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FOREWORD

* Due to the many recent technological advances directly appli-
oable to analyses of soil and plants, "Instrumental Methods for

. Analysis of Soils and Plant Tissue' is a very timely and appropri-

ate symposium topic. New instruments have recently been devel-
oped; we are now seeing improvements and additional applications
for instruments in use for several years. Atomic absorption

- spectrophotometry and ion-specific electrodes are among the re-

cent developments which are bringing about nearly revolutionary
changes in plant and soil analysis. The development of the elec-
tron microprobe and its application to study of soil samples have
enabled us to ""'see" and understand soils as never before. Gas
chromatography and fluorometry have greatly extended the range
of our analyses. Their development has added useful tools, espe-
cially in our studies of potential pollutants in waters, which may
have originated from soils. The role of other instruments, such
as neutron activation analysis, is yet to be fully researched or
exploited. - Automation techniques plus new sample extraction and
preparation procedures are allowing more effective use of our in-
struments. Recently we have seen greater interest in and more
use made of plant tissue analysis.

. Instramental analyses are now conducted for purposes other
than diagnosis of nutrient deficiencies and soil fertility evaluation,
such as determination of content of potential pollutants and study
of plant nutrient uptake and metabolic processes.

All of these developments demonstrate the increased impor-
tance and complexity of instrumental analysis. The Soil Science
Society of America is thus pleased to present this publication as
an aid to a better understanding of the use and role of instruments
in soil and plant analysis. The society is grateful to Dr. Leo M.
Walsh, chairman of the organizing committee for the symposium
and also chairman of the editorial committee for this publication,
for the time and effort he has devoted to this activity. We also
express our appreciation to the participants in the symposium and
contributors to chapters of this publication.

February 1971

Ralph J. McCracken, President
Soil Science Society of America



PREFACE

All but three of the papers in this publication were originally
presented at an invitational symposium on Instrumental Methods
for Analysis of Sofls and Plant Tissue during the 1970 annual
meeting of the Soil Science Society of America at Tucson, Arizona,
August 23-28. The papers by R. L. Flannery and D. K. Markus

and J. Kubota and V. A. Lazar were originally published in PartI .
and Part I, respectively, of SSSA  Special Publication No. 2, Sofl -
Testing & Plant Analysis, and were revised for inclusion in this

publication. The paper by J. E. Steckel and R. L. Flannery was

not previously published or presented at a symposium; however, -
it is included here because autoanalysis is an important method 0£

analyzing ‘plant tissue.
The objective of this publication was to compile a series of

papers covering the techniques and uses of various instrumental
methods for analyzing soil, plant tissue, and water. The methods
discussed include many of those presently used in routine analyti~
cal laboratories, as well as a number of relatively new instru- .
mental tachniques which may be used routinely in the future. Re= -
cent developments in instrumentation are now, or likely will be, -
very useful for analysis of potential pollutants and for study of nu-

trient movement and metabolic processes within the plant.

This publication should prove to be very useful for research

scientists, supervisors of analytical laboratories, and extension
agronomists. Also, students in advanced courses in soil chemis-
try and plant nutrition should find the book a valuable reference.

. .The 1970 Committee on Soil Testing and Plant Analysis (S-877)

was charged with the responsibility of organizing the 1970 sympo~

sjum and compiling this publication. The committee wighes to ex~
press appreciation to the program chairmen of the divisions co~

sponsoring the symposium (S-2, Dr. D. H. Brown; S-4, Dr.

W. H. Schmehl; S-8, Dr. R. D. Munson; and C-2, Dr, C. A.

Hanson), to Dr. C. I. Rich, immediate past president of SSSA, and-
to Dr. R. J. McCracken, president of SSSA, for their help and ad-.
vice in accomplishing this work. Dr. J. B. Jones is also ac~. .

knowledged for the early encouragement he provided. Finally, the
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committee is indebted to the headquarters staff of ASA for their
assistance in organizing the symposium and compiling this publi-
cation
February 1971

The 1970 Soil Testing and Plant Analysis Committee (S~-877)

L. M. WALSH, CHAIRMAN
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Conversion Factors for English and Metric Units
and Plant Nutrients

