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[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK107][bookmark: OLE_LINK23][bookmark: OLE_LINK24][bookmark: OLE_LINK38][bookmark: OLE_LINK39][bookmark: OLE_LINK40][bookmark: OLE_LINK41][bookmark: OLE_LINK42][bookmark: OLE_LINK43][bookmark: OLE_LINK139]摘  要    研究了湖南长沙和海南昆仑的2种红壤胶体和非胶体的矿物组成、CEC及Cu(II)、Pb(II)和Cd(II)在土壤胶体和非胶体颗粒表面的吸附行为，以明确红壤胶体对土壤表面化学性质的贡献。X射线衍射分析结果表明，两种红壤胶体的矿物组成均以次生矿物为主，次生矿物又以1:1型高岭石所占比例最高。土壤非胶体颗粒中石英等原生矿物含量较高。土壤铁铝氧化物主要富集在土壤胶体部分，土壤胶体颗粒中游离氧化铁和游离氧化铝含量明显高于非胶体颗粒，如湖南长沙红壤胶体颗粒游离氧化铁的含量为78.03 g kg-1，而非胶体颗粒中仅为9.93。土壤胶体颗粒的CEC显著高于非胶体颗粒部分，2种红壤胶体的CEC为约为非胶体12倍。等温吸附实验结果表明，土壤胶体颗粒对Cu(II)、Cd(II)与Pb(II)的最大吸附量和吸附亲和力均显著大于非胶体颗粒，湖南红壤胶体对3种重金属的吸附量大于海南红壤胶体，与土壤胶体的矿物组成和CEC大小一致。Cd(II)在红壤胶体和非胶体颗粒表面主要发生静电吸附，而静电吸附和非静电吸附两种机制均对Cu(II)和Pb(II)的吸附有重要贡献。
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[bookmark: OLE_LINK31][bookmark: OLE_LINK32][bookmark: OLE_LINK35][bookmark: OLE_LINK36][bookmark: OLE_LINK37][bookmark: OLE_LINK61][bookmark: OLE_LINK62][bookmark: OLE_LINK72][bookmark: OLE_LINK73][bookmark: OLE_LINK208][bookmark: OLE_LINK209][bookmark: OLE_LINK210]我国南方热带和亚热带地区广泛分布着红壤等可变电荷土壤[1]。由于强烈的风化和淋溶作用，这类土壤铁铝氧化物含量较高，黏土矿物以高岭石为主，因此土壤CEC较低[2-3]。土壤颗粒表面带有电荷是土壤具有一系列电化学性质的主要原因。土壤胶体是土壤颗粒中化学活性最高的组分，其数量和矿物组成对土壤的电化学性质有重要影响[4-7]。土壤胶体颗粒对土壤表面电荷的贡献率可高达80%[8]。胶体的黏土矿物组成决定其表面电荷性质，含有较多蛭石和蒙脱石的土壤胶体，其电荷量一般较高；含有较多高岭石和铁铝氧化物的胶体，其电荷量一般比较低[4]。因为蛭石和蒙脱石表面带有较高的电荷，且主要为矿物同晶置换产生的永久电荷[6]；高岭石表面所带负电荷很少，且主要来源于矿物外表面的断键和边面羟基的去质子化[7]。由于土壤胶体活性高、对土壤表面电荷的贡献大，通常将土壤胶体从土体分离后研究其对离子的吸附性能[2]，但很少将同一土壤的胶体与非胶体的吸附性能及其与表面电荷的关系进行比较。特别对土壤非胶体颗粒部分对土壤表面电荷及离子吸附的贡献了解很少。
[bookmark: OLE_LINK27][bookmark: OLE_LINK28][bookmark: OLE_LINK29][bookmark: OLE_LINK30]由于城镇化的推进和工业活动的广泛开展，我国土壤重金属污染日趋严重，特别在南方酸性土壤地区[9]。重金属在土壤中积累导致土壤生产力下降，并对生态系统和人类健康造成严重威胁[10-12]。吸附是影响重金属离子在土壤固-液相间分配及其生物活性的重要过程[13]，过去用完整土壤和土壤胶体对重金属的吸附行为进行了广泛研究，很少有研究涉及土壤胶体与非胶体对重金属吸附的比较。因此，本文对两种可变电荷土壤胶体和非胶体矿物组分和表面性质进行比较，研究了Cu(II)、Cd (II)和Pb(II)在土壤胶体和非胶体颗粒表面吸附的差异及机制。研究结果可为土壤重金属污染控制和污染土壤修复提供参考。
1 材料与方法
1.1 供试土壤
供试2种红壤分别采自海南昆仑和湖南长沙，成土母质分别为花岗岩和第四纪红黏土。两者均为50cm以下的底层土壤。通过沉降法提取粒径<2m的土壤胶体颗粒，剩余部分为非胶体颗粒。将胶体和非胶体用去离子水洗涤至电导率小于4μS cm-1，然后经过自然风干、磨细过60目筛备用。
1.2土壤性质测定方法
[bookmark: OLE_LINK229][bookmark: OLE_LINK230][bookmark: OLE_LINK227][bookmark: OLE_LINK228][bookmark: OLE_LINK231][bookmark: OLE_LINK232][bookmark: OLE_LINK237][bookmark: OLE_LINK238][bookmark: OLE_LINK239][bookmark: OLE_LINK240][bookmark: OLE_LINK241][bookmark: OLE_LINK12][bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: OLE_LINK15][bookmark: OLE_LINK16][bookmark: OLE_LINK19]土壤游离氧化铁和氧化铝用DCB法提取[14]，提取液中的铁用原子吸收分光光度法测定，铝用ICP等离子发射光谱法测定；土壤CEC用醋酸铵法测定[14]；土壤有机质用重铬酸钾氧化-比色法测定[14]。土壤矿物组成用X-射线衍射法测定，使用Cu靶作放射源，管电压为40kV，管电流为20mA。不同矿物的相对百分含量根据衍射峰强度求得，选择某一矿物最强的衍射峰与标准矿物最强衍射峰比较，计算比值求得相对百分含量[15]。
