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06 Energy Dispersive XRF in Soil Analysis for the  
 Agrifood Sector

Karen Daly, Maame Croffie, Owen Fenton, Anna Fenelon,  
and Paul N. Williams
In the agrifood sector, soil sampling and analysis is a prerequisite for  
accurate fertilizer management and to monitor the accumulation of 
heavy metals in soils. In this study, energy dispersive X-ray f luorescence 
(EDXRF) was used to analyze soils with variable textures (clay and  
sandy) and the percent recovery of elements was compared, as a 
measure of accuracy.

13 Polychromatic and Microfocused X-ray Radiation for  
 Traceable Quantitative X-ray Fluorescence Analysis

Yves Kayser, Rainer Unterumsberger, André Wählisch,  
Karina Bzheumikhova, Philipp Hönicke, Claudia Zech,  
and Burkhard Beckhoff  
In X-ray fluorescence (XRF) analysis, physical traceability chains are  
used to quantify the absolute elemental content in a sample. The  
physical traceability chain relies on absolute knowledge of the X-ray  
spectral distribution used for the excitation of the instrument and is  
currently used at synchrotron radiation facilities. Here, we discuss the 
transfer of the physical traceability chain to laboratory-based X-ray  
sources, which are often polychromatic, with the view to generate  
wider application of quantitative XRF analysis.

17 Small-Angle X-ray Scattering from Lamellar Structures
N. Sanjeeva Murthy, W. Joshua Kennedy, Hilmar Koerner,  
and David Grubb
Lamellar structures, which are common in many polymeric materials  
and biological tissues, can diffract X-rays and give rise to reflections  
at small scattering angles. Analysis of these scattering features can  
be used investigate the deformation of lamellar structures at the  
microstructural length.

23 Application of Wavelength Dispersive X-ray  
 Fluorescence to Agricultural Disease Research

Vivek K. Singh, Neha Sharma, and Virendra K. Singh
In these studies, wavelength dispersive X-ray f luorescence (WDXRF)  
was used to examine dif ferences in the elemental composition of  
agricultural samples, comparing healthy and diseased samples of  
okra, papaya, and rice. Both the mineral nutrient profiles (macro  
and micronutrients) and toxic metals were examined, revealing  
common patterns.
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Energy Dispersive XRF in Soil 
Analysis for the Agrifood Sector

Energy dispersive X-ray fluorescence 
(XRF) has many applications in geo-
sciences and geology, but for soil sci-
entists, the technique is not as widely 
used as conventional methods involv-
ing acid digestion and inductively 
coupled plasma–optical emission 
spectrometry (ICP-OES) for elemen-
tal analysis. In the agrifood sector, soil 
sampling and analysis is a prerequisite 
for accurate fertilizer management, 
essentially to ensure that applications 
meet the nutritional demands of crops 
and grazing animals, but also to moni-
tor the accumulation of heavy metals 
in soils receiving bio-solids and other 
recycled products. At Teagasc, our 
laboratories have a long history of soil 
analysis using traditional methods, but 
have recently looked to energy disper-
sive X-ray fluorescence (EDXRF) for 
soils, crops, and fertilizer products.  
This article describes EDXRF analysis 
of soils with variable textures (clay 
and sandy) and compared the per-
cent recovery of elements as a mea-
sure of accuracy. Particle-size effects 
were observed in sandy soils, which 
compromised the accuracy of results.  
To improve accuracy, matching librar-
ies using certified reference materials 
(CRM) were applied; however, this did 
not improve results when elements 
were present in low concentrations,  
indicating that the method is potentially 
more reliable for contaminated soils. 

Karen Daly, Maame Croffie, Owen Fenton, Anna Fenelon, and Paul N. Williams 

Regular soil sampling and 
analysis is required to main-
tain soil fertility and animal 

health. Often, this includes multi-
elemental analysis, including major 
nutrients, trace elements, and heavy 
metals, especially in areas of soil con-
tamination and for remediation work. 
Conventional methods for total ele-
ment concentrations in soil require 
acid digestion and combustion that 
generate hazardous waste and dis-
posal costs, adding to the overall costs 
of analysis. Optical sensing and X-ray 
spectrometry have grown in popular-
ity as both a surrogate for acid diges-
tion methods and a “green chemistry” 
alternative that avoids chemical waste.  
At Teagasc, we have examined the 
potential for energy-dispersive X-ray 
fluorescence (EDXRF) spectroscopy to 
quantify element concentrations across 
a range of sample types, namely soils (1),  
milk powder (2), and grass (3,4),  
as well as recycled products from waste 
streams of the dairy industry (5).

In this article, we describe the ap-
plications of benchtop EDXRF in soil 
analysis to determine elements rel-
evant in agriculture. Typically, soil is 
a complex material and extremely 
heterogeneous, and we rarely handle 
the per fect homogenous sample.  
The soil matrix depends on the sam-
ple’s spatial occurrence in the land-
scape, the interactions with climatic 

conditions, degree of weathering, 
parent material, and management.  
Despite these factors, the basic soil 
matrix is always a mix of sand, silt, clay, 
organic matter, water, and air. Soil sam-
ples presenting in our laboratories can 
be expected to span the full range of 
texture classes from sandy to clay to silt-
based textures, with a range of organic 
matter and distribution of elements 
(including nutrients, trace elements,  
and heavy metals).

Our laboratory is equipped with a 
benchtop Rigaku NEX CG EDXRF sys-
tem that is fitted with a Pd X-ray tube 
and silicon drift detector. This system 
uses secondary targets in Cartesian 
geometry for indirect excitation, to im-
prove the sensitivity of trace element 
analysis by reducing the background 
intensity. Rapid quantification of ele-
ment concentration can be achieved 
with the fundamental parameters (FP) 
program; however, improving the ac-
curacy of the system allows us to adjust 
FP results with matching libraries com-
prised of samples with known values. 
Typically, we check the reliability of our 
EDXRF system by running a library cali-
bration of pure elements on a weekly 
basis to check for instrument drift.