To convert

To convert
column 1 column 2
into column 2, {nto column I,
multiply by Column 1 Column 2 multiply by
LENGTH
. 0.621 kilometer, km mile, mi 1,609
1, 094 meter, m yard, yd 0.914
0. 394 centimeter, cm inch, in 2,54
AREA
0. 386 kilometer?, km? mile?, mi? 2,590
247, 1 kilometer?, km? acre, acre 0. 00405
2,471 hectare, ha acre, acre 0. 405
VOLUME
0. 00973 meter$, m? acre-inch 102, 8
3,532 hectoliter, hl cubic foot, ft* 0. 2832
2, 838 hectoliter, hl bushel, bu 0. 352
0. 0284 liter bushel, bu 35. 24
1,057 liter quart (liquid), gt 0, 946
MASS
1,102 ton(metric) ton (English) 0. 9072
2. 205 quintal, g hundredweight,
cwt (short) 0. 454
2, 205 kilogram, kg pound, lb 0. 454
0.035 gram, g ounce (avdp), oz 28, 35
PRESSURE
14, 50 bar Ib/inch?, psi 0. 06895
0. 9869 bar atmosphere,* atm 1.013
0. 9678 kg (weight)/cm? atmosphere,* atm 1,033
14, 22 kg (weight)/cm? 1b/inch3, psi 0, 07031
14,70 atmosphere,* atm 1b/inch?, psi 0. 06805
YIELD OR RATE
0. 446 ton(metric)/hectare ton (English)/acre 2. 240
0. 891 a Ib/acre - 1.12
0. 891 quintal/hectare hundredweight/acre 1.12
115 hectoliter/ha, hl/ha bu/acre . 0. 87
TEMPERATURE .
(-g- -c) +32 Celstus Fahrenheit $¢F-32)
-17.8C OF
ocC 32F
20C 68 F
100C 212F

PLANT NUTRITION CONVERSION--P AND K

P (phosphorus) x 2,29 = POy
K (potassium) x 1, 20 = K,0

* The size of an ""atmosphere" may be specified in either metric or English units,

AN s s -



« b

CONTENTS

1 Use of Automated Combustion Techniques for Total Carbon,
Total, Nitrogen, and Total Sulfur Analysis of Soils . 1

J. M. BREMNER and M. A. TABATABAI
Total Carbon . . . . e e e e e

2
Total Nitrogem . . . . . . . . . . . . .« . 5 -
Total Sulfur . . . . . . .. . . . . J 0. 9 -
Yk . Summary . e e e e e e e e . . 13
: & Litortture Clted e e e e e e . 14
2. Atomic Absorption and Flame Photometry: Techniques and Uses :
. in Sofl, Plant, and Water Analysis 17 -
ROBERT A. ISAAC a.nd 'JACK D, KERBER
1 ¢ P .
i ‘Atomic Absorption. . . . . S e e e 18
5 _ Principle of eranqn ) . 18
i Advantageous lmrac{eristlca of Atomic Absorption .. 22
o Interferences . . . .. 23

Chemical Interferences C e e e e e e e 23
Ionization Interferences . . . . . . . . . ‘24
Matrix Interferences .- . . . . . . . . . 24
Flame Emission .. . 24
Advantageous Chiaracteristics of Flame Emission . . . 325 _
Interferences--Spectral, Self Absorption, Other . . . 26°
b Go 'Tnternal Stabdards ... . s e ey, 28
Ana\ysia of Plant Tissue--Dry Ashing Procedure e s 3T
Scope, Reagents, Standard Solutions. . . . . . . 27
“xt o Sassple Preparation. - . 28
Atomic Absorption and Flame Emlssion Procedure 1
Analysis of Plant Tissue--Wet Digestion Procedure . . . '. 29
8cope, Reagents, Standard Solutions., ,. . . .. . % 29

e Sample Preparation and Analysis . .. . . . . . 82 ol
e . Analysis of Sofls--Exchangeable Cations . Jl. e el e 32 |
_ Scope . . L . .. 82 E%;
; : Reagents, $ta.ndard Solutious, Sample ,m'eppration, : ‘ff
v Analysis . . . . e e 33 |
Analysis of Soils--Extractable Cations . . . .. . |