1.3 吸附/解吸实验
[bookmark: OLE_LINK55][bookmark: OLE_LINK56]配制0.1 mol L-1 的Cu(NO3)2、Cd(NO3)2和Pb(NO3)2溶液，以此作为母液配制浓度为0.1、0.3、0.5、0.8、1.0、1.5 mmol L-1的Cu(NO3)2、Cd(NO3)2和Pb(NO3)2溶液用于等温吸附实验，支持电解质为1 mmol L-1 NaNO3。
[bookmark: OLE_LINK109][bookmark: OLE_LINK110][bookmark: OLE_LINK111][bookmark: OLE_LINK112][bookmark: OLE_LINK113][bookmark: OLE_LINK114][bookmark: OLE_LINK115][bookmark: OLE_LINK116][bookmark: OLE_LINK117][bookmark: OLE_LINK118][bookmark: OLE_LINK119][bookmark: OLE_LINK120][bookmark: OLE_LINK121][bookmark: OLE_LINK122][bookmark: OLE_LINK123][bookmark: OLE_LINK124][bookmark: OLE_LINK125][bookmark: OLE_LINK126][bookmark: OLE_LINK127][bookmark: OLE_LINK128][bookmark: OLE_LINK129][bookmark: OLE_LINK130][bookmark: OLE_LINK131][bookmark: OLE_LINK132][bookmark: OLE_LINK133]称取0.5000g土壤样品于50 mL离心管中，将瓶和土一起称重记为W1(g)。加入25mL不同浓度的Cu(NO3)2、Cd(NO3)2和Pb(NO3)2溶液，用NaOH和HNO3将悬液pH调节至目标值4.5，在 25℃恒温箱中震荡1h，反复3次后，静置24h，然后以4500r min-1离心5min，过滤得吸附平衡液。含有土壤和残留液的瓶子再次称重并记为W2 (g)，加入25mL的1 mol L-1 NaNO3以解吸吸附的Cu(II)、Cd (II)和Pb(II)，将土壤与溶液混合均匀后震荡1h，离心过滤得解吸溶液。用原子吸收分光光度法测定吸附平衡液和解吸液中Cu(II)、Cd (II)和Pb(II)的浓度
当研究pH对Cu(II)、Cd (II)和Pb(II)吸附影响时，Cu(II)、Cd (II)和Pb(II)溶液初始浓度为1.0 mmol L-1。其他实验步骤与研究吸附等温线时相同。用NaOH和HNO3将悬液pH调节至不同目标值，在 25℃恒温箱中震荡1h，再次测定和调节体系pH，步骤反复3次，静置24h后将悬液混合，再次测定体系pH作为吸附平衡时的pH值，用于作图与结果的讨论，然后以4500r min-1离心5min，过滤得吸附平衡液。
1.4吸附量和解吸量计算与等温线拟合
根据3种重金属离子的初始浓度和吸附平衡浓度，用差减法计算土壤对Cu(II)、Cd (II)和Pb(II)的吸附量。用以下公式计算Cu(II)、Cd(II)和Pb(II)的解吸量R(II)des(mmol kg-1)：
R(II)des= {R(II)k×(25+W2-W1)-R(II)ad×(W2-W1)}×1000 
式中，R(II)k为解吸液中Cu(II)、Cd(II)和Pb(II)的浓度(mmol L-1)，R(II)ad为吸附平衡液中Cu(II)、Cd(II)和Pb(II)的浓度(mmol L-1)。
[bookmark: OLE_LINK144][bookmark: OLE_LINK145]用Langmuir方程C/Q=1/(KQm)+C/Qm拟合Cu(II)、Cd(II)和Pb(II)的吸附等温线。方程中Qm为Cu(II)、Cd(II)和Pb(II)的最大吸附量(mmol kg-1)，C为平衡液中Cu(II)、Cd(II)和Pb(II)的浓度(mmol L-1)，K是与吸附强度有关的常数。
[bookmark: OLE_LINK52][bookmark: OLE_LINK53][bookmark: OLE_LINK54]2 结果与讨论
2.1 土壤胶体与非胶体的矿物组成与化学性质
土壤胶体颗粒的CEC显著高于非胶体颗粒 (表1)，湖南红壤胶体的CEC是该土壤非胶体的12.5倍，海南红壤胶体CEC是该土壤非胶体的11.9倍。因此，土壤胶体是土壤表面负电荷的主要贡献者[4]。比较两种土壤的结果，可以发现湖南红壤胶体和非胶体的CEC均高于海南红壤 (表1)，与土壤的发育程度一致。海南红壤采自热带地区，土壤的风化和发育程度更高。土壤胶体颗粒中游离氧化铁和游离氧化铝含量也明显高于非胶体颗粒 (表1)，湖南红壤胶体游离氧化铁和游离氧化铝的含量分别为该土壤非胶体的8倍和9倍，海南红壤胶体游离氧化铁和游离氧化铝的含量分别为该土壤非胶体的7倍和10倍。因此，红壤的游离氧化铁和游离氧化铝主要分布在土壤胶体部分。

