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[bookmark: OLE_LINK49]摘 要  采用化学分析、X射线衍射、中红外光声光谱以及原子力显微镜的方法，比较了0.2 mol L-1四苯硼钠法、1 mol L-1沸硝酸法、2 mol L-1冷硝酸法和2 mol L-1热盐酸法浸提伊利石中有效钾的机制。结果表明，四苯硼钠法浸提时，伊利石中钾素释放量达到全钾量的59.5%，且基本均通过层间交换反应予以释放，结构离子铁、铝和硅释放量极低；采用三种酸溶液浸提时，其钾素释放量仅占全钾量的1.53% ~ 2.46%，通过层间交换反应释放的钾量占释放量的比例为88.4% ~ 94.0%。四苯硼钠浸提时伊利石层间距扩大，产生次生过渡矿物，并形成富硅表层，但在伊利石表面无溶蚀特征；三种酸溶液浸提时伊利石结构无改变，但其结晶度降低，且表面有明显的溶蚀特征。因此，土壤矿物层间钾是作物可利用有效钾的主要来源，三种酸溶液浸提方法一方面低估了有效钾容量，另一方面提取了一部分不能为植物所利用的结构态钾，不适宜于用来评价伊利石及土壤有效钾库容量。
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[bookmark: OLE_LINK4][bookmark: OLE_LINK5]土壤中氮、磷和钾作为作物生长所需的大量矿质营养元素，是养分元素循环的核心[1]，也是评价土壤肥力水平的重要指标[2-3]。随着近几年高产、喜肥和耐肥作物品种的不断引进以及农村劳动力匮乏，有机肥的投入量减少，作物对化肥氮、磷和钾的依赖性越来越大；与氮和磷相比，钾素因作物吸收量大而施用量少，导致农田钾素匮乏，作物可利用有效钾急剧降低[4-7]。基于我国农田土壤钾素普遍亏缺并日趋严重的现状，准确定量评估土壤中有效钾含量，有利于明确农田土壤钾素耗竭速率，对于预测我国钾肥的市场需求、指导钾肥的合理分配和平衡施用具有重要的意义[8]。
迄今，较多研究采用不同浓度酸或四苯硼钠法（NaTPB）对土壤有效钾进行定量估算[9-12]。其中硝酸法（HNO3）和盐酸法（HCl）提取土壤中有效钾时是利用高浓度的H+交换提取矿物中的K+，但同时极低的pH条件会引起矿物晶格的溶解，促使一部分晶格钾释放[13-15]。因此，该方法中土壤有效钾的估算包含了一部分不能为植物所利用的结构态钾。四苯硼钠法被认为是通过与土壤溶液中的K+生成沉淀，而将土壤中的 K+ 提取出来[11-12, 16-17]。然而，酸溶液浸提土壤矿物中钾素时，通过层间交换或者结构溶解反应所释放的具体比例仍不清楚，四苯硼钠浸提土壤矿物中钾素时是否会导致矿物结构的崩塌也不明确。
本文以土壤中分布最为广泛的含钾矿物伊利石为材料，采用化学分析、X射线衍射（XRD）、中红外光声光谱（FTIR-PAS）以及原子力显微镜（AFM）的方法，探讨常规方法浸提有效钾的机制，以期为土壤钾素的定量评估提供理论依据。
1  材料与方法
1.1 供试材料
供试伊利石购于美国黏土矿物学会。该矿物为2:1型（TOT）的层状硅酸盐矿物，即晶体结构由两个四面体片（T）夹着一个八面体片（O）组成。八面体片主要被Al和Fe填充，四面体主要是Si元素，亦有少量Al通过同晶置换填充于四面体结构中，K+作为电荷平衡离子存在层间域以维持矿物结构的稳定。本文采用X射线荧光光谱法（XRF）和XRD对伊利石的化学组成进行了鉴定（表1）。矿物依次采用去离子水、丙酮、乙醇和异丙醇进行清洗，以去除杂质及表面附着有机质，然后室内风干后过170目筛备用。
表1 伊利石的化学组成
Table 1 Chemical composition of illite (%)
	K2O
	SiO2
	Al2O3
	Fe2O3
	MgO
	CaO
	Na2O
	LOI
	H2O
	合计 Total