Scope . . e ... 38 |

Reagents, Sample Preparauon, Analysis e e T

v




vi

|

CONTENTS

Analysis of Soils~-Acid Dissolution . 34
Scope, Reagents. . 34
Standard Solutions, Sample Preparation Analysls 35
Water Analysis by Atomic Absorption and Flame Emission . 36
Scope, Standards, Sample Preparation Analysis ) 36
Summary . . 36
Acknowledgment . 37
Literature Cited . 37

Specific lon Electrodes: Technigues and Uses in Soil, Plant, and
Water Analysis 39
R. M. CARLSON and D. R. KEENEY

Theory . . - « « .« .+ e e e e e .4l
Applications. . e e 42
Methods of Appucauon RN 42
Reference Electrodes Ly e e e e e 44
IonElectrodes . . . . . . . . .+« « o« . 46
Sodium e e e e e e e e e 46

Potassium . . e e e e e e e 47

Calcfum and Dlvulent . . 49

Chloride, Bromide, and Iodide . 51

Nitrate . . . e 52

Fluoride. . ’ e e e 57
Tetraﬂuoroborate (boron) . . 58

Sflver-sulfide . . e e e e e 60 .

Copper, Lead, and Cadmium e e e e 60

Other Electrodes . . . v e e e 61
Conclusion . . . . . . . . o . o 62
Literature Cited . . . . . . . 63

X-Ray Emission Spectrograph: Techniques and Usu for Plant and
Soil,thdles 87
JOE KUBOTA and VICTOR A. LAZAR

Principle . . . . =« « =« .+ & o« .« . 87
Basic Procedure . . . . « « « ¢ « s+ s+ 89
Elemental Analysis . . . . . . . . ¢ . . . 73
Forage Plante . . . . . . . . .+ « .+ 3
Grain. .~ v e e e e e e e 75
Horucﬁltunl Cropl T 75
‘Woody Plants ., . . . . . . & . . . 76
Manure . . . . . . s e e T e e 77

Sofl Amalysis . . . . . . . . . .« . 78
Discussion . . . . . .« .« .+ o« o+ e e e . 79
Literature Cited . . . . . . . . o . . 81

-



CONTENTS

Simultaneous Determinations of Phosphorus, Potassium, Calcium,
and Magnesium in Wet Digestion Solutions of Plant Tissue by
AutoAnalyzer

JOSEPH E. STECKEL and ROY L. FLANNERY

Instrumentation. s e . . . . . . . . P
Chemistry . e e e e e e
Preparation of Stock Solutious v e e e e e e e e T

Preparation of Reagents

Analytical Method . . . e e e e e
Plant Tissue Ashing Procedure e e e e e
AutoAnalyzer . . e e e .4 o

Results and Discussion - N

AutoAnalysis Determinations(y) vS. Knowu Concentration(x)
HCl1O4 Concentration on Mg Recovery

AutoAnalysis(y) vs. Atomic Absorption Determiuation(x)
AutoAnalysis of Quadruplicate Ashing of Pla.nt Tissues .

Summary . .
Acknowl.edgementa U
Literature Cited . . . . . + . . .« < .+ . .

Determination of Phosphorus, Potassmm, Calcium, and Magnesium
Simultaneously in North Carolina, Ammonium Acetate, and Bray Py
Soil Extracts by AutoAnalyzer

R. L. FLANNERY and D. K. MARKUS

Instrumentation . . . . . . . . . .
Chemistry ' '

Prepdration of Stock Solutions

Preparation of Reagents e e T .
Soil Sample Preparation . . . . . . . . . ..
Soil Sample Extraction . . . . . . . o 7.
AutoAnalyzer e e e e e e e e e
Results and Dlscuasion

Summary . e e e e e e e e e e e
Literature Clted S e R

v o e o

F\uorometry and Nephelometry:  Techniques and Uses in Sou
Plant, and Water Analysis o ‘

R. E. PHILLIPS, J, ervAﬁ‘;Ava. '
M. F. MOULTHROP 1, and.C. M. JOHNSON

. I
. [
oy

P Y

Instrumentation .
Fluorescence: Measurement and Use e e e
The Fluorometer . . . .. . . . . . .

83

97

98
101
101
102
104
104 .
104
105
111

1120y

113

113 .

113

117




- viid CONTENTS

The Nephelometer - . . . . . . . . . . .
‘ -Sources of Informatien. .~-. . . . . . . . .
Applications . . P

Selenium . . Ce e e e

Phosphates and Fluoride

Iron . .