表1 土壤胶体与非胶体颗粒化学性质的比较
Table 1 Chemical properties of soil colloids and non-colloids
	地点
Location
	粒径
Particle size
	游离氧化铁
Free Fe2O3
	游离氧化铝
Free Al2O3
	有机质
Organic matter
	阳离子交换量CEC

	
	
	------------------------(g kg-1)--------------------------------
	(mmol kg-1)

	湖南
Hunan
	<2m
	78.0
	17.5
	1.3
	198.6

	
	>2m
	9.9
	1.9
	0.3
	15.9

	海南
Hainan
	<2m
	65.4
	18.8
	1.6
	105.0

	
	>2m
	8.9
	1.8
	0.3
	8.8



土壤胶体和非胶体中的矿物组成如表2所示。结果表明，两种土壤胶体的矿物组成均以次生矿物为主，原生矿物石英含量很低，次生矿物又以1:1型高岭石所占比例最高。湖南红壤胶体除含大量高岭石外，还含较多蛭石和水云母等2:1型矿物，而海南红壤胶体高岭石含量高达83%，仅含少量2:1型的水云母。2:1型矿物所带永久负电荷多于1:1型高岭石，特别是蛭石的CEC很高[5-6]。这是湖南红壤胶体CEC高于海南红壤胶体的主要原因。湖南红壤的非胶体部分的矿物组成以原生矿物石英为主，其次为次生矿物水云母，高岭石含量不高。海南红壤非胶体部分的矿物组成以高岭石和水云母为主，还含一定量的石英和长石。这些结果进一步证明海南红壤的发育程度高于湖南红壤。两种土壤胶体部分均检测出三水铝石和针铁矿等铁铝氧化物，而非胶体部分，除湖南红壤检测出赤铁矿外，未检测出其他氧化物矿物。这些结果与表1中游离铁铝氧化物的结果一致，说明土壤发育过程中铁铝氧化物主要富集在土壤胶体(黏粒)部分。

表2 红壤胶体和非胶体矿物组成(%)
Table 2 Mineral composition of colloids and non-colloids of the two red soils determined with X-ray diffraction (%)
	地点
	粒径
	石英
	长石
	蛭石
	水云母
	高岭石
	三水铝石
	针铁矿
	赤铁矿

	Location
	Particle size
	Quartz
	Feldspar
	Vermiculite
	Hydromica
	Kaolinite
	Gibbsite
	Goethite
	Hematite

	湖南
Hunan
	<2m
	4
	--
	23
	19
	47
	2
	4
	1

	
	>2m
	53
	2
	5
	28
	10
	--
	--
	2

	海南
Hainan
	<2m
	1
	--
	--
	7
	83
	2
	7
	--

	
	>2m
	18
	11
	--
	32
	39
	--
	--
	--



[bookmark: OLE_LINK146][bookmark: OLE_LINK147][bookmark: OLE_LINK148][bookmark: OLE_LINK149][bookmark: OLE_LINK150][bookmark: OLE_LINK164][bookmark: OLE_LINK165][bookmark: OLE_LINK166][bookmark: OLE_LINK167]2.2 Cu(II)、Cd (II)和Pb(II)的吸附等温线
[bookmark: OLE_LINK57][bookmark: OLE_LINK58]2种红壤胶体和非胶体颗粒对Cu(II)、Cd (II)和Pb(II)的吸附等温线如图1所示。结果表明，红壤胶体对Cu(II)、Cd (II)和Pb(II)的吸附量远大于非胶体颗粒，说明土壤胶体(黏粒)是红壤吸附重金属的主要贡献者。比较2种红壤胶体，湖南红壤胶体对3种重金属的吸附量高于海南红壤胶体，与矿物组成和CEC大小一致。本文所用土壤为底层土壤，土壤有机质含量低，因此层状硅酸盐矿物和铁铝氧化物是2种土壤吸附重金属的主要吸附剂。2:1型矿物对重金属的吸附能力一般大于1:1型的高岭石，湖南红壤胶体含较多蛭石等2:1型矿物，且CEC和铁铝氧化物含量也高于海南红壤，这是湖南红壤胶体对重金属吸附量高于海南红壤的主要原因。
[bookmark: OLE_LINK59][bookmark: OLE_LINK60][bookmark: OLE_LINK65]用Langmuir方程对吸附等温线进行拟合，所得拟合参数列于表3中。Langmuir方程对吸附数据的拟合较好，R2值在0.84以上，说明可以用Langmuir方程描述3种重金属的吸附行为。红壤胶体对3种重金属的最大吸附量Qm和K值均高于非胶体颗粒，说明红壤胶体不仅对重金属的吸附容量高于非胶体颗粒，对重金属的吸附亲和力也大于非胶体颗粒。2种胶体相比，湖南红壤胶体对3种重金属的最大吸附量Qm和K大于海南红壤胶体，说明湖南红壤胶体对这些重金属有更高的吸附容量和更大的吸附亲和力。湖南红壤胶体含较多2:1型黏土矿物和较高的CEC也是其对3种重金属具有较高吸附亲和力的主要原因。


图1 pH4.5条件下红壤胶体和非胶体对Cu(II)、Cd(II)和Pb(II)的吸附等温线及吸附重金属的解吸曲线
[bookmark: OLE_LINK162][bookmark: OLE_LINK163]Fig. 1 Adsorption isotherms of Cu(II), Cd(II) and Pb(II) by colloids and non-colloids of the two red soils at pH4.5 and desorption curves of these pre-adsorbed heavy metals

表3 Langmuir方程拟合Cu(II)、Cd(II)和Pb(II)在红壤胶体和非胶体表面吸附的相关参数
[bookmark: OLE_LINK160][bookmark: OLE_LINK161]Table 3 Parameters of Langmuir equation fitting the adsorption of Cu(II), Cd(II) and Pb(II) by colloids and non-colloids of the two red soils
	采样点
	粒径
	Cu(II)
	Pb(II)
	Cd(II)

	Location
	Particle size
	Qm
(mmol kg-1)
	K
	R2
	Qm
(mmol kg-1)
	K
	R2
	Qm
(mmol kg-1)
	K
	R2