	9.92
	44.20
	38.24
	0.35
	0.052
	0.078
	0.15
	5.26
	0.82
	99.07


注：“LOI”表示烧失量  Note: “LOI” indicates the loss on ignition
1.2有效钾浸提方法与浸提液成分测定
0.2 mol L-1四苯硼钠法：采用Cox等[11]和Wang等[12]的方法。称取0.50 g矿物样于50 ml的离心管中，一式四份，准确加入3 ml 0.2 mol L-1 NaTPB与1.7 mol L-1 NaCl 及0.01 mol L-1 EDTA的混合剂，在振荡80 d后，加入25 ml终止剂（0.5 mol L-1 NH4Cl+0.14 mol L-1 CuCl2），摇匀后置于沸水浴中煮沸60 min，离心管冷却后于5 000 r min-1离心5 min，加入1 ml 6 mol L-1的HCl后过滤储存备用。浸提后矿物在离心管内用乙醇清洗4次，再用去离子水清洗2次后风干备用。
1 mol L-1 沸硝酸法：采用Srinivasa Rao等[14]及Wood和De Turk[18]的方法。称取2.50 g矿物样品一式四份于100 ml消煮管中，加入1 mol L-1硝酸溶液25 ml，插入弯颈小漏斗，在消煮炉上煮沸10 min。然后趁热滤入100 ml容量瓶中，用热水洗涤4 ~ 5次，冷却后定容储存备用。浸提后矿物收集到50 ml离心管内用去离子水清洗5次后风干备用。 
[bookmark: OLE_LINK47]2 mol L-1 冷硝酸法：采用鲍士旦和史瑞和[19]的方法。称取矿物1.25 g一式四份于50 ml离心管内，加入2 mol L-1 硝酸溶液25 ml，在复式振荡机上以200 r min-1转速振荡30 min，于5 000 r min-1离心5min后过滤储存备用。浸提后矿物于离心管内用去离子水清洗5次后风干备用。
2 mol L-1 热盐酸法[15]：称取矿物1.00 g于50 ml离心管内，一式四份，加入2 mol L-1 HCl 25 ml，热水浴120 min，并在第30、60和90 min时摇晃离心管1 min，热水浴120 min时取出放入冷水中冷却至常温，于5 000 r min-1 离心5 min后过滤储存备用。浸提后离心管内矿物用去离子水清洗5次后风干备用。
浸提液成分测定：采用火焰光度计测定浸提液中钾含量，并采用ICP-AES（IRIS-Advantage, Thermo Elemental, MA, 美国）测定浸提液中Si、Al和Fe的含量。
[bookmark: OLE_LINK3][bookmark: OLE_LINK7]本文根据伊利石中结构离子Si浸提量与总量的比值及K元素的含量来估算通过结构溶解反应释放钾素的比例，即通过结构溶解和层间交换反应释放K离子的计算方式如下：

                                                     （1）

                                                         （2）
式中A(K-D) 为通过结构溶解反应浸提K元素的量（mmol kg-1），A(Si-R) 为Si元素的浸提量（mmol kg-1），A(Si-T) 为未经处理伊利石中Si元素的含量（mmol kg-1），A(K-T) 为未经处理伊利石中K元素的含量（mmol kg-1），A(K-E) 为通过层间交换反应浸提K元素的量（mmol kg-1），A(K-R)为伊利石中K元素的浸提量（mmol kg-1）。
1.3 矿物结构分析
[bookmark: OLE_LINK46]X射线衍射分析：将未经浸提及浸提风干后的矿物样品装入铝合金试样盘中，轻轻压紧，采用X射线衍射仪（Ultima IV，日本理学，日本）在CuKα辐射、石墨单色滤波器、40 kV、30 mA、步长为0.02o 条件下测定，根据所得的衍射数据（d值和相对强度）与矿物的标准数据（国际衍射数据中心ICDD，粉末衍射文件PDF）对比进行矿物种类鉴定[20]。
中红外光声光谱分析：采用傅立叶变换红外光谱仪（Nicolet 6 700，美国）和光声附件（MTEC model 300，美国）对矿物成分进行测定。测定时将样品放入圆柱形铝质样品池（直径5 mm，高3 mm），氦气吹扫10 s，密封后扫描。仪器设置的参数为：扫描区域为中红外区域（500 ~ 1800 cm-1），分辨率为4 cm-1，设置0.16 cm s-1和0.64 cm s-1两个动镜速率，连续进行32次重复扫描，每小时扫描一次炭黑背景[21-22]。
1.4矿物表面形态观察
表面形态观察所用仪器为原子力显微镜（AFM，Dimension edge，Bruker，德国），配备 E 型三维压电扫描管和不锈钢反应池。轻敲模式（Tapping mode），探针型号 MESP（Sb doped Si）、扫描频率 300 kHz。将未经浸提及浸提风干后的矿物样品采用手动粉末压片机压制成直径为13 mm、厚度为2 ~ 3 mm的薄片，将该薄片粘贴到铁质基片上，并置于原子力显微镜样品台上，空气中观察和扫图[23]。
1. 5 数据处理
[bookmark: OLE_LINK2][bookmark: OLE_LINK12]化学分析试验数据统计分析和作图利用 SPSS Statistics 19.0 软件和Excel软件；光谱数据处理软件采用Origin8.0，并利用Adjacent-Averaging功能进行数据平滑和滤波处理；AFM图像收集和前期处理采用软件NanoScope software 5.12b48。通过最小显著性差异法（LSD）进行试验数据的差异显著性水平（p < 0.05）检验。
2  结 果
2.1 伊利石中主要元素释放量
采用四苯硼钠法、沸硝酸法、冷硝酸法和热盐酸法进行浸提时，伊利石中主要元素K+、Si4+、Al3+和Fe3+的释放规律存在差异（表2）。四苯硼钠浸提时，以K+释放量最大，达1 252 mmol kg-1，其次是四面体结构离子Si4+（7.0 mmol kg-1）和八面体填充离子Al3+（3.8 mmol kg-1），而Fe3+ 释放量低于其检测值。沸硝酸法和冷硝酸法浸提时，伊利石中各元素释放规律一致，释放量大小为Al3+ > K+ > Si4+ > Fe3+。热盐酸法浸提时，伊利石中K+ 释放量为51.9 mmol kg-1，Fe3+、Al3+ 和Si4+ 释放量接近。对比三种酸溶液浸提方法，除Al3+ 外，热盐酸浸提时伊利石中各元素释放量最大，其次为沸硝酸法，冷硝酸法的释放量最低（表2）。
四种有效钾浸提方法中，四苯硼钠法提取钾量显著高于三种酸溶液浸提释放量（p < 0.05），达伊利石全钾的59.5%，其次为热盐酸法和沸硝酸法，分别提取了全钾的2.46%和2.14%，冷硝酸法仅提取了全钾的1.53%（表2）。而伊利石四面体结构离子Si4+ 以热盐酸法的浸提量最高（p < 0.05），但也仅占全量的0.29%，四苯硼钠法和冷硝酸法浸提量最低，分别占全量的0.10%和0.09%。
表2 不同浸提方法下伊利石主要元素释放情况
Table 2 Releases of major elements in illite relative to extraction method 
	提取方法
Extraction method
	释放量Released amount (mmol kg-1)
	
