
Introduction

Accurate, routine testing of nutrients in soil samples is critical to 
understanding its potential fertility. Many of the nutrients that are vital to 
plants are exchangeable cations. These are ions loosely attached to 
and/or adsorbed onto clay particles and organic matter in soil that may 
become available to plants. Determination of these cations is of great 
interest for agronomic diagnostic and soil sustainability, enabling more 
accurate assessment and management of nutrient requirements [1, 2]. If the 
results indicate there is a nutrient imbalance, then this can be corrected for 
by the application of a suitably formulated fertilizer. 

Determination of exchangeable cations in soil 
extracts using the Agilent 4100 Microwave 
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This application note describes an analytical method 
for the determination of Ca, K, Mg, Mn and Na in soils 
using the Agilent 4100 Microwave Plasma-Atomic 
Emission Spectrometer (MP-AES). A chemical extraction 
with 1 M ammonium acetate is recommended (standard 
NF X 31-108) [1, 2, 3]. In this work, results obtained with 
MP-AES are compared to those obtained by other well-
proven, validated techniques fl ame atomic absorption 
spectrometry (FAAS) and inductively coupled plasma-
optical emission spectrometry (ICP-OES), and with 
inter-laboratory results to demonstrate the reliability and 
accuracy of MP-AES data.

Which measurement technique is right for 
you?

There are many factors to be taken into account when 
selecting the right analytical technique. In many cases 
several techniques will provide adequate detection 
range, so the technique of choice will depend on 
factors such as sample throughput requirements, 
ease-of-use, infrastructure required, and on-going 
operating costs. In the case of this application, it has 
been more common for smaller laboratories with low 
sample throughput requirements to use FAAS, while 
some larger laboratories (with higher sample throughput 
requirements) may use ICP-OES. 

The 4100 MP-AES fi ts between FAAS and ICP-OES in 
many aspects such as detection power, dynamic range, 
and speed of analysis. For these key performance 
metrics, the MP-AES offers a unique alternative to both 
FAAS and ICP-OES. 

There are also some clear differentiating benefi ts of the 
MP-AES technology over these more traditional options. 
By eliminating the need for on-going gas resupply, the 
MP-AES offers signifi cantly reduced on-going operating 
costs over both FAAS and ICP-OES — and avoids 
fl ammable gases (required for FAAS), hence enhancing 
safety and allowing unattended, overnight operation. 
The reduced infrastructure required for MP-AES also 
makes it well-suited to remote sites where supply 
of gases can be diffi cult and/or expensive. These 
features make the MP-AES an attractive technique for 
many small to medium size agricultural laboratories, 
particularly those at remote locations, and for an 
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increasing number of laboratories requiring the lowest 
possible on-going operating costs.

Experimental

Instrumentation
The 4100 MP-AES revolutionizes the way analysts 
conduct multi-elemental analysis. Using a microwave 
plasma that is based on nitrogen, supplied from a 
compressed air supply and the Agilent 4107 Nitrogen 
Generator, the 4100 MP-AES does not require fl ammable 
or expensive gases such as acetylene, nitrous oxide or 
argon. This improves lab safety, results in a signifi cant 
reduction in operating costs and allows installation in 
mobile labs or remote locations where gas supplies may 
not be available.

Additionally, the 4100 MP-AES has been designed to 
improve the analytical performance and productivity 
when compared with FAAS, with good sensitivity and 
detection limits down to sub ppb levels over a wide 
linear range.

Instrument operating conditions are listed in Table 1. 

Table 1. Agilent 4100 MP-AES operating conditions

Instrument parameter  Setting
Nebulizer OneNeb

Spray chamber Glass cyclonic single-pass

Sample tubing White-white

CsCl tubing Orange-yellow

Waste tubing Blue-blue

Read time 3 s

Number of replicates 3

Stabilization time 15 s

Fast pump during sample uptake Yes

Pump speed 15 rpm

The analysis of soil samples was also carried out 
by ICP-OES and FAAS. Conditions of analysis are as 
described in Table 2.