Sample Preparation 
and Soil Texture
Soils that are presented in our labora-
tories for extraction and analysis are 
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typically dried and sieved to 2 mm be-
fore being suspended in an acid mix. 
The first step in evaluating EDXRF as 
a potential tool was to examine the 
effect of sample preparation on the 

percent (%) recoveries of a range of el-
ements. The options for preparing soil 
samples include loose powder (2 mm 
sieved), pressed pellet, or a pressed 
pellet with a binder added (Figure 1). 

The soils in this study were known 
samples from an interlaboratory ex-
change program. The laboratories at 
Teagasc participates in the Interna-
tional Soil-Analytical Exchange (ISE) 
program, where registered laborato-
ries receive and analyze samples as 
part of an interlaboratory comparison 
to test analytical proficiency. The sam-
ples originate from the Wageningen 
Evaluating Programs for Analytical 
Laboratories (WEPAL) and are ac-
companied by a database of elemen-
tal concentration and texture class. 
For this study, we used four WEPAL 
samples with different soil textures 
(sand, sandy clay, and clay), prepared 
them as loose powder (LP), pressed 
pellets (PP), and pellets pressed with 
binder (PPB) before scanning. With the 
EDXRF system, preparing samples as 

(a) (b) (c)

FIGURE 1: Common methods for soil sample preparation using low and high pressure 
for analysis on X-ray fluorescence (XRF) spectroscopy (a) loose powder (LP), 200 inch-
pounds (in-lb) pressure added for 30 s; (b) pressed powde r pellet (PP), 15 tons pres-
sure added for 30 s; (c) pressed powder pellet with wax binder (PPB), 20 tons pressure 
added for 30 s.

TABLE I: A comparison of mean recoveries (ratio of observed result to expected result) against certified concentration 
of elements in International Soil Exchange standards measured with the fundamental parameters (FP) and matching 
library (ML) on for soil analysis using energy-dispersive X-ray fluorescence (EDXRF).  Reference value denotes concen-
tration in mg/kg of Cr, Ni, Mn, Mg, Zn, P, S, Pb, and Cu in reference material. 

ISE Sample

Zinc Lead

Certified 
Concentration

(mg/kg)

FP Recovery
(%)

ML Recovery
(%)

Certified 
Concentration

(mg/kg)

FP Recovery
(%)

ML Recovery
(%)

989 1037 102 106 296.6 109 106

890 18.11 155 156 10.2 133 134

846 28.44 128 132 12.01 134 131

857 104.1 107 111 37.98 118 111

885 56.45 111 114 20.27 122 120

864 47.82 122 127 26.8 121 117

866 104 104 108 37.15 114 111

993 160.5 131 133 80.91 118 110

851 113.4 113 116 27.15 120 116

876 79.66 108 112 19.16 119 114

997 23.28 135 137 21.77 124 120

862 30.57 149 152 20.79 132 125

850 17.7 121 133 7.09 165 179

871 125.9 114 118 101.9 104 102

848 149.4 106 110 41.42 115 109

909 69.6 105 108 25.96 110 103

863 228.1 104 108 77.71 115 110

874 21.68 136 136 6.21 165 157

869 92.09 106 110 37.42 118 115

900 75.98 109 115 30.92 114 114
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loose powder requires filling special-
ist plastic sample cups with 8 g of 
soil, whereas making pressed pellets 
requires 15 metric tons pressure ap-
plied to the same weight of soil using 
a manual hydraulic press. The third ap-
proach involved mixing 8 g soil with 
a binder (Fluxana Cereox wax binder) 
before pressing with 20 tons pressure 
to create the pellet. 

Each of the four WEPAL samples 
were prepared using three dif fer-
ent sample preparation methods 
outlined above, and scanned using 
the Rigaku NEX CG system. Element 
concentrations were determined 
using fundamental parameters (FP),  
and used to calculate percent recover-
ies as a benchmark or measure of ac-
curacy. Recoveries (expressed as a %)  
are used here to compare EDXRF re-

Pressed pellet with binder Loose powder Pressed pellet

Fe
K

Mn

Ni

Pb

Al

CaCr

Cu

Mg

S

P

Zn 800

600

400

200

Fe
K

Mn

Ni

Pb

Al

CaCr

Cu

Mg

S

P

Zn 800

600

400

200

Fe
K

Mn

Ni

Pb

Al

CaCr

Cu

Mg

S

P

Zn 800

600

400

200

clay 1 clay 2 sandy clay sand 100% recovery

FIGURE 2: Effects of sample preparation on EDXRF analytical results using el-
emental recovery as a measure of accuracy with 100% recovery as the bench-
mark. All samples are from ISE archives (n = 4). (a) Pressed pellet with binder; 
(b) loose powder; (c) pressed pellet. For each subfigure the samples measured 
include: (green solid line) clay 1 (ISE 952); (black solid line) clay 2 (ISE 961); 
(broken purple line) sandy clay (ISE 992); and (broken red line) sand (ISE 995). 
The dotted black circle in the center represents 100% recovery levels. 

TABLE I (CONTINUED): A comparison of mean recoveries (ratio of observed result to expected result) against certified 
concentration of elements in International Soil Exchange standards measured with the fundamental parameters (FP) 
and matching library (ML) on for soil analysis using energy-dispersive X-ray fluorescence (EDXRF).  Reference value 
denotes concentration in mg/kg of Cr, Ni, Mn, Mg, Zn, P, S, Pb, and Cu in reference material. 