	湖南
	<2m
	40.98
	11.09
	0.99
	46.29
	24.00
	0.89
	33.78
	6.72
	0.95

	Hunan
	>2m
	8.66
	3.35
	0.88
	11.06
	2.65
	0.86
	5.01
	2.62
	0.88

	海南
	<2m
	25.32
	3.69
	0.91
	35.84
	7.75
	0.97
	19.50
	2.95
	0.97

	Hainan
	>2m
	6.84
	3.56
	0.84
	15.24
	1.55
	0.71
	5.68
	0.74
	0.86



重金属在土壤中的吸附涉及静电吸附和非静电吸附两种机制，通过静电引力吸附于土壤表面的离子位于胶体双电层的扩散层中，以这种机制吸附的重金属阳离子可以与其他阳离子发生离子交换而解吸，因此可以用高浓度中性盐作为解吸剂定量区分重金属的静电吸附和非静电吸附[3,16-17]。图1中解吸曲线代表静电吸附对3种重金属吸附的贡献。结果表明，2种红壤的胶体和非胶体中，Cu(II)和Pb(II)的解吸曲线均显著低于相应的吸附曲线，说明静电吸附和非静电吸附机制均对2种重金属吸附有重要贡献。而Cd(II)在2种红壤胶体中的解吸曲线仅略低于吸附曲线，说明Cd(II)在2种红壤中主要发生静电吸附。为了定量比较2种机制的贡献，根据图1数据计算了静电吸附对红壤胶体吸附3种重金属的贡献率(表4)。结果表明，静电吸附对湖南红壤胶体和海南红壤胶体吸附Cd(II)的贡献率分别在97%和90%以上，静电吸附对湖南红壤胶体和海南红壤胶体吸附Pb(II)的贡献率分别在69%和57%以上，静电吸附对湖南红壤胶体和海南红壤胶体吸附Cu(II)的贡献率分别在54%和44%以上。这与之前的研究一致，即：Cd(II)在土壤中主要发生静电吸附，以交换态存在[17-18]。铜和铅可发生明显的专性吸附和表面沉淀[16-17,19]。

[bookmark: OLE_LINK157]表4 静电吸附对2种红壤胶体吸附Cd(II)、Pb(II)和Cu(II)的贡献率(%)
[bookmark: OLE_LINK17][bookmark: OLE_LINK18]Table 4 Relative contribution of electrostatic adsorption to adsorption of Cu(II), Pb(II) and Cd(II) by colloids of the two red soils (%)
	初始浓度
Initial concentration
(mmol L-1)
	湖南红壤胶体
Colloids of red soil from Hunan
	海南红壤胶体
Colloids of red soil from Hainan

	
	Cd(II)
	Pb(II)
	Cu(II)
	Cd(II)
	Pb(II)
	Cu(II)

	0.1
	97.1
	69.3
	54.1
	98.9
	62.8
	44.8

	1.0
	98.5
	75.1
	64.8
	89.9
	59.8
	58.8

	1.5
	96.5
	75.7
	65.5
	95.0
	57.2
	56.3



2.3 pH对Cu(II)、Cd (II)和Pb(II)的吸附/解吸的影响
[bookmark: OLE_LINK171][bookmark: OLE_LINK172][bookmark: OLE_LINK168][bookmark: OLE_LINK169][bookmark: OLE_LINK170][bookmark: OLE_LINK71][bookmark: OLE_LINK88]图2所示为土壤胶体和非胶体颗粒对Cu(II)、Cd (II)和Pb(II)的吸附量随pH的变化趋势以及与不同吸附量相对应的解吸量。3种重金属在土壤胶体和非胶体颗粒表面的吸附量都随着pH的增加而增加。3种重金属离子在胶体颗粒表面的吸附在整个研究的pH范围内均呈显著增加趋势。而在非胶体颗粒中，当pH小于5时，重金属吸附量随pH升高的增加幅度很小，但当pH大于5时，增幅增加。一方面，随着pH增加，可变电荷土壤表面负电荷增加，对阳离子的静电引力作用增强，导致土壤对重金属离子吸附量增加；另一方面，随着pH升高，重金属水解作用增强，形成的羟基金属离子更易被土壤所吸附。
[bookmark: OLE_LINK183][bookmark: OLE_LINK184][bookmark: OLE_LINK185][bookmark: OLE_LINK186][bookmark: OLE_LINK187][bookmark: OLE_LINK106][bookmark: OLE_LINK108][bookmark: OLE_LINK202][bookmark: OLE_LINK203][bookmark: OLE_LINK204][bookmark: OLE_LINK205][bookmark: OLE_LINK206][bookmark: OLE_LINK207][bookmark: OLE_LINK173][bookmark: OLE_LINK174][bookmark: OLE_LINK175][bookmark: OLE_LINK217][bookmark: OLE_LINK218][bookmark: OLE_LINK219][bookmark: OLE_LINK220][bookmark: OLE_LINK176][bookmark: OLE_LINK177][bookmark: OLE_LINK178][bookmark: OLE_LINK179][bookmark: OLE_LINK180][bookmark: OLE_LINK181][bookmark: OLE_LINK182][bookmark: OLE_LINK68][bookmark: OLE_LINK69]图2中3种重金属的解吸代表静电吸附的贡献。胶体颗粒中吸附的Cu(II)、Cd (II)和Pb(II)的解吸量随着平衡液pH呈现不同的变化趋势。在所研究的pH范围内，Cd(II)的解吸量的变化趋势与其吸附量的变化趋势表现相似，即随着pH的增加，解吸量增加，说明随着pH的增加，胶体表面的负电荷增加，对Cd(II)的静电吸附作用增强。Cu(II) 和Pb(II)的解吸量先随着吸附平衡液pH的增加而增加，分别在pH5.0和5.5时达最大，随后逐渐减小。这一现象是表面电荷和水解共同作用的结果。在低pH范围内（pH小于最大解吸量时的pH），由于胶体表面的负电荷随着pH的增加而增加，对Cu(II) 和Pb(II)的静电吸附作用增强，其吸附量和解吸量均随着pH的增加而增加，与Cd(II)的吸附行为相似，这时水解作用对吸附的影响很小。但当pH大于最大解吸量时的pH时，由于Cu(II)和Pb(II)的水解作用增强，土壤胶体吸附的Cu(II)和Pb(II)中羟基金属离子所占比例不断增加，由于这些羟基金属离子能形成单基配位或者双基配位的表面络合物，他们不容易被中性盐解吸，导致Cu(II) 和Pb(II)的解吸量随着pH的增加而显著减小，与吸附量的变化趋势相反[20]。由于Cd(II)的水解常数pK比Cu(II)和Pb(II)大得多，文献中报道的Cu(II)、Pb(II)和Cd(II)的pK的实测值是6.5、6.7和9.7[17]，因此在酸性条件下水解作用对Cd(II)吸附和解吸的影响很小，这是较高pH下Cd(II)的吸附和解吸行为与Cu(II)和Pb(II)明显不同的主要原因。

[bookmark: OLE_LINK188][bookmark: OLE_LINK189][bookmark: OLE_LINK190][bookmark: OLE_LINK191]图2 pH对Cu(II)、Cd (II)和Pb(II)在红壤胶体和非胶体颗粒表面吸附/解吸的影响
Fig. 2 Effect of pH on adsorption and desorption of Cu(II), Cd (II)and Pb(II) on and from colloids and non-colloids of the two red soils

	土壤非胶体部分有机质和游离铁铝氧化物含量都很低 (表1)，因此其表面负电荷随pH的变化比较小，这是pH<5时3种重金属在土壤非胶体表面吸附量和解吸量随pH变化很小的主要原因。因为土壤可变电荷负电荷主要来源于土壤有机质表面弱酸性官能团的离解和铁铝氧化物表面羟基的去质子化。pH>5时土壤非胶体对Cu(II)和Pb(II)吸附量随pH升高而显著增加，主要归因于这2种金属阳离子在土壤颗粒表面的水解和沉淀作用。
	本文及之前的研究结果表明，Cu(II)、Pb(II)和Cd(II)等3种重金属在可变电荷土壤及土壤胶体表面的吸附机制存在明显差异[16-20]，Cd(II)主要发生静电吸附，而Cu(II)和Pb(II)既可发生静电电吸附，同时会发生明显的专性吸附并形成表面沉淀。这是Cd(II)在酸性土壤中活性高，且不易累积的主要原因；而Cu(II)和Pb(II)容易在土壤中累积。

3 结论
[bookmark: OLE_LINK134]两种红壤胶体的矿物组成均以次生矿物为主，原生矿物石英含量很低，次生矿物又以1:1型高岭石所占比例最高。随着土壤发育程度增加，土壤胶体中2:1型的蛭石和水云母含量减少，高岭石含量增加。土壤非胶体颗粒中石英等原生矿物含量较高。风化和成土过程中，铁铝氧化物主要富集在土壤胶体部分。红壤的表面电荷性质主要决定于土壤胶体的电荷性质，土壤胶体的CEC约为非胶体的12倍。红壤胶体对Cu(II)、Cd(II)和Pb(II)的吸附容量和吸附亲和力均显著大于非胶体颗粒，因此红壤胶体(黏粒)含量是影响土壤对重金属吸附能力的主要因素。Cd(II)在红壤胶体和非胶体颗粒表面主要发生静电吸附，而静电吸附和非静电吸附两种机制均对Cu(II)和Pb(II)的吸附有重要贡献。
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Adsorption of Cu(II), Pb(II) and Cd(II) on colloidal and non-colloidal particles in two red soils
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Abstract 【Objective】The purpose of this article is to study mineral composition and cation exchange capacity (CEC) of the colloids and non-colloids in the two red soils collected from Hunan and Hainan provinces, separately, and adsorption behavior of Cu(II), Cd(II) and Pb(II) on the colloids and non-colloids, too. 【Method】 Soil colloidal and non-colloidal fractions were separated from bulk soils using sedimentation method, where particles in the upper portion of the suspension are collected as colloids at ﬁxed time intervals after stirring. X-ray diffraction analysis was performed to determine mineral compositions of the colloids and non-colloids in the red soils. Free Fe and Al oxides were extracted with the DCB method and the determined using ICP-AES. The batch method was used to investigate adsorption and desorption of Cu(II), Cd(II) and Pb(II) on and from soil colloids and non-colloids. Un-buffered salt of 1.0 mol L-1 NaNO3 was used to desorb pre-adsorbed heavy metals from soil colloids and non-colloids. 【Result】X-ray diffraction analysis shows that the colloids in the two red soils were composed mainly of secondary minerals with 1:1-typed kaolinite in dominancy and little of primary minerals. The contents of 2:1 typed minerals, such as vermiculite and hydro-mica in the soil colloids decreased with increasing soil development degree, while the content of kaolinite changed oppositely. The non-colloids in the two red soils contained mainly quartz and some other primary minerals. Soil Fe and Al oxides accumulated mainly in the soil colloids. The contents of free Fe and Al oxides were much higher in the soil colloids than in the soil non-colloids. For example, the content of free Fe oxide was as high as 78.03 g kg-1 in the colloids and only 9.93 g kg-1 in the non-colloids of the red soil from Hunan. The colloids in the two red soils were also much higher than, or 12 times as high as the non-colloids of the soils in CEC. The isothermal adsorption experiment indicates that the colloids were significantly higher than the non-colloids in adsorption capacity and affinity for Cu(II), Cd(II) and Pb(II), and the colloids of the red soil from Hunan was higher than those of the red soil from Hainan in adsorption capacity, which was consistent with mineral composition and CEC of the colloids of the two red soils. Cd(II) was adsorbed by soil colloids and non-colloids mainly through electrostatic attraction, however both electrostatic and non-electrostatic adsorptions were important mechanisms contributing significantly to adsorption of Cu(II) and Pb(II) on soil colloids and non-colloids. 【Conclusion】The secondary minerals and Fe/Al oxides are mainly distributed in the colloids of the two red soils. The colloids are much higher than the non-colloids in the two red soils in CEC, and hence in adsorption capacity and affinity for these heavy metals.
Keywords: Red soil; Soil colloids; Mineral composition; Surface charge; Heavy metal; Adsorption/desorption
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Pb(II)吸附量/解吸量 
Adsorption/desorption (mmol kg-1)