Table 2. Global conditions of analysis

Instrument Dilution Comments
Agilent 4100 MP-AES On-line with CsCl 

1.5%
OneNeb nebulizer

Agilent 280 FS AAS SIPS 20. Dilution 
factor set by 
element

CsCl as modifi er for Na and K, 
La/CsCl as modifi er for Mg

Agilent 725 ICP-OES No dilution OneNeb nebulizer

Material
Soil samples were provided (air-dried and sieved 
<2 mm) by the French inter-laboratory comparisons 
organization BIPEA (Inter-professional Bureau of Study 
and Analysis, France). All samples have been recently 
analyzed in profi ciency testing, so that the reference 
values and standard deviations for CaO, K2O, MgO and 
Na2O concentrations in ammonium acetate were known. 
Note: manganese was not included in the testing 
scheme but has been included in this investigation.

The reference numbers of the soil samples used were 
403, 418, 421 and 423.

Sample preparation
As described in the standard NF X 31-108, 1 M 
ammonium acetate adjusted to pH 7, was used as 
extractant. The total concentration of dissolved salt was 
77 g/L.

For each soil, 50 mL of 1 M ammonium acetate was 
added to 2.5 g of soil. The mixture was shaken by 
rotation in a room at 20 °C ±2 °C over 1 hour. After 
extraction, the samples were fi ltered using a fi lter paper 
and the clear solutions were analyzed immediately.

Standard preparation
Four multi-element standard solutions were prepared 
in 1 M ammonium acetate. Table 3 provides details of 
the calibration concentration range for each analyte. 
Single element stock solutions from Merck Germany 
were used. Table 4 displays selected wavelengths and 
calibration parameters used for analysis.

Cesium chloride was used as an ionization buffer. 
This was added on-line via a ‘Y’ piece to avoid manual 
spiking of standards and samples.

3

Table 3. Calibration standards used for soil extraction analysis (mg/L)

Ca K Mg Mn Na
Blank 0 0 0 0 0

Standard 1 100 5 5 1.0 0.5

Standard 2 200 10 10 2.0 1.0

Standard 3 300 15 15 3.0 2.0

Standard 4 600 30 30 6.0 4.0

Table 4. Agilent 4100 MP-AES wavelengths and calibration parameters 
selected for analysis 

Element Wavelength 
(nm)

Read time 
(s)

Nebulizer 
pressure (kPa)

Background 
correction

Ca 430.253 3 240 Auto

K 769.897 3 240 Auto

Mg 383.829 3 240 Auto

Mn 403.076 3 240 Auto

Na 588.995 3 240 Auto

Results

Calibration
The calibration curves for Ca, K, Mg, Mn and Na on the 
MP-AES are displayed in Figure 1. Results show good 
linearity. This highlights the better linear dynamic range 
achieved with the 4100 MP-AES as compared to FAAS. 
Less sample dilutions are then needed when using 
MP-AES avoiding sample contamination and enhancing 
productivity.

Sample analysis
The accuracy of the results obtained by MP-AES 
was evaluated by two methods: i) comparison of the 
MP-AES results with results obtained with another 
analytical technique (FAAS and/or ICP-OES) and ii) 
calculation of z-scores for the MP-AES results with data 
from the inter-laboratory test (reference results and 
corresponding standard deviations).
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Figure 1. Typical MP-AES calibration curves for Ca, Mn, K, Na and Mg



Figure 4. Reference results and Mg concentrations measured in soil extracts 
by MP-AES, ICP-OES and FAAS

Figure 5. Mn concentrations measured in soil extracts by MP-AES and 
ICP-OES (FAAS not determined and no reference results available)

Figure 6. Reference results and Na concentrations measured in soil extracts 
by MP-AES, ICP-OES and FAAS
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Comparison of MP-AES with ICP-OES and/or FAAS
Figures 2 to 6 show for all cations an excellent 
agreement between the 4100 MP-AES results and those 
from other spectrometric techniques. The correlation of 
the analytical results between the different techniques 
was made and linear regressions are observed: 
coeffi cients of determination are 0.995 < R2 < 0.999 and 
the slopes are between 0.969 and 1.043 (Table 5).

Figure 2. Reference results and Ca concentrations measured in soil extracts 
by MP-AES and ICP-OES (FAAS not determined)

Figure 3. Reference results and K concentrations measured in soil extracts by 
MP-AES, ICP-OES and FAAS



Table 5. Coeffi cients of determination (R2) and slope of linear regressions 
between MP-AES results and ICP-OES or FAAS (nd = not determined)

MP-AES vs FAAS MP-AES vs ICP-OES
R2 slope R2 slope

Ca nd nd 0.998 1.038

K 0.999 1.003 0.998 1.029

Mg 0.998 0.988 0.999 0.969

Mn nd nd 0.995 0.986

Na 0.998 1.043 0.999 1.022

Compared to the FAAS, the 4100 MP-AES has signifi cant 
analytical advantages which offer throughput benefi ts 
and limit contamination.

