
引言

农业土壤是植物的主要营养基。土壤物质

是采矿和建筑行业的重要组成部分，是大

部分建设项目的基础。土壤资源对环境以

及食品和纤维生产都是至关重要的。废物

处置管理都涉及有土壤内容。人类活动或

自然过程导致了土地退化，削弱了土地功
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Atomic Absorption

能。土壤酸化、污染等是土地退化的重要组成部分。低程度的土壤污染常常是

土壤容量的处置和同化，许多废物处理过程都依赖于土壤自净能力。超过土壤

自净能力，将破坏土壤生物能力同时土壤功能受到限制。废弃的土壤常发生在

工业污染严重或开发活动破坏土壤功能的区域，土地不能安全或高效的利用。

土壤分析是衡量土壤肥力的有力途径，是保持植物健康和农作物产量的廉价方
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式。标准土壤测试包括磷、钾、钙、镁、pH、阳离子

交换容量、石灰需要指数和盐基饱和度。此外，可选

测铁、锌、锰、可溶性盐和硝酸盐。土壤肥力每年随

着生长季节而波动，通过添加肥料、有机肥、堆肥和

石灰或硫化物，除了浸出都可以改变土壤矿物营养物

质的数量和可利用性。此外，植物生长发育和农作物

的丰收将导致土壤中大量的矿物质营养元素流失。土

壤分析可以确定当前土壤肥力状况，为每年提供最佳

肥力信息。

本研究主要是比较了Mehlich-I提取和微波消解对分析

土壤样品中微量营养元素的性能。

实验部分

采用配有Winlab32TMAA6.5版本软件的珀金埃尔

默AA800型原子吸收分光光度计(PerkinElmer, Inc., 

Shelton, CT, USA) (见图1)进行分析测定，软件提供

了样品分析、报告和归档数据，并确保合规性。双

光束光学系统和固态检测器提供了高的信噪比，氘

灯背景校正消除了大部分的干扰。珀金埃尔默耐腐

蚀雾化器可用于含氢氟酸的溶液，该雾化器已用于

所有火焰原子吸收测定。单槽式空气-乙炔10厘米燃

烧器用于所有的空气-乙炔实验。

土壤样品采用PerkinElmer Multiwave™ 3000型微波消

解系统消解，该系统可配各种配件以优化样品消解。

该研究中，配有8个100毫升PTFE-TFM材质的高压消

解罐，PTFE-TFM材质在高温条件下相对于PTFE具有更

强的机械性能。该消解罐能在60bar（870psi），高达

260℃的条件下工作，压力/温度传感器（P/T）也被用

于该系统。P/T压力传感器能同时测量一个消解罐里的

温度和压力。所有消解罐的温度都利用红外温度传感

器进行了监测，该传感器是一个过热保护装置。

标准品、化学试剂和参考物质

PerkinElmer NIST®可溯源标准作为储备液用来制备工

作标准。所有的工作标准用ASTM®1类水，Suprapur®

级硝酸 (Merck®, Germany)在聚丙烯小瓶 (Merck®, 

G e r m a n y )体积稀释制备。移液枪和一次性吸头

(Eppendorf®, Germany)。河水沉积物(Lot # 0800230)和

土壤液(Lot#0733733)参考物质用于验证方法。5%硝

酸介质多元素ICP标准购于Spex Certiprep®(New Jersey, 

USA)用做质量控制标准。其它的酸（硫酸，盐酸等）

都是Suprapur级(Merck®, Germany)。
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A PerkinElmer Multiwave™ 3000 microwave oven was used 
for the microwave-assisted digestion of soil samples. This is 
an industrial-type oven which can be equipped with various 
accessories to optimize the sample digestion. In this case, 
the samples were digested in the Rotor 8XF100 comprising 
eight 100 mL high pressure vessels made of PTFE-TFM in 
their respective protective ceramic jackets. TFM is chemically 
modified PTFE that has enhanced mechanical properties at 
high temperatures compare to conventional PTFE. This vessel 
has a “working” pressure of 60 bar (870 psi) and can operate 
at temperatures up to 260 ˚C. A Pressure/Temperature (P/T) 
Sensor Accessory was also used for this work. The P/T sensor 
simultaneously measures temperature and pressure for one 
vessel. All vessels’ temperatures were monitored with the 
IR Temperature Sensor Accessory. This device gives thermal 
(over temperature) protection to the reactions in all of the 
vessels by measuring the temperature remotely at the bottom 
surface of each vessel during the digestion process.