Pesticides e e e e e e e

Soil Incorporators . . . . . . . . .. .
Summary . v e e e e e e e
Literature Cited Ce e e e e e e

8 Gas Chromatography Techniques and Uses in Soil, Plant, and
© " Water Analysis

- " G, CHESTERS, J. G. KONRAD, B. D. SCHRAG
‘ and L. EVERETT

Cost Range of Gas Chromatographic Instrumentation. . . .
Applications of Gas Chromatography . . . Co
Determination of Organochlorine Insecticides .
Determination of Other Halogen-Containing Pestlcides
Determination of Organophosphorus Insecticides
Humic and Fulvic Acid Chemistry
Continuous Elemental Analysis
Determination of Amino Acids .
Determination of Carbohydrates, Amino Sugars !‘atty
Acids, Bteroids and Vitamins . . .o
Determination of Other Plant Components
Analysis of Stable Gases
Analysis of Metals . e e e
. Determination of Chemical Stmcture o e
Auxiliary Analysls and Instmmentauon . .
Summary . . . N
*Aclmowledgments T
Literature Cited - -

.

R
B E Neutron Activation: Techniques and Possible Uses in Soil and
~Plant Analysis’

L LARRY A, HASKIN and KAREN E, ZIEGE

- Principles . . e s e e
Advamages of Neutron Activation Analysis T e
Equipment - . e e .
Sansitlvity and lnterferences . e e e e e
g Thin Target Approximation . . . . . |,
Resonance Neutron Capture
Sensitivity e e e e e
Interferences . . . . . . . .. . %
Treatment of Data co .
Conclusions and Further Considerationa
Acknowledgements . .
Literature Cited

120
121
121
121
123
123
123
124
125
125

129

132
133
133
140
142
144
147
147

148
153
153
155.
159
160
164
164
165

185

185
191
192
195
196
196
199
201
202
205
206
206




™

CONTENTS ix

10 Eleétron Microprobe: Techniques and Uses in Soil and Plant
Analysis 209

H. P. RASMUSSEN and B. D, KNEZEK

The Instrument afd Operation . . . . . . . . . .-°210
Electron Beam Scanning . . . . . . . . . . . . 214
Sample Preparation . . .. . . 215
Electron Microprobe Analysxs of Plants and Soils e e .f'”'ﬂﬁ :
Instrument Limitations . . . . . . . . . . 218.
Instrument Comparisons . . . . . . . . . . . . 220
**"Future Microprobe Analysis . . . .. . . . . . . . 220
“ " Literature Cited . . . . . . . .. ... . . .- 220

-

A8




Use of Automated Combustion Techniques for
Total Carbon, Total Nitrogen, and Total
Sulfur Analysis of Soils!

J. M. BREMNER and M. A. TABATABAI®

Dry combustion techniques have not been used extensively for
total carbon, total nitrogen, or total sulfur analysis of soils, be-
cause the techniques available have been complicated and time-
consuming compared with wet oxidation methods and have not been
suitable for routine analysis of soils. These defects of dry com-
bustion methods of analysis have largely been overcome by the re-
cent development of automated combustion techniques that are very
simple and rapid compared with previous techniques. The purpose
of this paper is to describe automated combustion ifistruments that
have been evaluated for determination of total carbon, total nitro-
gen, and ‘total sulfur in soils and to summarize current information
conocerning use of these instruments for soil analysis.

Correspondence with manufacturers of automated combustion
instruments during preparation of this paper showed that several
instruments besides those discussed here have been used to analyze
soils, but no work to evaluate these instruments for soil analysis
has been reported. Also, the manufacturers' specifications indi-
cate that most of these instruments are designed for analysis of
pire compounds or homogeneous materials having high carbon,
nitrogen, or sulfur contents and are not suitable for: analysis of

sotls: ‘or other heterogeneous materials with low contents of these

elements, - '

1Journal Paper no. J-6685 of the Towa Agriculture & Home Economics Experi-
ment Station, Ames, Iowa. Project no. 1835.