changsha colloids adsorption 	0.30892999999999998	6.0429999999999998E-2	0.24729999999999999	0.70125000000000004	0.79815999999999998	6.3750000000000001E-2	0.30892999999999998	6.0429999999999998E-2	0.24729999999999999	0.70125000000000004	0.79815999999999998	6.3750000000000001E-2	3.73	4.21	4.5750000000000002	4.88	5.34	5.8	11.583930000000001	20.89376	28.745100000000001	36.344119999999997	44.446840000000002	48.513750000000002	changsha colloids desorption 	0.34888999999999998	2.58E-2	8.5139999999999993E-2	1.15473	2.1657999999999999	7.009E-2	0.34888999999999998	2.58E-2	8.5139999999999993E-2	1.15473	2.1657999999999999	7.009E-2	3.73	4.21	4.5750000000000002	4.88	5.34	5.8	5.7703199999999999	8.6284700000000001	17.85483	21.04458	19.242540000000002	17.364570000000001	changsha non-colloids adsorption	0.86382999999999999	4.4159999999999998E-2	0.72392000000000001	0.57615000000000005	1.66109	7.5389999999999999E-2	0.86382999999999999	4.4159999999999998E-2	0.72392000000000001	0.57615000000000005	1.66109	7.5389999999999999E-2	3.5649999999999999	4.0049999999999999	4.5149999999999997	4.8550000000000004	5.3150000000000004	5.8	2.0390700000000002	3.7964099999999998	5.3034999999999997	5.7626200000000001	15.130699999999999	28.003319999999999	changsha non-colloids desorption	1.2970000000000001E-2	5.4350000000000002E-2	0.18518999999999999	7.6099999999999996E-3	6.7229999999999998E-2	3.6700000000000003E-2	1.2970000000000001E-2	5.4350000000000002E-2	0.18518999999999999	7.6099999999999996E-3	6.7229999999999998E-2	3.6700000000000003E-2	3.5649999999999999	4.0049999999999999	4.5149999999999997	4.8550000000000004	5.3150000000000004	5.8	0.98009000000000002	1.48323	2.3598400000000002	2.6984300000000001	3.2480500000000001	3.0436200000000002	kunlun colloids adsorption 	0.14796999999999999	0.45567000000000002	0.26830999999999999	1.8873200000000001	0.51119999999999999	1.8759999999999999E-2	0.14796999999999999	0.45567000000000002	0.26830999999999999	1.8873200000000001	0.51119999999999999	1.8759999999999999E-2	3.4849999999999999	3.895	4.2949999999999999	4.5549999999999997	5.29	5.8449999999999998	4.9989400000000002	7.1708600000000002	14.26831	28.357030000000002	41.450760000000002	48.928319999999999	kunlun colloids desorption 	7.0279999999999995E-2	1.02963	0.53358000000000005	0.38257999999999998	0.47110000000000002	1.7578100000000001	7.0279999999999995E-2	1.02963	0.53358000000000005	0.38257999999999998	0.47110000000000002	1.7578100000000001	3.4849999999999999	3.895	4.2949999999999999	4.5549999999999997	5.29	5.8449999999999998	1.91811	3.71679	8.2019900000000003	14.8497	15.562010000000001	6.9682500000000003	kunlun non-colloids adsorption	0.97523000000000004	0.16159000000000001	0.10166	0.41521999999999998	1.2739	1.8652299999999999	0.97523000000000004	0.16159000000000001	0.10166	0.41521999999999998	1.2739	1.8652299999999999	3.34	3.96	4.4050000000000002	4.8550000000000004	5.3449999999999998	5.79	1.1001799999999999	2.97465	4.1375400000000004	5.6037600000000003	12.251099999999999	21.814699999999998	kunlun non-colloids desorption	5.4440000000000002E-2	7.2279999999999997E-2	2.3050000000000001E-2	1.257E-2	2.5069999999999999E-2	2.937E-2	5.4440000000000002E-2	7.2279999999999997E-2	2.3050000000000001E-2	1.257E-2	2.5069999999999999E-2	2.937E-2	3.34	3.96	4.4050000000000002	4.8550000000000004	5.3449999999999998	5.79	0.74883999999999995	1.03894	1.44764	1.9235199999999999	2.4417800000000001	2.6426699999999999	pH


Cu(II)吸附量/解吸量  Adsorption/desorption (mmol kg-1)