Standards, chemicals and certified reference 
material

PerkinElmer NIST® traceable calibration standards in acid 
for atomic spectroscopy were used as the stock standards 
for preparing working standards. All the working standards 
were prepared daily with ASTM® type I water acidified in 
Suprapur® nitric acid (Merck®, Germany) in polypropylene 
vials (Sarstedt®) on volume-by-volume dilution. Micropipettes 
with disposable tips (Eppendorf®, Germany) were used for 
pippetting solutions. Certified Reference Standard for trace 
metals in river sediment (Lot # 0800230) and soil solution 
(Lot # 0733733) from High Purity Standards were used for 
validating the developed method. Multi element ICP standard 
for trace metal ions in 5% HNO3 from Spex Certiprep®, 
(New Jersey, USA) prepared at midpoint of the calibration 
curve was used as quality control check standard. The other 
acids used (Sulphuric acid and hydrochloric acid) were also 
of Suprapur grade. (Merck®, Germany).

maximum crop productivity. The standard soil test  
provides the status of phosphorous (P), potassium (K),  
calcium (Ca), magnesium (Mg), pH, cation exchange  
capacity, lime requirement index, and base saturation. 
Additional tests are also available for iron (Fe), zinc (Zn), 
manganese (Mn), soluble salts, and nitrates. Soil fertility 
fluctuates throughout the growing season each year. The 
quantity and availability of mineral nutrients are altered by 
the addition of fertilizers, manure, compost, mulch, and lime 
or sulfur, in addition to leaching. Furthermore, large quantities  
of mineral nutrients are removed from soils as a result of 
plant growth and development, and the harvesting of crops. 
The analysis of soils will determine the current fertility status.  
It also provides the necessary information needed to main-
tain the optimum fertility year after year. 

In the present work we compare the performance of 
Mehlich-I extraction with that of microwave digestion for 
the determination of several micronutrients in soil samples. 

Experimental

The measurements were performed using the PerkinElmer® 
AAnalyst™ 800 atomic absorption spectrophotometer  
(PerkinElmer, Inc., Shelton, CT, USA) (See Figure 1) 
equipped with WinLab32™ for AA Version 6.5 software, 
which features all the tools needed to analyze samples, 
report and archive data and ensure regulatory compliance. 
PerkinElmer’s high-efficiency double-beam optical system 
and solid-state detector provide outstanding signal-to-noise 
ratios and Deuterium background correction eliminates most 
interferences. A PerkinElmer corrosion-resistant nebulizer, 
which can be used for solutions containing hydrofluoric 
acid, was used for all flame absorption measurements.  
A single slot air-acetylene 10-cm burner head was used  
for all air-acetylene experiments.

Figure 1.  PerkinElmer AAnalyst 800 atomic absorption spectrophotometer.

Figure 2.  PerkinElmer Multiwave 3000 microwave digestion system. 
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样品制备

从三个不同地点采取代表性土壤样品，研磨过20

目筛备用。称取5.0g风干，研磨并过筛样品置于锥

形瓶中，加入20毫升提取液（0.05N盐酸+0.025N

硫酸），然后磁力搅拌萃取20分钟，将提取液用

Whatman®42号滤纸过滤到50毫升聚丙烯小瓶中，并

稀释至50毫升，同时制备试剂空白。上述过程按照

Mehlich-I提取步骤。

土壤微波消解方案按照美国EPA3052方法，该方法适

用硅酸盐基质、有机基质和其它复杂基质样品的酸消

解。通过微波辅助不同酸的组合能够对大多数基质样

品进行完全消解。土壤样品称重后直接置于PTFE-TFM

材质的消解罐里微波消解。称取大约0.1g重的样品置

于消解罐，然后依次加入9毫升浓硝酸和3毫升氢氟

酸。同时制备不含样品的试剂空白。消解罐密封置于

Rotor 8XF100型微波消解，消解完成后消解液转移至

50mL聚丙烯小瓶中，并用 ASTM®1类水稀释至25mL

备用。

结果与讨论

Mehlich-I萃取给出了土壤样品中微量营养元素可提取

的含量，如果需要了解总量，微波消解样品是首选。

校准曲线含有三个标准一个空白用于校准所有感兴趣

的微量营养元素。WinLab 6.5版本软件带有质量控制

程序，需要的最小相关系数为0.995. QC（质控样）

用ICP级的多元素混标制备。质控样应在校准曲线分

析完成后样品分析前和样品分析完成后进行，确保符

合EPA的90-110%范围。河水沉积物和土壤液两个标

准物质用于验证方法，回收率令人满意。对选定的样

本微波完全消解测定，结果列于表中。从表7可以清

楚的看出两种消解过程金属离子的回收率不同。如预

期的，Mehlich-I给出了土壤样品中可提取态的金属离

子量，而微波消解给出离子总量，重复样结果一致。

如果需要进一步表征土壤样品，可以按照监管机构的

建议进行样品的收集和处理。

结论

利用AAnalyst 800型原子吸收分光光度计建立了土壤

样品中必须营养物质的顺序测定方法。火焰AA的灵敏

度和准确度与优化的燃烧器位置和气体流量相关。不

同元素的参数不同，需仔细优化以提高灵敏度降低或

消除干扰。电动燃烧系统和气体流量控制精度都可以

电脑自动控制调整。WinLab32软件允许每个元素的

燃烧器位置和气体流速优化保存，然后在多元素顺序

测定时使用每个元素优化好的参数。珀金埃尔默/安东

帕多波3000型微波消解系统按照EPA3052方法消解土

壤样品的能力被验证可行。该方法的检出限表明采用

AAnalyst 800型原子吸收分析复杂基质样品如土壤样

品中微量营养元素是可行的。参考物质和加标回收率

进一步验证了方法的准确性。
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Table 1.  Experimental Conditions of AAnalyst 800.