• It is a multi-element method.

• There is no need for any manual predilution of the 
samples with specifi c conditions for each element 
(different modifi ers and dilution factors), because of 
a high linear dynamic range and on-line dilution.

• It avoids technical problems like burner blockage in 
FAAS, despite of a high level of dissolved salt.

Determination of z-scores
For all analytical data obtained with the 4100 MP-AES, a 
z-score is calculated according to the formula:

z-score = (X - Xmean)/SD 
where:  
X = the measured concentration obtained on the 4100 
MP-AES 
Xmean = the mean calculated concentration from the 
inter-laboratory data
SD = the standard deviation calculated from the inter-
laboratory data.
The z-scores calculated from MP-AES results are 
shown in Table 6. All z-scores are <2 for Ca, K and Mg 
confi rming the accuracy of the 4100 MP-AES analytical 
data. For Na, z-scores are <2 for soil 403 (0.97) and 
soil 418 (0.98) but are >3 for soil 421 (4.59) and soil 
423 (3.39). As observed previously, the MP-AES results 
are in good agreement with those obtained by FAAS 
and ICP-OES (Figure 6 and Table 5). The concentration 
of Na is overestimated for all techniques and the high 
z-scores are not related to an analytical bias but to the 

soil extraction procedure. The source of contamination 
of soil extracts with Na is well known and is assigned to 
the manual manipulation of the fi lter paper. To avoid this 
contamination, it is recommended to centrifuge rather 
than fi lter the soil extracts.

Table 6. z-scores calculated with MP-AES results. nd = not determined (no 
available inter-laboratory data).

Soil 403 Soil 418 Soil 421 Soil 423
Ca 0.49 0.04 0.37 0.08

K 0.04 0.79 0.92 1.03

Mg 0.93 0.58 0.13 -0.10

Mn nd nd nd nd

Na 0.97 0.98 4.59 3.39

Conclusion

The analysis of exchangeable cations in 1 M ammonium 
acetate extracted soil samples was conducted using 
the innovative microwave plasma, the 4100 MP-AES. 
The results show good agreement with values from 
inter-laboratory tests and with results obtained by 
well-proven techniques such as FAAS and ICP-OES. 
This confi rms the suitability of the 4100 MP-AES to this 
application. 

Furthermore, MP-AES offers a number of advantages 
compared to more traditional well proven techniques: 

• Enhanced productivity — with safe, reliable, 
unattended multi-element analysis, the sample 
throughput of MP-AES is more than twice that of 
conventional FAAS systems. 

• High-performance — the magnetically-excited 
microwave plasma source provides improved 
sensitivity, linear dynamic range, and detection 
limits compared to FAAS.

• MP-AES eliminates the need for costly consumables 
such as hollow cathode lamps and deuterium lamps 
for background correction, while avoiding burner 
blockage.

• The cost of ownership associated with MP-AES 
is low by avoiding the need for on-going supply of 
fl ammable or expensive gases such as acetylene, 
nitrous oxide and argon.

6



Bibliography

1. Matula, J. (2009). A relationship between multi-
nutrient soil tests (Mehlich 3, ammonium acetate, and 
water extraction) and bioavailability of nutrients from 
soils for barley. Plant Soil Environ., 55(4), 173–180.

2. Kowalenko, C. G. (2004). Determining nutrients 
available in soils, in ‘Advanced silage corn management 
book, a production guide for coastal British Columbia 
and the Pacifi c Northwest’. Ed. Bittman, S. & 
Kowalenko, C.G.

3. AFNOR - NF X 31-108 (2002). Soil quality — 
Determination of ammonium acetate extractable Ca++, 
Mg++, K+ and Na+ cations — Agitation method.

7



www.agilent.com/chem
Agilent shall not be liable for errors contained herein or for incidental or consequential 
damages in connection with the furnishing, performance or use of this material.

Information, descriptions, and specifi cations in this publication are subject to change 
without notice.

© Agilent Technologies, Inc. 2012
Published October 16, 2012
Publication number: 5991-0048EN



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K 0
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice




