸附模型研究了四环素以及四环素与Cu配合物在蒙脱石上的分配系数。四环素与Cu的配合物 (CuH2L2+、CuHL+、CuL)在蒙脱石上的分配系数远比四环素(H3L+、H2L和HL-)高，这是Cu增加四环素在矿物上吸附的主要原因。
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Basic energy parameters of Cu/Zn at the interface of soil/water and their environmental chemical behaviors 
Wang Yu-Jun
ABSTRACT
	Adsorption of metals is one of the most important chemical processes at the soil/water interface. It controls the quantity of plant available nutrients and pollution potential of contaminants retained on soil surfaces, and therefore, it is one of the most important factors affecting the transport of nutrients and contaminants in soils. The investigation of energy relationships between cations and soil particles in the second half of the 20th century was primarily based on indirect calculation, rather than direct measurement. A new method to determine the binding (or bonding) energy and the adsorption energies of Cu2+, Zn2+, Pb2+ and Cd2+ on Yellow-Brown Soil, Brown Soil and Black Soil particles, in terms of mean Gibbs free energy, ∆G, was developed. It is based on the measurement of the Wien effect in soil suspensions. Due to the complexity of soil environment, glyphosate (GPS)-Zn and tetracycline (TC)-Cu were studied by batch experiments assisted with Fourier Transform Infrared Spectroscopy (FTIR) and molecular simulation. The major findings of this study are summarized below. Those findings improved our understanding of soil environmental chemistry and will contribute to agricultural and environmental sustainability.
The Wien effect, i.e., the dependence of the electrical conductivity of dilute suspensions of soil particles on electrical field strength, was explored. In the present study, the achievements of Wien effect in dilute suspensions were applied; the equations calculating mean free binding energy and mean free adsorption energy between cations and soil particles were introduced; and then energy relationships between the cations of Cu2+, Zn2+, Pb2+ and Cd2+, and the clay particles of yellow-brown soil, brown soil and black soil were studied by the equations. The results show that the mean Gibbs free binding energies of the heavy metal ions with yellow-brown, black and brown soil particles decreased in the order of Pb2+ > Zn2+ ≥ Cu2+ > Cd2+, Pb2+ > Cu2+ ≥ Zn2+ > Cd2+ and Pb2+ > Cd2+ > Cu2+ ≥ Zn2+, respectively, where the range of binding energies with the yellow-brown soil (7.16 - 8.54 kJ mol−1) was less than those for the black soil (9.05 - 9.88 kJ mol−1). The electrical field-dependent mean Gibbs free adsorption energies of these heavy metal ions for yellow-brown, black and brown soils descend in the order of Cu2+ > Cd2+ > Pb2+ > Zn2+, Cu2+ > Zn2+ > Pb2+ > Cd2+, and Cu2+ > Pb2+ > Cd2+ > Zn2+, respectively. The mean Gibbs free adsorption energies of Cu2+, Zn2+, Cd2+ and Pb2+ at a field strength of 150 kV cm−1, for example, were in the range of 1.23 to 2.15 kJ mol−1 for the three soils.

The negative Wien effect was explored in the intermediate field-strengths ranging from 0.9 × 106 to 5 × 106 V m-1, which enabled the detection of a local minimum in the electrical-conductivity /field-strength relationship. Suspensions of clay-size soil particles of the three soils saturated with Cu2+, Zn2+, Cd2+ and Pb2+, were tested. A negative Wien effect – decrease of the electrical conductivity towards a local minimum – was observed with homoionic soil particles saturated with those divalent cations, with electrodialyzed soil particles, and with black soil particles that contained organic matter. Two quantifiers of the declining and increasing slopes – polarization and depolarization, respectively – on the respective sides of the local minimum were used for characterizing the interaction between the soil particles and the counter ions. The Zn2+ ions were stripped off most easily from the surfaces of soil particles, but tighter binding was found for Pb2+ to brown soil and black soil, and for Cd2+ to yellow-brown soil. This is in general agreement with the polarizability sequences of the various cations transiently re-adsorbed on the particles of the three soils. The proposed method of characterization in its improved, negative-positive Wien effect version is superior to other methods for characterizing soil-particle/counter-ion interactions because it characterizes the adsorption directly instead of using exchange measurement. This method makes the characterization more efficient and accurate.
Large amounts of glyphosate [N-(phosphonomethyl)-glycine] is applied in agriculture for weed control, which may affect soil metal behaviors to some extend, because glyphosate can react with metals to form metal complexes. Cosorption of Zn(II) and glyphosate on a Red soil (RS, Udic Ferrosols) and a Wushan soil (WS, Anthrosol) was studied. In comparison with the WS, the RS has higher adsorption capacity for glyphosate and less for Zn(II). The presence of glyphosate decreased Zn(II) adsorption on the two soils, which was resulted from the decreased equilibrium solution pH after receiving glyphosate, and also the formation of water-soluble complexes of glyphosate with solution Zn2+ that had lower affinity to soil surface in comparison with Zn2+ itself. Such effect was more significant on the RS than on the WS, mainly because of the less adsorption quantity of Zn(II) on the former. On the other hand, the presence of Zn(II) increased the adsorption of glyphosate on the RS and WS, which was resulted from equilibrium solution pH reduction caused by Zn2+ exchange with soil surface H+. In addition, glyphosate adsorption probably took place on the sites where Zn(II) was previously adsorbed and the sorbed Zn acted as a bridge between the soil and glyphosate.
Cosorption of metals with herbicides on minerals affects their mobility and their impact on the environmental. Batch experiments were conducted to evaluate the interaction between Zn(II) and glyphosate [N-(phosphonomethyl)glycine (GPS; H3L)] with regard to the effect of GPS on Zn(II) adsorption on goethite. The herbicide GPS markedly affected Zn(II) adsorption on goethite when they coexisted in a goethite suspension. When solution pH was not intentionally adjusted, addition of GPS decreased Zn(II) adsorption on goethite, since the equilibrium solution pH was significantly decreased in the presence of GPS and correspondingly the negative surface charges of goethite decreased. Zinc adsorption on goethite in the presence and absence of GPS at different pH of the equilibrium solution was studied to find out if pH was the only variable for Zn(II) adsorption with coexisting GPS. At low pH (pH<5), the presence of GPS increased the adsorption of Zn(II), because Zn(II) adsorbed on the sites of goethite via GPS bridge. However, at pH>5, the presence of GPS decreased the adsorption of Zn(II) on goethite, because GPS reacted with solution Zn(II) to form water-soluble complexes that had lower affinity to the goethite surface than Zn2+ itself. Zeta potential of goethite significantly decreased after adsorption of GPS, suggesting a chemical bond occurred between GPS and the mineral. FTIRs also showed that GPS adsorbed on goethite by coordinating through caboxylate group.

Land application of animal wastes from concentrated livestock and poultry operations often results in high concentrations of tetracyclines (TCs) and metals accumulating in agricultural soils. Adsorption of these antibiotics and metals on soils strongly affects their mobility and toxicity. The interaction of Cu(II) and TC regarding to their adsorption and cosorption was investigated on a Red soil (RS, Udic Ferrosols) and a Wushan soil (WS, Anthrosol) by batch experiments. Mutual effect of Cu(II) and TC on their adsorption strongly depended on soil characteristics, and the adsorption isotherms of Cu(II) on the two soils were fitted with Freundlich equation well. The presence of TC enhanced Cu(II) adsorption on the soils due to the formation of the positively charged complexes of Cu(II) and TC that have greater sorption affinity to soil surface than Cu2+ itself. On the other hand, the presence of Cu(II) suppressed the adsorption of TC on Red soil, due to Cu2+ competition with TC and TC-Cu complexes for the adsorption sites of soil. While, the presence of Cu(II) increased the adsorption of TC on Wushan soil via the cation bridge of Cu(II) similar to Ca2+ and Mg2+ ions. 
The interaction between TC and Cu(II) was studied with regard to their adsorption and co-sorption on montmorillonite as affected by solution pH. When solution pH was below 6.5, the presence of TC increased Cu(II) adsorption on montmorillonite, which could be due to more Cu(II) adsorbed on the adsorption sites of montmorillonite via the TC bridge, or due to the fact that TC-Cu(II) complex had stronger affinity to the adsorption sites of the mineral than Cu2+ ion itself. Zeta potential of the montmorillonite significantly decreased after the adsorption of TC, suggesting a strong interaction between TC and montmorillonite. Addition of Cu(II) ions increased TC adsorption on the mineral in a wide pH range. A sorption model in which species-species sorption coefficients (Kdi) normalized to pH-dependent CEC were weighted by the pH-dependent fraction of each species. The model fits the experimental data very well. The complexes of TC with Cu(II) (CuH2L2+, CuHL+, CuL) had higher Kd than H3L+, H2L, and HL-. Increasing adsorption of TC and Cu(II) on montmorillonite as they coexist in normal pH environment may thus reduce their potential for either one to be lost to the environment.



Key words: Cu; Zn; Wien effect; Adsorption; Interface chemical behavior; Soil