Manganese Nickel

ISE Sample
Certified 

Concentration
(mg/kg)

FP Recovery
(%)

ML Recovery
(%)

Certified 
Concentration

(mg/kg)

FP Recovery
(%)

ML Recovery
(%)

989 1104 109 110 60.64 109 107

890 75.09 194 210 11.79 159 149

846 238.4 113 116 10.61 191 180

857 788.2 106 107 28.29 119 115

885 735.6 100 102 24.57 122 118

864 222.4 136 137 6.59 181 168

866 605.5 105 108 21.27 121 119

993 281.9 161 158 36.45 137 129

851 734.4 108 105 50.12 116 111

876 730.9 109 111 111.6 111 110

997 245.8 154 156 9 166 163

862 218.2 191 192 7.2 188 172

850 80.29 130 146 8.49 N/A N/A

871 495 113 114 33.53 123 120

848 1332 99 102 37 116 114

909 387.5 102 102 40.76 107 104

863 456.3 108 110 53.14 109 106

874 210.7 164 168 27.41 161 151

869 532.9 112 113 24.84 120 122

900 1078 113 114 43.96 119 113
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TABLE I (CONTINUED): A comparison of mean recoveries (ratio of observed result to expected result) against certified 
concentration of elements in International Soil Exchange standards measured with the fundamental parameters (FP) 
and matching library (ML) on for soil analysis using energy-dispersive X-ray fluorescence (EDXRF).  Reference value 
denotes concentration in mg/kg of Cr, Ni, Mn, Mg, Zn, P, S, Pb, and Cu in reference material. 

ISE Sample

Copper Magnesium

Certified 
Concentration

(mg/kg)

FP Recovery
(%)

ML Recovery
(%)

Certified 
Concentration

(mg/kg)

FP Recovery
(%)

ML Recovery
(%)

989 152.3 111 107 11426 102 87

890 8.96 218 210 312 496 432

846 20.17 150 146 4529 152 140

857 20.36 161 166 9059 114 97

885 13.43 171 167 3682 173 140

864 17.88 158 160 842 312 265

866 13.47 163 160 3195 161 134

993 61.42 141 136 716.7 252 215

851 44.23 138 141 10537.6 108 93

876 27.81 161 162 21042 100 87

997 6.01 248 236 618.3 304 243

862 13.42 206 200 508.9 311 258

850 5.06 306 356 4843.5 127 122

871 86.18 124 124 5778 148 122

848 32.61 142 142 6958 154 129

909 39.66 120 115 9456 114 93

863 35.69 163 149 7650 109 89

874 7.77 203 215 8988 176 163

869 11.95 181 165 8594 118 100

900 26.55 147 140 9851 126 104

(a) (b) (c) (d)

Certi�ed concentration (mg/kg)
Certi�ed concentration (mg/kg)

Certi�ed concentration (mg/kg)
Certi�ed concentration (mg/kg)
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FIGURE 3: Scatterplot of (a) Zn, (b) Pb, (c) Mn, and (d) Ni concentration against recovery in different soil types of ISE 
samples (n = 20) comparing fundamental parameters (FP)-derived results and matching library (ML)-adjusted analytical 
results on the energy-dispersive X-ray fluorescence spectrometer. The solid line denotes the target value of 100% recov-
ery and the gray shaded region denotes the acceptable limit of ±20%. Yellow shading represents an acceptable range of 
element concentrations in European regulation 86/278/EEC.
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sults with “true totals” provided by 
ISE laboratories based on total acid 
digestion using hydrofluoric acid,  
and other acid mixtures of HNO3 and 
other chemicals, including (but not 
limited to) HCl, HClO4, and H2SO4.

% recovery =
(EDXRF concentration/ISE value) * 100 

 [1]

Taking a 100% recovery as a bench-
mark and allowing a deviation of 
±20%, we saw a wide range of recover-
ies from 87 to 708% across a range of 
elements, soil textures, and samples 
types. Element concentrations of K, 
Fe and Zn, Al, Pb, Mn, Ca, and Ni fell 
with the acceptable range (±20%),  
regardless of sample preparation  

(LP, PP, or PPB) for all of the ISE 
samples, except the sand sample.  
From this, we concluded that soils 
with clay or silt clay texture do not 
require high-pressure sample prepa-
ration methods, and can be analyzed 
as loose powders. However, the same 
cannot be said for sandy soils. In our 
study, the highest recovery of 708% 
was recorded for S in the sandy soil 
when prepared as a pressed pellet,  
and recoveries of >120% were re-
corded for Cu, Ca, Cr, Mg, and P, ir-
respective of sample preparation in 
the sand sample. Large-particle-size 
fractions in soils, such as sand (quartz), 
reduce the intensities reaching the 
detector, thereby limiting the accu-
racy of EDXRF for these particular  
soil textures. 

In our study, particle size effects 
were not removed after pelletizing 
samples. Fur thermore, preparing 
sandy soils as pressed pellets re-
sulted in surface irregularities and 
heterogeneity, which could have an 
impact on accuracy of EDXRF element 
concentrations. Although preparing 
sandy soils as loose powders did not 
meet percent recovery thresholds of 
100±20%, they did not deviate more 
than five times above the benchmark 
as the PP (Figure 1). A visualization of 
the results is shown in Figure 2. As a 
general rule for the clay and silt clay 
textured soils in this study, preparing 
soils as PPB is the best suited sample 
preparation method and provided 
the best accuracy as measured by the  
percent recoveries.

TABLE I (CONTINUED): A comparison of mean recoveries (ratio of observed result to expected result) against certified 
concentration of elements in International Soil Exchange standards measured with the fundamental parameters (FP) 
and matching library (ML) on for soil analysis using energy-dispersive X-ray fluorescence (EDXRF).  Reference value 
denotes concentration in mg/kg of Cr, Ni, Mn, Mg, Zn, P, S, Pb, and Cu in reference material. 