	占相应元素总量的比例
% of total amount of the respective elements

	
	钾K
	硅Si
	铝Al
	铁Fe
	
	钾 K
	硅 Si
	铝 Al
	铁 Fe

	四苯硼钠 NaTPB
	1 252±101 a
	7.0±0.7 c
	3.8±1.6 d
	ND
	
	59.5±4.78
	0.10±0.01
	0.05±0.03
	ND

	沸硝酸 Boiling HNO3
	45.1±1.3 b
	13.5±0.4 b
	99.1±4.3 b
	5.7±0.2 b
	
	2.14±0.06
	0.18±0.01
	1.32±0.06
	13.2±0.44

	冷硝酸 Cold HNO3
	32.3±3.1 b
	6.7±0.5 c
	46.1±3.1 c
	5.1±0.7 b
	
	1.53±0.14
	0.09±0.01
	0.61±0.04
	11.8±1.51

	热盐酸 Hot HCl
	51.9±1.6 b
	21.1±0.7 a
	23.6±3.1 a
	23.6±1.6 a
	
	2.46±0.08
	0.29±0.01
	1.76±0.04
	54.51±3.75


注：表中数值为四个平行处理的平均值±标准差；同一列不同小写字母表示浸提方法间存在显著性差异（p < 0.05）；“ND”表示元素含量低于检测值；下同  Note: Data are the means ± standard deviations of four replicates. The different lower case letters in the same column indicate significant differences between extraction methods (p < 0.05). “ND” indicates that the element was below detection in concentration. The same below
2.2 伊利石结构表征
X射线衍射分析：未经处理伊利石矿物的X射线衍射图谱存在1.00、0.45、0.37、0.34和0.31 nm五个大的衍射峰和一些小的衍射峰（图1）。四苯硼钠浸提后伊利石粉末的衍射图谱变化较大，在1.00 nm处衍射峰消失，却在1.06 nm处形成了新的衍射峰，表明四苯硼钠浸提导致了伊利石的层间距加大，有明显的脱钾现象，并产生了新的过渡矿物。沸硝酸、冷硝酸和热盐酸浸提后伊利石衍射图谱与原始矿物相比，无新的衍射峰产生，仅导致伊利石原有的衍射峰峰强降低，其中以热盐酸法浸提后峰强降低最多，其次为沸硝酸法，冷硝酸法浸提后伊利石衍射图谱最为接近原始矿物的衍射图谱。
伊利石的光声光谱特征：图2是伊利石在0.16 cm s-1和0.64 cm s-1两种动镜速率下的光声光谱图。动镜速率为0.16 cm s-1时扫描速度慢，材料的扫描深度较深，动镜速率为0.64 cm s-1时的扫描速度快，深度较浅[24]。两种动镜速率下伊利石的中红外光声光谱在500 ~ 1200 cm-1区域范围内分别出现的两个吸收峰是由Al-O-Al和Si-O-Si共同作用的结果[21,24]。未经浸提的伊利石与经过化学方法浸提后伊利石的吸收特征明显不同（图2）。在0.16 cm s-1动镜速率下，四苯硼钠浸提导致伊利石在Si-O振动峰处的吸收峰峰强和峰面积均明显增加，其峰面积为未经处理伊利石吸收峰面积的1.9倍；沸硝酸、冷硝酸和热盐酸浸提后伊利石在Si-O振动峰与原始未经处理伊利石类似；在Al-O振动峰处，四种化学方法浸提后伊利石的吸收峰面积大小顺序为热盐酸法>四苯硼钠法>沸硝酸法>冷硝酸法。在0.64 cm s-1动镜速率下，四苯硼钠法浸提导致伊利石在Si-O振动峰处的吸收峰面积为原始未经处理伊利石吸收峰面积的2.2倍；热盐酸法、沸硝酸法和冷硝酸法浸提后伊利石吸收峰面积也均高于未经处理伊利石吸收峰面积，分别为其1.46倍、1.33倍和1.28倍；在Al-O振动峰处，四苯硼钠法浸提后伊利石的吸收峰面积与原始矿物吸收峰面积无差异；沸硝酸法、冷硝酸法和热盐酸法浸提后伊利石吸收峰面积为原始矿物吸收峰面积的0.63倍、0.85倍和0.79倍。表明经化学浸提后，伊利石表面形成了Si的富集，并可能产生无定型Si的矿物，而Al含量有明显减少。
图2两种动镜速率下伊利石的红外光声光谱
Fig. 2 FTIR-PAS spectra of illite at two moving mirror velocities
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图1 伊利石X射线衍射分析
Fig. 1 X-ray diffraction for illite

2.3伊利石表面形态观察
四种化学方法浸提后伊利石与未浸提伊利石的表面形态有明显差异（图3）。原始未经浸提伊利石表面起伏度很小，线性剖面图高差为42.6 nm（图3a），观测面（5 μm×5 μm）范围内粗糙度为15.0 nm。四苯硼钠法浸提导致伊利石表层结构胀裂明显，结合XRD分析结果，表明四苯硼钠浸提后伊利石深层亦逐渐隆起并引起周边区域产生裂缝，导致其表面起伏度增加，线性剖面图高差达264.5 nm，观测面（5 μm×5 μm）范围内粗糙度增加至33.0 nm（图3b）。沸硝酸法和冷硝酸法浸提后伊利石表面产生明显的蚀坑（图3c和图3d），蚀坑的平均深度分别为214 nm和190 nm（为5 μm×5 μm观测范围内4个蚀坑深度的平均值）。因此，伊利石表面粗糙度增加，分别达到39.8 nm和40.9 nm，其线性剖面图高差分别为92.6 nm和155.4 nm。热盐酸浸提后伊利石表面发生明显的溶解现象，存在明显的条带状蚀沟，表面粗糙度与未处理伊利石相比无明显差异，然而其线性剖面图高差增加，为71.2 nm（图3e）。

2.4 伊利石中有效钾释放机制图 3 不同化学方法浸提后伊利石的表面形态（a–e：高度图；i-v：线性剖面图）
Fig. 3 Morphological surface of chemical methods extracted illite (a-e: height images; i-v: linear sections)
i
ii
ⅲiii
iv
v
a 无处理 
Non-treatment
b 四苯硼钠 
NaTPB
c 沸硝酸 
Boiling HNO3
d 冷硝酸 
Cold HNO3
e 热盐酸 
Hot HCl
1μm
1μm
1μm
1μm
1μm

不同化学方法浸提黑云母中钾素时，一方面通过层间离子交换，另一方面是由层间膨胀导致结构破坏而释放出钾离子，同时会导致四面体结构离子Si的释放，因此，Si4+ 被认为是铝硅酸盐矿物结构崩解的指示性离子[25-27]。由此，本文根据伊利石中结构离子Si浸提量与总量的比值及K元素的含量来估算通过结构溶解反应释放钾素的比例（表3）。结果表明，四苯硼钠法浸提时，通过层间交换反应释放的钾素为1 250 mmol kg-1，占总提取钾量的99.9%，由结构溶蚀释放的钾素仅为1.91 mmol kg-1。沸硝酸法、冷硝酸法和热盐酸法浸提时，伊利石通过层间交换反应释放钾素的比例分别为91.4%、94.0%和88.4%，由结构溶蚀而释放的钾素占提取总量的比例分别为8.6%、6.0%和11.6%。
表3 伊利石中通过层间交换反应和结构溶解释放钾素的含量及比例
Table 3 Amount and percentage of the potassium released through structure dissolution or cation-exchange reaction 
	提取方法
Extraction method
	结构溶蚀释放钾
K released through structure dissolution
	
	层间交换反应释放钾
K released through cation-exchange reaction

	
	释放量Released amount (mmol kg-1)
	占释放总量比例
% of total released K
	
	释放量Released amount (mmol kg-1)
	占释放总量比例
% of total released K

	四苯硼钠法NaTPB
	1.91
	0.1
	
	1 250
	99.9

	沸硝酸法 Boiling HNO3
	3.86
	8.6
	
	41.25
	91.4

	冷硝酸法 Cold HNO3
	1.93
	6.0
	
	30.37
	94.0

	热盐酸法 Hot HCl
	6.04
	11.6
	
	45.83
	88.4


3  讨 论
采用四苯硼钠浸提和酸溶液浸提时伊利石中主要元素释放规律不同。四苯硼钠浸提时以K+ 的释放为主，结构离子仅少量释放，而酸溶液浸提时，结构离子和K+ 均会释放（表2），这是由其浸提原理决定的。四苯硼钠法提取钾时，Na+ 先扩散进入并置换层间K+ ，使之成为活动的K+ 离子，然后TPB- 与K+ 形成KTPB沉淀，促使溶液中K+ 浓度降低，活动K+ 与外部溶液间的浓度差提供了K+ 扩散出矿物晶格的驱动力[11-13, 28]。酸溶液浸提时，一方面通过H+ 扩散进入并置换层间钾，使之成为活动的K+；另一方面H+ 与矿物表面的 Si-O-Si或 A1-O-Al反应，使其水解并释放出K+，H+ 中和了矿物结构中由同晶代换产生的电荷，使得原来平衡电荷的K+ 释放出来，进入到溶液中[23, 25-26, 29]。四苯硼钠浸提和酸溶液浸提原理的不同也导致被浸提后伊利石结构的不同，四苯硼钠浸提后伊利石层间距明显扩大（图1），形成富Si表层（图2），但矿物表面无溶解特征（图3）；酸溶液浸提后伊利石无新的衍射峰产生，表层Si富集不明显，但矿物表面具有明显的溶解特征，这与Li等[29]在黑云母和白云母上的研究结果较为一致。
三种酸溶液浸提时，与Bibi等[26]和Köhler等[30]的研究结果类似，伊利石主要的结构离子Al3+ 的释放量大于Si4+ 的释放量。究其原因，一方面是由于伊利石中A1-O键比Si-O键更易于断裂[30]；另一方面则是由于在伊利石四面体结构中以Si4+ 为主，仅有少部分被Al3+ 替代，然而，八面体填充离子基本被Al3+ 占据，仅有少量的Fe3+ 和Mg2+，伊利石溶解时需要获取质子以促使原有的键发生断裂，由于A1-O键比Si-O键更易于断裂，因此，Al3+ 的释放量大于Si4+ 的释放量[31]，最终形成富含Si离子的表层[25-26, 30]。本文中伊利石的光声光谱特征分析很好地证明了这一点，即在三种酸溶液浸提后伊利石表层Al-O振动峰处的吸收峰面积均有不同程度的减小，而Si-O振动峰处的吸收峰面积则均有增加，表明在伊利石表层产生了Si的无定型矿物，然而，深层扫描结果则表明三种酸溶液浸提仅对伊利石Al-O振动峰有较小影响，即伊利石深层仍有Al-O键的断裂发生，但Si-O键的断裂仅发生在表面。
已有研究表明，随着酸溶液的pH降低和浸提温度升高，黏土矿物中元素释放量会增加，且黏土矿物表面溶解特征更明显[32]。对比三种酸溶液浸提法，以热盐酸法和冷硝酸法pH最低，热盐酸法沸水浴2 h，温度为100 ℃，冷硝酸法浸提温度25℃，仅振荡30 min，沸硝酸法虽然浸提温度为100℃，然而其沸腾时间仅仅为10 min。因此在用三种酸溶液浸提时，以2 mol L-1热盐酸法浸提时各元素释放量最大，其次是1 mol L-1沸硝酸法，2 mol L-1冷硝酸法浸提能力最低（表2）。同时，三种酸溶液浸提后，以热盐酸法对伊利石结构的影响更为明显，其次为沸硝酸法，冷硝酸法仅导致伊利石结晶度变差。
一般农田土壤pH的范围为4 ~ 8，远低于1 mol L-1硝酸、2 mol L-1硝酸和2 mol L-1盐酸的酸度，农作物虽然也会分泌有机酸产生质子从而交换部分矿物中的钾素以供生长利用[33]。然而，其高pH和常温决定了从矿物中能获取的钾素会远低于常规有效钾浸提方法——1 mol L-1的沸硝酸、2 mol L-1的冷硝酸和2 mol L-1的热盐酸浸提的钾量，且绝大部分会来源于层间钾。同时常规酸溶液浸提法与四苯硼钠法相比，低估了含钾矿物中有效钾的含量。
4  结 论
土壤有效钾常规浸提方法浸提伊利石中钾素的机制不同，0.2 mol L-1四苯硼钠法浸提时伊利石中钾素大量释放，结构离子仅少量释放，该法浸提时会导致伊利石层间距加大，产生次生过渡矿物，在矿物上会形成富Si表层，伊利石中钾素基本都通过层间交换反应进行释放；1 mol L-1 沸硝酸法、2 mol L-1 冷硝酸法和2 mol L-1 热盐酸法浸提时伊利石中钾素释放量小，但仍以层间释放为主，伊利石内部结构无破坏，但在表面会产生溶蚀特征。因此，在弱酸、常温和常压的环境条件下，土壤矿物层间钾才是作物能利用有效钾素的主要来源。常规酸溶液浸提法一方面低估了伊利石中有效钾的含量，另一方面还包含了一部分不能为植物所利用的结构态钾，不适宜于用来评价伊利石的有效钾库容量。以此类推，常规酸溶液浸提法亦可能低估土壤有效钾含量，不宜用来评价土壤有效钾库容量。
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Mechanisms of Four Conventional Methods Extracting Available Potassium in Illite
LI Ting1, 2  WANG Huoyan2†  CHEN Xiaoqin2  ZHOU Jianmin2
(1 College of Resources, Sichuan Agricultural University, Chengdu 611130, China)
 (2 State Key Laboratory of Soil and Sustainable Agriculture, Institute of Soil Science, Chinese Academy of Sciences, Nanjing 210008, China)