吸附-湖南胶体 Adsorption-Hunan Colloids	4.8648600000000002	0.15844	0.22425	0.99087000000000003	0.21049000000000001	1.36555	4.8648600000000002	0.15844	0.22425	0.99087000000000003	0.21049000000000001	1.36555	3.6210362950160491	4.0081478607456527	4.546047758456492	4.9358047335191007	5.4199146414588553	5.9445874925046738	9.6360411670663524	10.931281687251269	23.499247349469897	30.002926825117079	35.530921393658922	42.907162865146056	解吸-湖南胶体 Desorption Hunan colloids	6.7784282573939425E-2	0.11661206039848258	0.20804426207241453	1.1674525264406039	0.14465221366398495	3.4764334133653416	6.7784282573939425E-2	0.11661206039848258	0.20804426207241453	1.1674525264406039	0.14465221366398495	3.4764334133653416	3.6210362950160491	4.0081478607456527	4.546047758456492	4.9358047335191007	5.4199146414588553	5.9445874925046738	6.1459804256594737	12.982648007587919	22.897076462072413	29.969180296994715	32.23060076395393	38.382540176070421	吸附-湖南非胶体 Adsorption-Hunan non-colloids	1.8809413117376479	3.6355511752133727	0.71946394773459676	0.44814528990960639	1.097753202562048	1.4367124326933056	1.8809413117376479	3.6355511752133727	0.71946394773459676	0.44814528990960639	1.097753202562048	1.4367124326933056	3.5072836936968717	4.0425381820747059	4.4631582660223623	4.9754858735141623	5.4040421854608303	5.9234242178406404	-1.2059413117376445	1.1625295924795547	3.5387778105071592	4.0849179353805098	5.3011158927141757	10.647370301119636	解吸-湖南非胶体 Desorption Hunan non-colloids	6.1959013156370084E-2	7.3483926877884178E-3	3.9458142037995803E-3	3.8971809796204626E-2	0.50482159977982399	0.16515635796102046	6.1959013156370084E-2	7.3483926877884178E-3	3.9458142037995803E-3	3.8971809796204626E-2	0.50482159977982399	0.16515635796102046	3.5072836936968717	4.0425381820747059	4.4631582660223623	4.9754858735141623	5.4040421854608303	5.9234242178406404	0.72864057684363126	1.2884851329916664	0.8873042158022032	3.3475587174146808	3.9273579288430747	6.4133038000073848	吸附-海南胶体 Adsorption-Hainan colloids	0.35610755697721436	0.41258251650329791	0.11769728945789291	1.5345582349409648	0.92797988390712571	0.10300388560280815	0.35610755697721436	0.41258251650329791	0.11769728945789291	1.5345582349409648	0.92797988390712571	0.10300388560280815	3.613981870128038	4.0152022856336638	4.4437585975803326	4.9878311170681808	5.3969877605728191	5.9287150365066488	-0.20616753298679924	2.6630326065213055	10.644802710542109	19.909558234940967	24.72827011609288	31.534109001510082	解吸-海南胶体 Desorption-Hainan colloids	5.1422261095562576E-2	0.24931073464692766	4.6480998550712187E-2	0.79808396841854901	1.0293169055244213	1.3848672279039906	5.1422261095562576E-2	0.24931073464692766	4.6480998550712187E-2	0.79808396841854901	1.0293169055244213	1.3848672279039906	3.613981870128038	4.0152022856336638	4.4437585975803326	4.9878311170681808	5.3969877605728191	5.9287150365066488	2.9294431827269101	4.9151631051210236	9.5128545085507135	19.037019093418554	22.027553094475579	28.776515908959148	吸附-海南非胶体 Adsorption-Hainan non-colloids	0.55591645012991908	2.5129893069956888E-2	0.21658817209674175	0.74417832245921123	6.1817152791675056	5.5451768241652237	0.55591645012991908	2.5129893069956888E-2	0.21658817209674175	0.74417832245921123	6.1817152791675056	5.5451768241652237	3.5346195901379138	4.0707558816267504	4.5654474268985226	4.9455045677401159	5.5371944552220373	5.9243060209516427	-0.9556765940435713	0.69972513592424779	3.4271618279032596	2.0506896247196664	4.6307847208324979	13.054673025684627	解吸-海南非胶体 Desorption-Hainan non-colloids	1.6838880421747388E-2	8.1192286120777127E-2	0.10337513936488274	6.2960758860455379E-2	1.9217183708224941	0.10347238821813698	1.6838880421747388E-2	8.1192286120777127E-2	0.10337513936488274	6.2960758860455379E-2	1.9217183708224941	0.10347238821813698	3.5346195901379138	4.0707558816267504	4.5654474268985226	4.9455045677401159	5.5371944552220373	5.9243060209516427	-0.2483415987907259	0.67469107386322991	1.3480313556351182	1.797193672025724	3.876115629177507	3.3715128595296111	pH


Cd(II)吸附量/解吸量
Adsorption/desorption (mmol kg-1)




changsha colloids adsorption 	3.424E-2	9.7720000000000001E-2	0.19134000000000001	0.31919999999999998	0.21739	0.21806	3.424E-2	9.7720000000000001E-2	0.19134000000000001	0.31919999999999998	0.21739	0.21806	9.0833299999999999E-4	1.653E-2	5.033E-2	0.14949999999999999	0.25862000000000002	0.61362000000000005	4.9565900000000003	14.16907	22.494679999999999	32.544589999999999	37.072519999999997	44.340859999999999	changsha colloids desorption 	0.22394	0.17960999999999999	0.33885999999999999	0.88044	0.16525000000000001	0.29369000000000001	0.22394	0.17960999999999999	0.33885999999999999	0.88044	0.16525000000000001	0.29369000000000001	9.0833299999999999E-4	1.653E-2	5.033E-2	0.14949999999999999	0.25862000000000002	0.61362000000000005	3.4334899999999999	10.83455	16.515029999999999	25.44004	27.8415	33.550649999999997	changsha non-colloids adsorption	0.11498	0.10866000000000001	0.48624000000000001	2.4410000000000001E-2	5.0119999999999998E-2	0.90249999999999997	0.11498	0.10866000000000001	0.48624000000000001	2.4410000000000001E-2	5.0119999999999998E-2	0.90249999999999997	4.4589999999999998E-2	0.22123000000000001	0.40612999999999999	0.68374999999999997	0.84087999999999996	1.3123800000000001	2.7706	3.9403899999999998	4.6950099999999999	5.80959	7.9562900000000001	9.3808900000000008	changsha non-colloids desorption	7.8640000000000002E-2	8.9359999999999995E-2	6.479E-2	0.17671000000000001	0.11058	0.40989999999999999	7.8640000000000002E-2	8.9359999999999995E-2	6.479E-2	0.17671000000000001	0.11058	0.40989999999999999	4.4589999999999998E-2	0.22123000000000001	0.40612999999999999	0.68374999999999997	0.84087999999999996	1.3123800000000001	1.41595	2.71475	2.9466700000000001	3.6695899999999999	3.7570899999999998	4.27996	kunlun colloids adsorption 	1.7739999999999999E-2	6.1449999999999998E-2	0.76500000000000001	0.31486999999999998	4.7309999999999998E-2	0.61240000000000006	1.7739999999999999E-2	6.1449999999999998E-2	0.76500000000000001	0.31486999999999998	4.7309999999999998E-2	0.61240000000000006	7.2199999999999999E-3	5.8999999999999997E-2	0.16381000000000001	0.33287	0.46174999999999999	0.84813000000000005	4.6401500000000002	12.043950000000001	16.805710000000001	23.35369	26.915189999999999	32.574330000000003	kunlun colloids desorption 	8.8400000000000006E-3	1.8319999999999999E-2	0.31229000000000001	0.81374999999999997	9.6879999999999994E-2	0.53659000000000001	8.8400000000000006E-3	1.8319999999999999E-2	0.31229000000000001	0.81374999999999997	9.6879999999999994E-2	0.53659000000000001	7.2199999999999999E-3	5.8999999999999997E-2	0.16381000000000001	0.33287	0.46174999999999999	0.84813000000000005	2.9146399999999999	8.0608299999999993	10.374169999999999	16.030370000000001	16.097349999999999	18.631869999999999	kunlun non-colloids adsorption	1.174E-2	0.26695000000000002	0.35610999999999998	0.96797999999999995	0.49597000000000002	0.95294000000000001	1.174E-2	0.26695000000000002	0.35610999999999998	0.96797999999999995	0.49597000000000002	0.95294000000000001	5.0799999999999998E-2	0.22325	0.40912999999999999	0.65937999999999997	0.84836999999999996	1.2601199999999999	2.4604900000000001	3.8335599999999999	4.5419299999999998	7.0256299999999996	7.5806399999999998	11.997059999999999	kunlun non-colloids desorption	6.028E-2	3.5069999999999997E-2	2.4070000000000001E-2	4.428E-2	8.591E-2	2.9409999999999999E-2	6.028E-2	3.5069999999999997E-2	2.4070000000000001E-2	4.428E-2	8.591E-2	2.9409999999999999E-2	5.0799999999999998E-2	0.22325	0.40912999999999999	0.65937999999999997	0.84836999999999996	1.2601199999999999	0.93337000000000003	1.4453199999999999	1.7343200000000001	1.65987	1.78925	1.9271400000000001	平衡液浓度 Equilibrium concentration (mmol L-1)