Chromium Phosphorus

ISE Sample
Certified 

Concentration
(mg/kg)

FP Recovery
(%)

ML Recovery
(%)

Certified 
Concentration

(mg/kg)

FP Recovery
(%)

ML Recovery
(%)

989 254.8 92 77 2694 105 74

890 37.08 262 236 531.8 691 503

846 24.41 159 131 336.3 193 150

857 78.01 117 98 831.8 142 103

885 80.03 125 103 655.9 195 141

864 48.07 172 146 1362.6 362 259

866 77.3 117 96 447.4 217 153

993 132.8 181 157 1031 294 215

851 103.3 118 110 1414.9 107 78

876 185.8 93 76 726.9 114 82

997 44.91 265 222 498.9 354 245

862 38.81 289 239 1034 484 328

850 19.29 180 163 162.9 166 137

871 85.5 139 120 1284 131 92

848 81.73 147 120 2614 129 90

909 109.6 96 79 1270 90 64

863 126.3 117 96 1282 105 73

874 129.5 114 98 553.1 192 140

869 79.32 121 93 643.1 148 108

900 112.9 119 98 1066 149 106
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Low Concentration of Elements
Once a method of preparing samples 
was established, we then examined 
elements that required some correc-
tion factors or calibration in XRF to 
bring the values closer to the true re-
sults,. The elements examined in this 
instance were Cr, Cu, S, P, and Mg. 
As there were no standards for soil 
samples to evaluate the best sample 
preparation method for agricultural 
soils, we used certified reference ma-
terials (CRMs). In this case, CRMs are 
soils with certified values of elements 
and information around texture class. 
The accuracy of EDXRF was expressed 
as the percent recovery—that is,  
the ability of EDXRF to fully “recover” 
or determine the element concentra-
tion compared to the certified or actual 
reference concentration in the CRM.  
The EDXRF system allows us to enter re-
sults of CRM, and stores them as match-
ing libraries that can be used to augment 
or adjust concentrations generated from 
the built-in FP algorithm. We sourced 
four CRMs, one of which was a contami-
nated soil with high concentrations of 
trace elements; the other CRM were se-
lected to represent low and moderate 
concentrations of elements. 

For this study, 20 ISE samples from 
WEPAL prepared as pressed pellets 
with binder were measured on the 
EDXRF instrument and concentrations 
generated with and without a match-
ing library were compared for each of 
the elements—P, S, Cr, Cu, and Mg.  
Without any correction with matching 
libraries, the concentrations exceeded 
the 120% recovery limit when compared 
with true values, especially at low con-
centrations of these elements. In our 
study, the lower the element concentra-
tion in soil, the greater the difference was 
observed from the boundary values for  
percent recoveries (Figure 3). 

At low element concentrations, 
the intensities of an element line 
can be obscured by background in-
tensities, especially for soils with 
“trace” amount of elements present.  

TABLE I (CONTINUED: A comparison of mean recoveries (ratio of observed result 
to expected result) against certified concentration of elements in International Soil 
Exchange standards measured with the fundamental parameters (FP) and matching 
library (ML) on for soil analysis using energy-dispersive X-ray fluorescence (EDXRF).  
Reference value denotes concentration in mg/kg of Cr, Ni, Mn, Mg, Zn, P, S, Pb, and 
Cu in reference material. 

Sulfur

ISE Sample Certified Concentration 
(mg/kg)

FP Recovery
(%) ML Recovery (%)

989 1433 112 99

890 255.4 705 620

846 205.2 207 203

857 1142 113 100

885 288.9 190 171

864 396.3 362 321

866 209.6 197 181

993 1476 417 357

851 682.9 131 117

876 199.5 145 137

997 925.6 484 424

862 251.4 501 425

850 430.9 167 161

871 400.5 167 151

848 299.6 181 163

909 1896 96 82

863 603.5 113 96

874 2831 105 99

869 1298 117 104

900 367.7 173 153

(a) Cu (b) Mg* (c) Cr

(d) P (e) S (f) P (f) S

Certi�ed concentration (mg/kg) Certi�ed concentration (mg/kg) Certi�ed concentration (mg/kg)

Certi�ed concentration (mg/kg) Certi�ed concentration (mg/kg) Certi�ed concentration (mg/kg)
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FIGURE 4: Scatterplot of (a) Cu, (b) Mg, (c) Cr, (d) P, (e) S, and (f) P and S concentra-
tion against recovery in different soil types of ISE samples (n = 20) comparing fun-
damental parameters (FP)-derived results and matching library (ML)-adjusted ana-
lytical results on the energy-dispersive X-ray fluorescence spectrometer. The solid 
line denotes the target value of 100% recovery, and the gray shaded region denotes 
the acceptable limit of ±20%. All units are in mg/kg, except Mg, which is in g/kg. ● Continued on Page 22
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Polychromatic and Microfocused X-ray 
Radiation for Traceable Quantitative 
X-ray Fluorescence Analysis 

X-ray fluorescence (XRF) analysis 
is used in environmental, geologi-
cal, and biomedical applications for 
the elemental speciation of samples.  
Chemical or physical traceability chains 
are used for the quantification of the 
absolute elemental content within a 
sample; they also assess, in a reliable 
manner, the chemical composition of 
a sample to possibly meet regulatory 
requirements. The physical traceabil-
ity chain relies on absolute knowledge 
of the X-ray spectral distribution used 
for the excitation of the XRF instrument 
and is currently used at synchrotron ra-
diation facilities. We discuss the trans-
fer of the physical traceability chain 
to laboratory-based X-ray sources,  
which are often polychromatic, with the  
view to generate wider application of 
quantitative X-ray fluorescence analy-
sis. Furthermore, the combination with 
micro-focusing optics enables the ex-
tension of these capabilities to spatially 
resolved measurements such that sam-
ples can be investigated in more detail 
in cases where localized measurements 
are required of individual structures or 
of cells stemming from organic tissue.