[bookmark: OLE_LINK1][bookmark: OLE_LINK24][bookmark: OLE_LINK45][bookmark: OLE_LINK6]Abstract  Measurement of available potassium (AK) is commonly used to assess potassium (K) status of a soil, and studies in the past have shown that release of AK from 2:1 K-bearing minerals was triggered by chemical extraction methods of exchanging adjacent interlayer K+ with hydrated cations and the dissolving minerals. However, there is still a great deal of uncertainty in and variation between these batch experiments with respect to respective contribution of the exchange and dissolution to K release budget, which has certain important implications for predicting soil sustainability. Mechanisms of AK released from illite were studied using 2:1 K-bearing mineral dominant in soil, and four extracting methods, i.e. 0.2 mol L-1 sodium tetraphenylboron (NaTPB), 1 mol L-1 boiling nitric acid (HNO3), 2 mol L-1 cold HNO3 and 2 mol L-1 hot hydrochloric acid (HCl) methods. X-ray diffraction (XRD), fourier transform infrared photoacoustic spectroscopy (FTIR-PAS) and atomic force microscopy (AFM) were used to investigate changes in structure and surface morphology of the mineral. Results show that released K accounted for 59.5% of the total K in illite in amount and basically through interlayer exchanging reaction when extracted with NaTPB, but for 1.53% ~ 2.46% when extracted with acid solutions and 88.4% ~ 94.0% of the released K was K released through interlayer exchanging reaction. A very limited amount of structure elements of Fe, Al and Si was released into the solution of NaTPB, but the situations in the acid solutions were just reverse. When NaTPB was used to extract K from illite, the surface of the illite became blurry and the interlayer space was expanded, forming a silicon-rich surface of secondary transition mineral, but did not show any solution phenomena. However, when acid solutions were used to extract K+ from illite, the mineral did not change much in structure, but lowered in crystallinity and displayed apparent solution phenomena. In the presence of boiling HNO3 and cold HNO3, a small number of elliptical dissolution pits were found randomly distributed on the surface of illite. When extracted with hot HCl, the illite showed channel dissolution on the surface, and fine mineral particles attached on large grains were dissolved in the hot HCl solution. All the findings indicate that K+ is released from illite mainly through cation-exchange reaction in both acid and salt solutions, and interlayer K+ in the K-bearing minerals is the main pool of K available to plants. The acid extracting methods, on the one hand, may underestimate soil AK supply capacity; on the other hand, they extracte some structural K that is not available to plants. Thus, the 1 mol L-1 boiling nitric acid (HNO3), 2 mol L-1 cold HNO3 and 2 mol L-1 hot hydrochloric acid (HCl) methods are not suitable to assessment of soil AK pools.
Key words  Available potassium (AK); X-ray diffraction (XRD); Fourier transform infrared photoacoustic spectroscopy (FTIR-PAS); Atomic force microscopy (AFM); Illite
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光声强度 Photoacoustic intensity