2 Professor and Research Associate, respectively, Department of Agronomy,
Towa State University, Ames, Iowa. ‘ :



2 BREMNER AND TABATABAI

TOTAL CARBON

* The only automated combustion instrument evaluated for total
carbon analysis of soils is the Leco 70-Second Carbon Analyzer
supplied by the Laboratory Equipment Corp., St. Joseph, Mich.
This instrument was designed for total carbon analysis of iron and
steel, but its speed and simplicity make it very attractive for anal-
ysis of nonferrous as well as ferrous materials, and recent work
(26) has shown that it is readily adaptable for determination of total
carbon in soils. ‘

* The Leco 70-Second Carbon Analyzer consists of an oxygen-
purification train, a high-frequency induction furnace, and a carbon
dioxide determinator that utilizes the difference in thermal conduc-
tivity between carbon dioxide and oxygen. In total carbon analysis
by this instrument, the sample is treated in a ceramic crucible
with combustion accelerators (usually iron plus tin and tin-coated
copper) and heated to high temperature (above 1,650C) in a stream
of purified oxygen, the high temperfiture being generated by using
an induction furnace to induce an electrical fieldin the accelerator -
treated sample. The gases evolved are passed through a dust trap
(to remove metal oxides), a trap containing activated manganese
dioxide (to remove sulfur oxides, nitrogen oxides, and halogen
gases), a heated catalyst (hopcalite) tube (to convert CO to COy),
and a trap containing anhydrous magnesium perchlorate (to remove
‘water vapor). The purified COg-Og mixture thus obtained is col-
lected in a cylinder maintained at a constant temperature (45C) and
is analyzed for COg by measuring its thermal conductivity with a
thermistor -type thermal conductivity cell. The gas.collection cyl-
inder is housed in an oven above ambient temperature to eliminate
extraneous temperafure variations that would cause an imbalance in
the thermal conductivity cell. The output of the thermal conduc-
tivity cell is amplified by a DC amplifier, and the output of the am -~
plifier is recorded automatically as milligrams of carbon on a digi-
tal meter. The thermal conductivity cell is balanced so that, with
pure oxygen in the cylinder, it gives zero output on the digital
meter. With the instrument thus balanced, the output of the cell
as measured on the meter is proportional to the amount of COs in
the cylinder. This thermal-conductivity technique has important
advantages over previous methods of determining COg, and the en-
tire analysis procedure is rapidand simple. The analyzer functions
automatically once the accelerator -treated sample is placed in the
induction furnace and the cycle switch is pressed to initiate the se-
quence of operations. Before use, the analyzer is calibrated with
carbon standards. The metallic—carbon standards supplied by the
Laboratory Equipment Corp. are convenient for this purpose,

Figure 1 and Table 1 show results obtained in work to evaluate
the Leco 70-Second Carbon Analyzer for total carbon analysis of
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Fig. 1-Results of total carbon mlysis of 46 soils by Leco 70-Second Carbon
Analyzer versus results by Allison method (26)

»

Table 1 —Compariaon of resmilts obtainedin total carbon analysis of nolls by Leco
70 -Second Carbon Analyzer and by wet combustion method of A}llson (28)

No. of Total C content, %t
Sofl Method* analyses Mean - 8D
Buckner L ) 0.32 0,02

' A 5 0.31 0.02

da L 8 1.10 0.02
- A 6 1.18 0.93

Hayden L 8 3.06 0,02

A 6 3.07 0.02

Oxbowt L S 3.36 0.03

A 5 3.38 0.03

Glenooe L 8 8. 80 0.13

A 6 8.67 0.13

Peat L 5 34.2 0.25

: A 5 33.5 0. %0

* 1, Leco.C Anbzeﬁ A, Allison method (1).
t+ Pive anslyses, 8D, standard deviation,
1



4 BREMNER AND TABATABAI

soils (26). The 46 soils used in this evaluation were selected so
that they differed markedly in organic-matter content (0.3-34%
organic C), texture (2-94% sand, 1-43% clay), and carbonate con-
tent (0-26. 5% CaCOg), and the total carbon values obtained in anal-
ysis of these soils by the Leco Analyzer were compared with those
obtained by the wet combustion method of Allison (1), which has
gained acceptance as a reliable method of determining total cdrbon
in soils. The data reported show that the total carbon values ob-
tained by the Leco Carbon Analyzer agreed closely with those ob-
tained by Allison's method and that the Leco method of analysis was
at least as precise as Allison's method. Other studies performed
in the work quoted showed that the Leco 70-Second Carbon Analyzer
gives quantitative recovery of carbonate-C and that the results of
soil analysis by this instrument are not afiected by the presence of
substantial amounts of chloride. A study of the effect of sample
mesh-size on total carbon analysis of mineral soils by the Leco
Analyzer showed that the precision of the results obtained with this
instrument usually increased with a decrease in soil mesh-gize but
that, with most soils studied, the results with <40-mesh soil were
almost as precise as those obtained with <100-mesh or <300-mesh
soil (Table 2). Soil samples containing 2-10 mg of carbon (usually
0.2-0.3 g of mineral soil) were found satisfactory for total carbon
analysis by the Leco Analyzer. With several soils, incomplete
combustion was observed when the amount of soil taken for analysis
exceeded 0. 5 g or contained more than 12 mg of carbon.