Yves Kayser, Rainer Unterumsberger, André Wählisch,  
Karina Bzheumikhova, Philipp Hönicke, Claudia Zech, and Burkhard Beckhoff  

Quantitative X-ray fluores-
cence (XRF) analysis provides 
traceable access to the abso-

lute elemental composition of a sample 
in terms of elemental mass deposition 
(number of atoms per unit area) of the 
different chemical elements detected.  
One way to quantify the elemental com-
position of a sample in absolute terms 
is using calibration samples to account 
for unknown instrumental sensitivity.  
The peculiarity of this approach is that the 
selected calibration or reference samples 
need to be representative of the sample 
under investigation in terms of elemental 
composition and concentration (sample 
matrix) and to some extent the morphol-
ogy as well, to ensure comparability. Alter-
natively, an internal standard mixture with a 
predetermined composition can be added 
to the sample of interest, but care has to be 
taken to ensure homogeneous intermixing 
and to use nontoxic and nonvolatile ele-
ments that do not have characteristic X-ray 
lines in the vicinity of the elements that 
are being quantified. The reference-free 
approach described here is based on a 
physical traceability chain and relies solely 
on the use of calibrated instrumentation.

In the reference-free XRF quantifica-
tion scheme (1), (radiometrically) cali-
brated instrumentation and knowledge 
of atomic fundamental parameters (FPs) 

involved in the production of X-ray 
fluorescence is used to derive the ele-
mental mass deposition from the mea-
sured count rate of the characteristic 
lines of one element. The atomic FPs, 
such as photoionization cross-sections 
and fluorescence yields, are element-
dependent and also largely energy-
dependent, but can be taken from lit-
erature databases (2) or determined by 
means of dedicated experiments (3,4). 
To excite the XRF, tunable monochro-
matic synchrotron radiation is used,  
of which the spectral distribution is 
well-known through the characteriza-
tion of the beamlines used, whereas 
the use of radiometrically calibrated 
photodiodes provides access to the 
photon flux incident on the sample. 
For detection of the fluorescence ra-
diation, a radiometrically calibrated sili-
con drift detector (SDD) and calibrated 
apertures are used, such that the de-
tection efficiency and the solid angle 
of detection are accurately known. 
Following a deconvolution of the mea-
sured XRF spectra and using only phys-
ical contributions to describe possible 
background radiation underlying the 
characteristic X-ray lines, solving the 
Sherman equation (5) makes it possible 
to obtain an elemental mass deposition 
from the modeled count rate. 



14  X-Ray Spectroscopy Methods & Applications   November 2021 www.spectroscopyonline.com

FEATURED ARTICLE

Reference-Free Quantification  
in Conjunction with  
Polychromatic X-ray Radiation
The use of monochromatic X-ray ra-
diation has several characteristics, 
which distinguishes its use cases from 
those of polychromatic radiation.  
For example, the tunability of mono-
chromatized synchrotron radiation may 
be used to selectively induce or sup-
press individual electronic transitions.  
Conversely, polychromatic radiation can 
be used to ensure simultaneous and ef-

ficient excitation of a multitude of differ-
ent chemical elements. Exemplary fluo-
rescence radiation intensities are shown 
in Figure 1 for a thin copper foil excited 
by calculable dipole-white light (dashed 
blue line) and excited by monochroma-
tized synchrotron radiation (solid red 
line). Even though the peak intensity is 
far lower for the polychromatic excitation 
condition (mainly because of the utiliza-
tion of a small aperture), the total inten-
sity exceeds that of monochromatic exci-
tation by almost an order of magnitude. 

Although these differences are im-
portant from a practical viewpoint,  
the physical principles on which a 
quantitative, reference-free analysis 
is based on are identical. In practice, 
a description of the polychromatic 
excitation spectrum from a dedi-
cated dipole-white light beamline 
can be derived from ab initio calcula-
tions (based on Maxwell’s equations) 
quite accurately (6). A reference-free 
quantification utilizing such calcu-
lable polychromatic X-ray radiation 
should produce quantitative results 
with roughly the same accuracy as a 
reference-free quantification based 
on monochromatic X-ray radiation.  
Additionally, it should reveal how the 
reference-free approach could be 
transferred to more commonly available 
X-ray radiation sources, such as labora-
tory setups relying on X-ray tubes.

Toward Reference-Free  
Quantification with Microfocused  
Polychromatic Radiation
In conjunction with microfocusing optics, 
a transition from quantitative elemental 
analysis towards spatially resolved (quan-
titative) elemental analysis can be real-
ized. Combined with polychromatic X-ray 
sources, achromatic focusing optics such 
as mono- or polycapillary lenses are re-
quired. Depending on the source used, 
either full lenses are needed for point-to-
point focusing or half-lenses are required 
to condense a parallel X-ray beam origi-
nating from a collimated source. Although 
transmission losses in the optics are un-
avoidable, the gain offered in terms of 
photons on the sample per unit time and 
per unit area is a major benefit with respect 
to simpler pinhole arrangements. Further 
benefits of poly- and monocapillary op-
tics are their small dimensions and short 
working distances (typically of the order of 
millimeters), such that compact setups can 
be realized, and their high flexibility with re-
spect to the X-ray source in terms of spatial 
and energetic acceptance. The achromatic 
character of poly- and monocapillary op-
tics make them usable in conjunction with 
polychromatic laboratory-based sources, 
which is greatly beneficial in terms of ac-
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cessibility and flexibility compared to 
synchrotron radiation–based sources, for 
which beamtime can be costly or limited.

In reference-free quantification 
using polychromatic X-ray sources, the 
downside of using focusing optics is 
that the determination of their energy-
dependent transmission character-
istics is rather complex. Indeed, the 
modulation in terms of spectral distri-
bution and intensity of the X-ray radia-
tion incident on the sample needs to 
be measured using adequate detection 
schemes such that a correct model can 
be implemented in the quantification 
scheme. This type of measurement can 
be done using either a photodiode at a 
beamline offering tunable monochro-
matic radiation or using an energy- 
dispersive detector in conjunction with 
polychromatic radiation. In both cases, 
the detectors are positioned directly in 
the incident X-ray beam and measure-
ments with and without the optics are 
performed. When using laboratory 
instrumentation, the second type of 
measurement can be performed (7), 
but the high flux at synchrotron radia-
tion facilities usually limits the charac-
terization of the optics to the first type 
of measurement. For the setup pre-
sented, this part of the characterization 
still needs to be realized.