Element Cu Fe Mn K Na Mg Zn

Wavelength (nm) 324.8 248.3 279.5 766.5 589 285.2 213.9

Slit (nm) 0.7 0.2 0.2 0.7 0.2 0.7 0.7

Mode AA AA AA AA AA AA AA

Flame Air-Ac Air-Ac Air-Ac Air-Ac Air-Ac Air-Ac Air-Ac

Burner Head 10 cm 10 cm 10 cm 10 cm 10 cm 10 cm 10 cm

Calibration Linear through Linear through Linear through Linear through Linear through Non linear Linear through  
 zero zero zero zero zero through zero zero

Lamp HCL HCL HCL HCL HCL HCL HCL

Lamp current,  
mA 15 30 20 12 8 6 10

Standards  
(mg/L) 1.0, 2.5, 5.0 1.0, 2.5, 5.0 0.1, 0.25, 0.5 0.1, 0.25, 0.5 0.1, 0.25, 0.5 0.1, 0.25, 0.5 0.1, 0.25, 0.5

Spiked conc.  
(mg/L) 2.5 2.5 0.25 0.25 0.25 0.25 0.25

Read Time  
(seconds) 3.0 3.0 3.0 3.0 3.0 3.0 3.0

Replicates 3 3 3 3 3 3 3

Air Flow (L/min) 17.0 17.0 17.0 17.0 17.0 17.0 17.0

Acetylene flow  
(L/min) 1.5 1.5 1.5 1.5 1.5 1.5 1.3 
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Table 4.  Results of QC Recoveries.

Metal QC 1 (%)  QC 2 (%) QC 1 (%) QC 2 (%) 
 Extraction Extraction MDS MDS

Cu 107.6 100.6 101.1 99.96

Fe 107.5 106.3 100.1 101.9

Mg 108 108 100.5 101.5

Zn 104.3 104.5 103.5 100.8

Na 100.9 99.96 100.2 98.8

K 99.2 91.4 98.8 97

Mn 101 104.9 99.64 96.6

Table 5.  Results of Spike Recoveries.

Metal Spike Recovery (%) Spike Recovery (%)  
 for Extracted Sample for Digested Sample

Cu 108.5 105.1

Fe 95.8 Conc. too high for spiking

Mg 97.7 98.8

Zn 102.8 100.4

Na 106.6 106.5

K 92.1 96.9

Mn 101.8 97

Table 2.  Results of Soil CRM analysis (Lot # 0733733).

Metal Certified % Recovery % Recovery   
 Value in Solution in Solution 
 (µg/mL) (in HCl and H2SO4) (in HNO3 )

Cu 0.30 103.2 104.1

Fe 200.0 95.2 96.6

Mg 70.0 98.1 98.1

Zn 1.0 105.7 100.7

Na 70.0 105.6 98.4

K 200.0 95.4 95.2

Mn 0.10 103.5 102.7

Table 3.  Results of River Sediment CRM Analysis  
(Lot # 0800230).

Metal Certified % Recovery % Recovery   
 Value in Solution in Solution 
 (µg/mL) (in HCl and H2SO4) (in HNO3 )

Cu 1.00 102.5 105.8

Fe 1200 102.8 96.4

Mg 70.0 96.9 96.1

Zn 15.0 96.0 98.8

Na 50.0 101.6 93.8

K 150.0 100.0 98.9

Mn 8.0 96.1 102.8
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Table 6.  Method Detection Limits (MDLs).

Metal MDL (mg/kg)

Cu 0.08

Fe 0.31

Mg 0.009

Zn 0.013

Na 0.02

K 0.02

Mn 0.04

Table 7.  Results of Soil Analysis.

Sample 
(mg/Kg) Cu  Fe  Mg  Zn  Na  K  Mn 
 Extraction MDS Extraction MDS Extraction MDS Extraction MDS Extraction MDS Extraction MDS Extraction MDS

Soil-1 26 257 2124 116305 408 4060 1.1 167 30 1424 379 3833 370 2268

Soil-1 duplicate 27 299 2255 131302 406 3720 1.1 191 37 1722 390 3815 387 2749

Soil-2 23 257 1489 126035 392 2138 1.1 170 35 1162 329 2068 259 2439

Soil-2 duplicate 22 312 1490 135730 383 1802 1.0 198 31 1121 309 1481 249 2640

Soil-3 15 248 418 134645 418 2975 0.3 119 25 562 104 2940 71 1907

Soil-3 duplicate 14 288 374 129465 412 2593 0.3 138 24 587 95 4442 82 2210