Pb(II)吸附量/解吸量 Adsorption/desorption (mmol kg-1)



changsha colloids adsorption 	3.424E-2	9.7720000000000001E-2	0.19134000000000001	0.31919999999999998	0.21739	0.21806	3.424E-2	9.7720000000000001E-2	0.19134000000000001	0.31919999999999998	0.21739	0.21806	9.0833299999999999E-4	1.653E-2	5.033E-2	0.14949999999999999	0.25862000000000002	0.61362000000000005	4.9565900000000003	14.16907	22.494679999999999	32.544589999999999	37.072519999999997	44.340859999999999	changsha colloids desorption 	0.22394	0.17960999999999999	0.33885999999999999	0.88044	0.16525000000000001	0.29369000000000001	0.22394	0.17960999999999999	0.33885999999999999	0.88044	0.16525000000000001	0.29369000000000001	9.0833299999999999E-4	1.653E-2	5.033E-2	0.14949999999999999	0.25862000000000002	0.61362000000000005	3.4334899999999999	10.83455	16.515029999999999	25.44004	27.8415	33.550649999999997	changsha non-colloids adsorption	0.11498	0.10866000000000001	0.48624000000000001	2.4410000000000001E-2	5.0119999999999998E-2	0.90249999999999997	0.11498	0.10866000000000001	0.48624000000000001	2.4410000000000001E-2	5.0119999999999998E-2	0.90249999999999997	4.4589999999999998E-2	0.22123000000000001	0.40612999999999999	0.68374999999999997	0.84087999999999996	1.3123800000000001	2.7706	3.9403899999999998	4.6950099999999999	5.80959	7.9562900000000001	9.3808900000000008	changsha non-colloids desorption	7.8640000000000002E-2	8.9359999999999995E-2	6.479E-2	0.17671000000000001	0.11058	0.40989999999999999	7.8640000000000002E-2	8.9359999999999995E-2	6.479E-2	0.17671000000000001	0.11058	0.40989999999999999	4.4589999999999998E-2	0.22123000000000001	0.40612999999999999	0.68374999999999997	0.84087999999999996	1.3123800000000001	1.41595	2.71475	2.9466700000000001	3.6695899999999999	3.7570899999999998	4.27996	kunlun colloids adsorption 	1.7739999999999999E-2	6.1449999999999998E-2	0.76500000000000001	0.31486999999999998	4.7309999999999998E-2	0.61240000000000006	1.7739999999999999E-2	6.1449999999999998E-2	0.76500000000000001	0.31486999999999998	4.7309999999999998E-2	0.61240000000000006	7.2199999999999999E-3	5.8999999999999997E-2	0.16381000000000001	0.33287	0.46174999999999999	0.84813000000000005	4.6401500000000002	12.043950000000001	16.805710000000001	23.35369	26.915189999999999	32.574330000000003	kunlun colloids desorption 	8.8400000000000006E-3	1.8319999999999999E-2	0.31229000000000001	0.81374999999999997	9.6879999999999994E-2	0.53659000000000001	8.8400000000000006E-3	1.8319999999999999E-2	0.31229000000000001	0.81374999999999997	9.6879999999999994E-2	0.53659000000000001	7.2199999999999999E-3	5.8999999999999997E-2	0.16381000000000001	0.33287	0.46174999999999999	0.84813000000000005	2.9146399999999999	8.0608299999999993	10.374169999999999	16.030370000000001	16.097349999999999	18.631869999999999	kunlun non-colloids adsorption	1.174E-2	0.26695000000000002	0.35610999999999998	0.96797999999999995	0.49597000000000002	0.95294000000000001	1.174E-2	0.26695000000000002	0.35610999999999998	0.96797999999999995	0.49597000000000002	0.95294000000000001	5.0799999999999998E-2	0.22325	0.40912999999999999	0.65937999999999997	0.84836999999999996	1.2601199999999999	2.4604900000000001	3.8335599999999999	4.5419299999999998	7.0256299999999996	7.5806399999999998	11.997059999999999	kunlun non-colloids desorption	6.028E-2	3.5069999999999997E-2	2.4070000000000001E-2	4.428E-2	8.591E-2	2.9409999999999999E-2	6.028E-2	3.5069999999999997E-2	2.4070000000000001E-2	4.428E-2	8.591E-2	2.9409999999999999E-2	5.0799999999999998E-2	0.22325	0.40912999999999999	0.65937999999999997	0.84836999999999996	1.2601199999999999	0.93337000000000003	1.4453199999999999	1.7343200000000001	1.65987	1.78925	1.9271400000000001	平衡液浓度 Equilibrium concentration (mmol L-1)


Pb(II)吸附量/解吸量 Adsorption/desorption (mmol kg-1)