Position-Resolved XRF Investigations
Experiments were carried out at the 
dipole-white light beamline (6) in the 
laboratory of the Physikalisch-Tech-
nische Bundesanstalt (8). This beamline 
provides a polychromatic excitation 
spectrum corresponding to bending 
magnet radiation with a critical en-
ergy of 2.5 keV originating from a 1.3  
Tesla dipole magnet. A 1.4 mm in diam-
eter pinhole was used to spatially con-
fine the bending magnet radiation and a  
4 µm thick gold filter was used to elimi-
nate visible light while ensuring good 
excitation conditions for mid-Z elements. 

A monocapillary with a platinum 
coating and a gold beamstop was 
used. The optics used had an en-
trance aperture of approximately 1.5 
mm in diameter, an exit aperture of 

about 0.8 mm in diameter, and a work-
ing distance of approximately 14 mm.  
The monocapillary optics were mounted 
on a five-axis piezo manipulator in-
stalled in an ultrahigh vacuum instru-
ment, which can be used as a mobile 
end station at different synchrotron 
radiation beamlines and is similar to 
the one described in the literature 
(9). The required degrees of freedom 

for alignment of the optics are three 
translational and two rotational stages.  
The accuracy provided by piezo mo-
tors is beneficial for the rotational 
alignment of the optics because minor 
misalignments can severely impede 
the transmission of the X-ray radiation.  
The rotational alignment is performed 
with respect to two orthogonal axes, 
which are perpendicular to the incident 
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X-ray beam. The translational alignment is 
first realized with respect to the two same 
axes such that the entrance of the optics 
is positioned centrally in the axis of the 
synchrotron radiation beam. Finally, the 
third translational axis makes it possible 
to adjust the distance between the optics 
and the sample to the working distance 
of the optics. The criteria for optimization 
are minimization of the spot size and en-
hancement of the transmission. The spot 
size can be qualitatively monitored using 
a phosphor screen and a video camera 
system and quantitatively characterized 
using a knife-edge scan that allows for in-
vestigating the beam profile downstream 
of the capillary (Figure 2).

The comparison of fluorescence line 
intensities from a sample detected with 
and without the monocapillary optics 
showed a reduction of the incident 
flux on the sample to approximately 
3% for the aluminum K line and to ap-
proximately 2% for the whole spectrum. 
Note that in the case of measuring 
with monocapillary optics, a large but 
not determined part of the incident ra-
diation is blocked by the housing and 
the central beam stop of the optics.  
For the polychromatic radiation used, 
this reduction corresponds to the con-
volution of the energy-dependent 
transmission and photoionization cross-
section factors such that no direct infor-
mation on the optics can be deduced 
without knowledge of the incident and 
transmitted spectral distributions. 

The alignment of the monocapillary 
optics results in a spot size of about  
24 µm x 3 µm horizontally and vertically, 
respectively. With this beam spot, the 
element distribution of a tin–silver sol-
der bump array with underlying copper 
vias was measured by scanning the lat-
eral motor axes. A sample area of about 
0.25 mm x 0.5 mm was investigated.  
This area includes about 50 solder bump 
structures in a periodic arrangement. 
The different horizontal and vertical spot 
size was caused presumably because 
of non-perfect alignment or different 
horizontal and vertical divergences of 
the dipole radiation, and results in an 
asymmetric shape of the tin–silver struc-

tures in the spatial element distribution.  
To consider the different horizontal and 
vertical spot size in the characterization 
of the structures, a maximum entropy 
deconvolution of the measured element 
distribution and the spot size was per-
formed. Results are shown in Figure 3 for 
the tin fluorescence on the left, and the 
copper fluorescence on the right.

A line cut (subset of the element dis-
tribution) of the lower line is shown in 
Figure 4. From raster scans and closer 
inspection via cuts in the spatial dis-
tribution, a quality inspection can be 
conducted in terms of similarity of the 
different solder bumps or as a void in-
spection. Using intensity variations and 
intensity ratios as fingerprints, possible 
defects and inhomogeneities can be de-
tected. In the case of possible defects,  
larger variations than for perfectly ho-
mogeneous samples must be expected.

Conclusions
To summarize, the route toward refer-
ence-free polychromatic micro-focused 
XRF experiments has been described. 
In the present work, a single-bounce 
monocapillary-focusing optics was used 
in conjunction with the undispersed ra-
diation from a bending magnet. But this 
approach is also realized in combination 
with laboratory-based X-ray sources.  
This way, the route toward reliable, trace-
able quantification schemes can be 
opened up for more commonly available 
instrumentation. The effort for calibra-
tion and characterization is considerable, 
but access to absolute elemental mass 
depositions while using polychromatic 
and micro-focused X-ray radiation pro-
vides more accurate information about 
the local stoichiometry. In addition,  
access to absolute elemental mass de-
positions while using polychromatic and 
micro-focused X-ray radiation leads to 
improved detection sensitivity as com-
pared to monochromatic excitation.  
This information can be relevant in geo-
logical or biological applications as well 
as for technologically relevant samples 
where absolute information about the el-
emental composition can be correlated 
with the functionality of a material. 
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Small-Angle X-ray Scattering 
from Lamellar Structures

Lamellar structures are common in 
many polymeric materials and biologi-
cal tissues. These structures are char-
acterized by alternating layers of dif-
ferent compositions or densities that 
act as electron density gratings that 
diffract X-rays, giving rise to reflections 
at small scattering angles. This paper 
discusses the characteristics of these 
small-angle X-ray scattering patterns, 
relate these parameters to the features 
of the lamellar structure, and describe 
the analyses of these features to inves-
tigate deformations at the microstruc-
tural length scales. Structural models 
generated using known principles of 
lamellar assembly and evolution can 
be refined by comparing the simulated 
and the observed diffraction patterns. 
The method is illustrated using data 
from semicrystalline polymers where 
the contrast arises from the electron 
density differences between the crys-
talline lamellae and the amorphous 
segments. Use of these data to study 
the deformation of lamellae under 
strain is presented. 