Total carbon analysis of soils with the Leco 70 -Secand Carbon
Analyzer is very simple and rapid, and a single operator can easily
perform more than 150 analyses in a normal working day (including
weighing of soil samples). Well over 250 analyses of preweighed
samples can be performed within 8 hours.

Preliminary work in our laboratory indicates that the Leco
Carbon Analyzer can be used satisfactorily for determination of

Table 2 — Effect of sample mesh-size on total carbon analysis of soils
by Leco 70-S8econd Carbon Analyzer (26)

s le Total C content by Leco Analyzer, %*
Soil mesh-size Mean SD
Lindley 10 1,29 0,11
40 1,33 0,03
100 1. 36 0.01
Sharpsburg . 10 2. 36 0. 06
: 40 2,31 0.02
100 2.29 0.02
300 2,28 0.01
Grundy - 10 2,63 0. 04
40 2,68 0. 04
100 2,66 0,03
300 2,64 0.03

* Five analyses, SD, standard deviation,
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organic carbon in soils andsoil extracts if the sample is pretreated
with dilute HCl to remove carbonate-C and subsequently dried be-
fore analysis.
Morris and Schnitzer (20) have used an Aminco C and H Analy-
" zer (American Instrument Co., Inc,, Silver Spring, Md.) with auto-
matic readout of CO2 for determination of carbon in soil extracts,
but no evaluation of this instrument for soil analysis has been re-
ported.

TOTAL NITROGEN

The only automated combustion instruments thus far evaluated
for total nitrogen analysis of soils are the Nitrogen Analyzers sup- -
plied by Coleman Instruments, Inc,, Maywood, Ill. These analyzers
are automated Dumas combustion instruments, and three models
are available (see Table 3 for specifications).

The original Coleman Nitrogen Analyzer (Model 29) is an auto-
matic micro-Dumas apparatus that corresponds very closely to the
prototype designed and described by Gustin (11). In total nitrogen
analysis with this instrument, the sample is mixed with combustion
catalyst (usually CuO) and heated to above 900C in a quartz combus-~
tion tube filled with catalyst. This heating to pyrolyze the sample
is carried out in an atmosphere of high-purity CO2, and the gases
evolved are swept by purified COg through a post-heater tube con-
taining Cu in the first half of its length and CuO in its terminal sec-
tion, This tube is heated by an auxiliary furnace sually to 600-
700C), and its function is to reduce oxides of nitrogen to Ng, oxi-
dize any Hg to HaO, and convert CO to CO2. The gas stream from
the post-heater tube passes into a glass nitrometer containing con-
centrated alkali (KOH solution), where it is released from a nozzle
under mercury in the form of a stream of small bubbles,  These
bubbles are brought into contact with the alkali by a magnetic stir-
rer, which ensures complete absorption of CO2, and the N2 collects
in the body of the nitrometer, displacing alkali into a reservoir.
The N2 in the nitrometer is then measured volumetricallyby draw-
ing it into a precisely calibrated stainless steel syringe. The

Table 3 - Coleman Nltrogen Analyzers (mpanufacturer's specifications)

] ] Apalyzer model

Specification 29 29A 29B
Sample size, » ) 2-50 25-500 2-500
Maximal amowgt of N {n sample, mg 4 40 4
Capacity of nitrometer syringe, ml 5 S0 5 -
Reproducibility of nitrometer syringe, uliters +2 +10 *2
Operating cycle, min 8 12 © 12
Readout Digital Motor-driven.  Digital

: : ) counter digital counter - cotnter
Number of analyses per hour 4-5 3-4 . 34
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