0.64 cm s-1
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光声强度 Photoacoustic intensity
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高度 Height (nm)
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高度 Height (nm)
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高度 Height (nm)
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0	0.02	3.9E-2	5.8999999999999997E-2	7.8E-2	9.8000000000000004E-2	0.11700000000000001	0.13700000000000001	0.156	0.17599999999999999	0.19500000000000001	0.215	0.23400000000000001	0.254	0.27300000000000002	0.29299999999999998	0.312	0.33200000000000002	0.35199999999999998	0.371	0.39100000000000001	0.41	0.43	0.44900000000000001	0.46899999999999997	0.48799999999999999	0.50800000000000001	0.52700000000000002	0.54700000000000004	0.56599999999999995	0.58599999999999997	0.60499999999999998	0.625	0.64500000000000002	0.66400000000000003	0.68400000000000005	0.70299999999999996	0.72299999999999998	0.74199999999999999	0.76200000000000001	0.78100000000000003	0.80100000000000005	0.82	0.84	0.85899999999999999	0.879	0.89800000000000002	0.91800000000000004	0.93700000000000006	0.95699999999999996	0.97699999999999998	0.996	1.016	1.0349999999999999	1.0549999999999999	1.0740000000000001	1.0940000000000001	1.113	1.133	1.1519999999999999	1.1719999999999999	1.1910000000000001	1.2110000000000001	1.23	1.25	1.27	1.2889999999999999	1.3089999999999999	1.3280000000000001	1.3480000000000001	1.367	1.387	1.4059999999999999	1.4259999999999999	1.4450000000000001	1.4650000000000001	1.484	1.504	1.5229999999999999	1.5429999999999999	1.5620000000000001	1.5820000000000001	1.6020000000000001	1.621	1.641	1.66	1.68	1.6990000000000001	1.7190000000000001	1.738	1.758	1.7769999999999999	1.7969999999999999	1.8160000000000001	1.8360000000000001	1.855	1.875	1.895	1.9139999999999999	1.9339999999999999	1.9530000000000001	1.9730000000000001	1.992	2.012	2.0310000000000001	2.0510000000000002	2.0699999999999998	2.09	2.109	2.129	2.1480000000000001	2.1680000000000001	2.1869999999999998	2.2069999999999999	2.2269999999999999	2.246	2.266	2.2850000000000001	2.3050000000000002	2.3239999999999998	2.3439999999999999	2.363	2.383	2.4020000000000001	2.4220000000000002	2.4409999999999998	2.4609999999999999	2.48	2.5	2.52	2.5390000000000001	2.5590000000000002	2.5779999999999998	2.5979999999999999	2.617	2.637	2.6560000000000001	2.6760000000000002	2.6949999999999998	2.7149999999999999	2.734	2.754	2.7730000000000001	2.7930000000000001	2.8130000000000002	2.8319999999999999	2.8519999999999999	2.871	2.891	2.91	2.93	2.9489999999999998	2.9689999999999999	2.988	3.008	3.0270000000000001	3.0470000000000002	3.0659999999999998	3.0859999999999999	3.105	3.125	3.145	3.1640000000000001	3.1840000000000002	3.2029999999999998	3.2229999999999999	3.242	3.262	3.2810000000000001	3.3010000000000002	3.32	3.34	3.359	3.379	3.3980000000000001	3.4180000000000001	3.4369999999999998	3.4569999999999999	3.4769999999999999	3.496	3.516	3.5350000000000001	3.5550000000000002	3.5739999999999998	3.5939999999999999	3.613	3.633	3.6520000000000001	3.6720000000000002	3.6909999999999998	3.7109999999999999	3.73	3.75	3.77	3.7890000000000001	3.8090000000000002	3.8279999999999998	3.8479999999999999	3.867	3.887	3.9060000000000001	3.9260000000000002	3.9449999999999998	3.9649999999999999	3.984	4.0039999999999996	-24.594000000000001	-21.364000000000001	-25.427	-26.556999999999999	-21.707999999999998	-17.515999999999998	-14.851000000000001	-10.781000000000001	-7.5750000000000002	-7.6429999999999998	-3.2530000000000001	10.262	20.189	28.366	35.238	42.439	50.823	58.228999999999999	64.543999999999997	68.903999999999996	71.728999999999999	71.622	66.292000000000002	60.954999999999998	54.64	44.737000000000002	32.542999999999999	30.893999999999998	34.017000000000003	37.575000000000003	39.384	48.807000000000002	62.131	71.980999999999995	77.364000000000004	78.722999999999999	82.686000000000007	81.754000000000005	73.102999999999994	77.715000000000003	79.051000000000002	71.697999999999993	58.466000000000001	58.817	60.146000000000001	58.962000000000003	53.762	52.472000000000001	53.777000000000001	50.738999999999997	38.896000000000001	19.103999999999999	13.553000000000001	16.370999999999999	19.074000000000002	20.463000000000001	21.853000000000002	22.808	23.212	24.373000000000001	24.655000000000001	25.701000000000001	20.547000000000001	11.476000000000001	7.5129999999999999	-24.503	-32.168999999999997	-30.167999999999999	-24.587	-13.132999999999999	-4.2990000000000004	1.054	3.2530000000000001	10.339	19.158000000000001	24.93	29.396999999999998	34.078000000000003	37.124000000000002	40.162999999999997	43.423999999999999	43.195	39.811999999999998	35.887	32.932000000000002	32.688000000000002	29.512	23.501999999999999	14.766999999999999	3.3210000000000002	-13.79	-39.484000000000002	-43.118000000000002	-32.741	-23.998999999999999	-20.577999999999999	-23.25	-24.411000000000001	-23.067	-22.059000000000001	-19.638999999999999	-21.463999999999999	-25.358000000000001	-26.097999999999999	-25.648	-22.815000000000001	-24.006	-27.702000000000002	-29.763999999999999	-29.664000000000001	-30	-28.274999999999999	-28.396999999999998	-32.329000000000001	-30.619	-28.908000000000001	-29.266999999999999	-31.146000000000001	-33.466999999999999	-34.710999999999999	-35.628	-34.695999999999998	-34.970999999999997	-32.091999999999999	-26.068000000000001	-23.64	-22.51	-17.585000000000001	-9.6210000000000004	-1.55	4.78	9.1470000000000002	11.117000000000001	11.24	9.9420000000000002	7.2309999999999999	7.5590000000000002	8.5370000000000008	8.6359999999999992	8.1929999999999996	6.7649999999999997	2.4049999999999998	2.2749999999999999	6.4829999999999997	7.8719999999999999	5.444	4.9710000000000001	8.5210000000000008	10.865	12.231999999999999	13.048999999999999	14.195	14.132999999999999	14.827999999999999	13.675000000000001	13.065	13.21	12.805	13.590999999999999	12.637	9.9420000000000002	5.6050000000000004	1.161	-3.1760000000000002	-9.0410000000000004	-14.912000000000001	-16.545999999999999	-15.683999999999999	-16.774999999999999	-13.21	-10.292999999999999	-7.5970000000000004	-2.84	-1.1299999999999999	-3.1150000000000002	-10.11	-11.452999999999999	-14.439	-20.783999999999999	-24.64	-27.198	-30.413	-32.320999999999998	-30.649000000000001	-31.481999999999999	-34.276000000000003	-37.826999999999998	-40.957000000000001	-45.500999999999998	-50.914000000000001	-56.335000000000001	-61.97	-67.177999999999997	-70.652000000000001	-72.721000000000004	-56.747999999999998	-42.08	-31.114999999999998	-19.065999999999999	-15.606999999999999	-16.501000000000001	-19.135000000000002	-25.358000000000001	-30.504000000000001	-30.978000000000002	-33.841000000000001	距离 Distance (μm)