N. Sanjeeva Murthy, W. Joshua Kennedy, Hilmar Koerner, and David Grubb 

The fundamental structural 
unit in many cr ystall izable 
polymers is the lamella, con-

sisting of tightly packed polymer 
chains.  Lamellar s t ruc tures also 
occur in block copolymers, in am-
phiphilic molecules such as surfac-
tants and lipids, and in the smec-
t ic and discotic phases of l iquid 
c r ys tals .  Lamellae also occur in 
biological structures—for example,  
lipids are packed as a liquid crys-
talline bilayer in cell membranes, 
on skin, and in the myelin sheath 
around nerve fibers, and collagen 
fibrils are organized into lamellar 
stacks in the cornea. This article dis-
cusses the basic characteristics of 
lamellar structures, and describes 
how disorders in these structures 
manifest in small-angle X-ray scat-
tering (SAXS) patterns. We use the 
data obtained during deformation to 
illustrate the use of SAXS patterns. 

Lamellar phases are 3D layered 
structures. The scattering pattern in 
the lamellar stacks arises from the 
dif ferences in electron density be-
tween the lamellae and the interla-
mellar segments. Lamellar structures 
have 1D quasi- long-range order 
normal to the surface of the lamel-
lae; because of this reduced dimen-

sionality, they have unique physical 
properties and challenging theoreti-
cal descriptions. The methods used 
to investigate lamellar structures are 
quite different from those used for 
studying the more common 3D struc-
tures, and the more recent 2D struc-
tures, such as graphene and ultrathin 
layers of transition metal chalcogen-
ides and MXenes (1,2). 
 
Characteristics of the SAXS 
Patterns from Lamellar Structures
Lamellae arranged in a stack form 
a dif frac tion grating. In oriented 
materials that are discussed here,  
the stacks are preferentially oriented 
(lamellae normal along the z-axis in 
Figure 1), giving rise to a diffraction 
pattern that typically consists two 
spots symmetrically arranged along 
z (Figure 1a). The position of the spot 
from the beam center, defined by the 
scattering angle 2θ or the scattering 
vector q (4π sinθ/λ), is related to the 
spacing Lz between the sheets by 
Bragg’s law, λ = 2Lz sin θ or Lz = 2π/q. 

F igure 1  show s the d i f fe rent 
classes of SAXS patterns that are 
t ypical ly  obser ved for or iented 
specimens. The patterns have been 
shown to arise from different com-
binations of rotations and displace-
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ment of the layers and stacks (3,4). 
The two-point pattern arises from 
lamellae whose surface is perpen-
dicular to the orientation direction 
(Figure 1a). The limited lateral size 
of the lamellar stack spreads the re-
flections along a layer line; imper-
fect orientation adds some rotation, 
giving the appearance of a banana 
pattern. If the layers rotate about 
their lattice point, like the slats in a 
venetian blind, then the reflections 
can spread even more along a layer 
line if the rotation is continuous.  
A four-point pattern results when 
this rotation angle has a preferred 

value (Figure 1b–1d). The angle that 
the lamellae normal makes with 
the or ientation direc tion (z )  and 
ti l t angle, ф, determines the azi-
muthal separation of the reflection 
in the four-point pattern (Figure 1b).  
In addition to the tilt of the lamellae, 
the stack can also rotate (rotation 
angle α). Depending on the sense of 
ф and α, either eyebrow (Figure 1c; ф 
and α in the same direction) or but-
terfly (Figure 1d; ф and α in opposite 
directions) patterns are produced. 

Three parameters, Lz from the po-
sition of the spots along 2θ, ф from 
the position of the spot along the 

azimuth, α from the tilt of the reflec-
tion from the layer line, can charac-
terize the essential features of SAXS 
patterns. Additional parameters are 
required to fully account of the dif-
fuse nature of the reflections. The 
spread or the width of the reflection 
in the radial (2θ) and the azimuthal  
(χ ) directions may correspond the 
height (h) and the width (w), respec-
tively, of the lamellar stacks.

The apparent  s tack rotat ion, 
which splits the lamellar reflection, 
would move the ref lections along 
a circular arc (5,6). But the trajec-
tory of the reflection in all instances 
(Figures 2b–d) is not a circular arc. 
Neither is it a line perpendicular to 
z, which could be because of either 
the spread the reflections along a 
layer line because of limited stack 
width, or to the rotation around the 
center of mass of each lamella at a 
constant Lz. Instead, these reflec-
tions move along an elliptical trajec-
tory (6,7). Such elliptical trajectory is 
predicted by the affine deformation 
of the lattice, which forms the basis 
for the lamellar stack. It is possible 
to obtain an elliptical trajectory by 
a combination of a range of whole-
body, uncorrelated rotations of the 
stacks, and layer l ine spread (8).  
Although one ellipse may be suffi-
cient for two-point patterns, two el-
lipses are required to describe the 
four-point pattern, one for each pair 
of reflections as shown in Figures 1c 
and 1d; this is further discussed later. 
Changes in the ellipticity are related 
to changes in the arrangement of the 
lamellae. Elliptical features are also 
common in mesostructured silica (9), 
laponite clay gels (10), block copoly-
mers (11), and in dif fuse scattering 
from oriented polymer chains (12–14).