高度 Height (nm)


v
0	0.02	3.9E-2	5.8999999999999997E-2	7.8E-2	9.8000000000000004E-2	0.11700000000000001	0.13700000000000001	0.156	0.17599999999999999	0.19500000000000001	0.215	0.23400000000000001	0.254	0.27300000000000002	0.29299999999999998	0.312	0.33200000000000002	0.35199999999999998	0.371	0.39100000000000001	0.41	0.43	0.44900000000000001	0.46899999999999997	0.48799999999999999	0.50800000000000001	0.52700000000000002	0.54700000000000004	0.56599999999999995	0.58599999999999997	0.60499999999999998	0.625	0.64500000000000002	0.66400000000000003	0.68400000000000005	0.70299999999999996	0.72299999999999998	0.74199999999999999	0.76200000000000001	0.78100000000000003	0.80100000000000005	0.82	0.84	0.85899999999999999	0.879	0.89800000000000002	0.91800000000000004	0.93700000000000006	0.95699999999999996	0.97699999999999998	0.996	1.016	1.0349999999999999	1.0549999999999999	1.0740000000000001	1.0940000000000001	1.113	1.133	1.1519999999999999	1.1719999999999999	1.1910000000000001	1.2110000000000001	1.23	1.25	1.27	1.2889999999999999	1.3089999999999999	1.3280000000000001	1.3480000000000001	1.367	1.387	1.4059999999999999	1.4259999999999999	1.4450000000000001	1.4650000000000001	1.484	1.504	1.5229999999999999	1.5429999999999999	1.5620000000000001	1.5820000000000001	1.6020000000000001	1.621	1.641	1.66	1.68	1.6990000000000001	1.7190000000000001	1.738	1.758	1.7769999999999999	1.7969999999999999	1.8160000000000001	1.8360000000000001	1.855	1.875	1.895	1.9139999999999999	1.9339999999999999	1.9530000000000001	1.9730000000000001	1.992	2.012	2.0310000000000001	2.0510000000000002	2.0699999999999998	2.09	2.109	2.129	2.1480000000000001	2.1680000000000001	2.1869999999999998	2.2069999999999999	2.2269999999999999	2.246	2.266	2.2850000000000001	2.3050000000000002	2.3239999999999998	2.3439999999999999	2.363	2.383	2.4020000000000001	2.4220000000000002	2.4409999999999998	2.4609999999999999	2.48	2.5	2.52	2.5390000000000001	2.5590000000000002	2.5779999999999998	2.5979999999999999	2.617	2.637	2.6560000000000001	2.6760000000000002	2.6949999999999998	2.7149999999999999	2.734	2.754	2.7730000000000001	2.7930000000000001	2.8130000000000002	2.8319999999999999	2.8519999999999999	2.871	2.891	2.91	2.93	2.9489999999999998	2.9689999999999999	2.988	3.008	3.0270000000000001	3.0470000000000002	3.0659999999999998	3.0859999999999999	3.105	3.125	3.145	3.1640000000000001	3.1840000000000002	3.2029999999999998	3.2229999999999999	3.242	3.262	3.2810000000000001	3.3010000000000002	3.32	3.34	3.359	3.379	3.3980000000000001	3.4180000000000001	3.4369999999999998	3.4569999999999999	3.4769999999999999	3.496	3.516	3.5350000000000001	3.5550000000000002	3.5739999999999998	3.5939999999999999	3.613	3.633	3.6520000000000001	3.6720000000000002	3.6909999999999998	3.7109999999999999	3.73	3.75	3.77	3.7890000000000001	3.8090000000000002	3.8279999999999998	3.8479999999999999	3.867	3.887	3.9060000000000001	3.9260000000000002	3.9449999999999998	3.9649999999999999	3.984	4.0039999999999996	6.766	5.5720000000000001	3.5550000000000002	5.1989999999999998	2.762	4.6059999999999999	8.1709999999999994	9.6050000000000004	10.006	12.137	12.443	12.433999999999999	12.824999999999999	12.606	13.093	9.6999999999999993	8.9640000000000004	11.268000000000001	12.462	8.9640000000000004	7.99	7.55	9.2219999999999995	11.420999999999999	12.281000000000001	11	8.0850000000000009	6.4989999999999997	4.0810000000000004	12.663	13.504	10.78	6.9290000000000003	-3.4409999999999998	-6.069	2.1890000000000001	15.625999999999999	22.449000000000002	19.181000000000001	12.778	5.2370000000000001	4.3959999999999999	9.3849999999999998	12.72	13.007	10.130000000000001	8.3719999999999999	8.9550000000000001	9.2219999999999995	8.1620000000000008	6.4989999999999997	2.38	-0.22	-1.9970000000000001	-4.702	-7.9039999999999999	-15.205	-19.238	-19.103999999999999	-18.369	-14.163	-9.7579999999999991	-11.067	-15.425000000000001	-20.202999999999999	-18.263000000000002	-11.631	-12.137	-10.723000000000001	-4.7210000000000001	-4.1100000000000003	-7.99	-10.847	-15.96	-22.707000000000001	-29.35	-31.003	-32.054000000000002	-31.471	-30.2	-29.004999999999999	-26.616	-25.440999999999999	-25.097000000000001	-22.402000000000001	-23.577000000000002	-23.128	-18.512	-13.084	-9.7959999999999994	-8.6489999999999991	-9.5470000000000006	-10.236000000000001	-7.2729999999999997	-7.359	-8.8780000000000001	-11.621	-12.329000000000001	-15.693	-20.690999999999999	-30.573	-38.83	-35.790999999999997	-31.728999999999999	-28.603999999999999	-21.292999999999999	-20.92	-22.984999999999999	-19.257000000000001	-16.849	-16.18	-12.759	-8.0280000000000005	-6.8520000000000003	-7.827	-9.3089999999999993	-9.3659999999999997	-6.2889999999999997	-5.6289999999999996	-4.3869999999999996	-3.45	-3.9369999999999998	-10.130000000000001	-21.503	-24.456	-24.140999999999998	-22.295999999999999	-14.555	-11.295999999999999	-7.7510000000000003	-5.4089999999999998	-10.111000000000001	-9.0030000000000001	-1.5860000000000001	3.3639999999999999	7.2160000000000002	11.574	15.903	20.260999999999999	23.577000000000002	28.422000000000001	31.126999999999999	31.786999999999999	32.962000000000003	32.799999999999997	29.388000000000002	27.591000000000001	25.689	26.024000000000001	27.265999999999998	28.832999999999998	27.629000000000001	24.8	22.879000000000001	19.734999999999999	15.673	8.2479999999999993	5.1989999999999998	14.259	22.391999999999999	22.687999999999999	21.254999999999999	20.021999999999998	18.673999999999999	18.033999999999999	21.274000000000001	21.962	22.631	20.978000000000002	23.891999999999999	24.456	24.724	25.068000000000001	24.007000000000001	20.901	18.292000000000002	18.321000000000002	15.922000000000001	10.760999999999999	7.54	10.006	15.731	18.483000000000001	19.524999999999999	18.004999999999999	15.779	15.481999999999999	12.94	11.917999999999999	12.013	10.991	8.4290000000000003	0.98399999999999999	2.294	4.9119999999999999	12.319000000000001	17.690000000000001	17.556000000000001	17.814	17.585000000000001	17.135999999999999	15.96	15.31	14.24	10.819000000000001	7.6070000000000002	距离 Distance (μm)

高度 Height (nm)
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