Composite Patterns
During Deformation
The patterns are not always simple 
two- or four-point patterns as indi-
cated in Figure 1. Different patterns 
may coexist when the polymer un-
dergoes melting or as it becomes 
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deformed (15). Figure 2 shows the 
changes obser ved during defor-
mation of nylon fibers (16). In this 
experiment, the drawn f iber has 
the four-point pattern. As the fiber 
is s trained by external load, the 
four-point pat tern progressively 
changes to a t wo-point pat tern  
(Figures 2a–2d). At various stages 
dur ing mechanical  loading, the 
four-point and the two-point pattern 
coexist. This can be clearly seen in 
the horizontal 1D traces through the 
lamellar peaks (Figures 2e and 2f ).  
When the load is released, the two-
point pat tern rever ts back to the 
four-point patterns (Figures 2d and 
2g). The two-point pat tern arises 
from the untilted, metastable state 
of the lamellae. The four-point pat-
tern ar ises f rom t i l ted lamellae, 
which are the stable structures in 
relaxed polymers.  Under s t rain,  
the lamellae flip, not gradually but 
suddenly,  to the unt i l ted s tate,  
giving rise to the two-point pattern 
(Figure 2h). Upon removing the load, 
the untitled lamellae f lip back to 
the relaxed tilted state. Similar ob-
servations have been made in poly-
ethylene terephthalate (PET) fibers 
(17,18). It was observed that, during 
cold drawing, the 2-D SAXS pattern 
transformed from a four-point pat-
tern to the coexistence of two- and 
four-point patterns. The disappear-
ance of lamellar peaks in final stages 
of drawing indicated the destruc-
tion of periodic lamellar structures  
caused by the suface fragmentation of  
crystalline layers (18).

SAXS Patterns and
Mechanics of Deformation
The example discussed above re-
veals that detailed study of the SAXS 
pattern during polymer deformation, 
or in general during any structural 
changes (including melting), relates 
to changes at the lamellar length 
scale, and thus can be useful in un-
derstanding the linkages between 
the crystalline and amorphous chain 
segments. Accordingly, the influence 

of micromechanical deformations 
on the bulk mechanical properties 
of the material can be understood. 
Important elements of lamellar de-
formation are chain slip that causes 
lamellar t i l t  (ф),  and s l ippage of 
the lamellae past each other, or 
interlamellar shear that results in 
stack rotation (α) without full body  
rotation (3,4). The two subclasses 

of the four-point pattern, the eye-
brow and butterfly pattern, can be 
explained by invoking chain and la-
mellar slip; the first will cause lamel-
lar tilt that will move the reflections 
of f the z-axis, and the second will 
cause stack rotation that will rotate 
the ref lec tions. If the tilt and the 
rotation are in the same direction, 
the result is the eyebrow pat tern  

Experimental

Experimental

Experimental

Simulated

Simulated

Simulated

α = 5˚ Φ = 40˚ 
z

α = -5˚ Φ = 40˚ z

α = 2˚ 
Φ = 15˚ z(a)

(b)

(c)
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classes of diffraction patterns. The second column shows the space-filled 
structures used to generate the diffraction patterns. The third column com-
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(Figure 3c), and if they are in the op-
posite direction, then it is the but-
terfly pattern (Figure 3d) (19). 

Both chain slip and lamellar shear 
act on opposing faces of the amor-
phous layer, and bring about net 
shear in the inter lamellar amor-
phous layer (net shear angle Ψ = ф-α).  
When ф and α have the same sense, 
the amorphous segments deform 
less. Thus, the eyebrow pattern that 
occurs under these conditions sig-
nifies smaller amorphous deforma-
tion. Conversely, when ф and α have 
the opposite sense, the amorphous 
segments deform more. Thus, the 
butterfly pattern that occurs under 
these conditions signify larger de-
formation in the amorphous phase.  
If the stack rotation occurs without 
an interlamellar shear (for example, 
by stack rotation), then the shear is at 
both the stem and the fold surfaces 
of the lamellae. We find that, in low 
octene content polymer where strain 
hardening is observed, a butterfly 
pattern emerges when the load is re-
moved, indicating large interlamellar 
shear. In high octene content poly-
mers, where little strain hardening 
is observed, less interlamellar shear 
might explain the observed eyebrow 
patterns in the relaxed samples.

Modelling the Lamellar Structures
The parameters that describe the 
SAXS lamellar patterns, Lz, ф, α, h, 
and w, can be determined by pro-
file fitting the reflections. This may 
be done as a sequence of 1D scans 
obtained by stepping across the pat-
tern (20), or by fitting the entire 2D 
pattern in a single analysis. Because 
the reflections fall on an ellipse, such 
2D profile fitting can be efficiently 
done in elliptical coordinates (7). 
Parameters of appropriately chosen 
functions can be used to determine 
the structure characteristics, such as 
lamellar spacing. However, functional 
analysis may not reveal new or un-
known features present in the struc-
ture because it essentially param-
eterizes the patterns according to 

the features identified by the cho-
sen functions. Modeling addresses 
this drawback, and provides an al-
ternative to functional analysis. If a 
reasonable model for the structure 
can be assumed, then the simulated 
pattern compared with the observed 
pattern to iteratively refined to the 
observed pattern to arrive at the 
most plausible structure (Figure 3). 

In one recent at tempt,  s t ruc-
tural representations of the lamel-
lar assembly were generated using 
Mathematica (9). In building this 
model, the lamellar stacks are rep-
resented by parallelograms repre-
senting tilted and sheared lamel-
lae. Assembly of many hundreds 
of non-overlapping parallelograms 
were used to represent the bulk 
structure. The shape of the paral-
lelogram is defined by ф, and its tilt 
by α. To mimic the disorder in the 
system, the height, width, shear and 
tilt angles (h, w, ф, and α) for each 
lamellar stack were selected at ran-
dom from normal distributions with 
preselec ted means and standard 
deviation. Once the space is filled 
with lamellar stacks, individual la-
mellae are inser ted within each 
stack. Each is filled with two to six 
lamellae, represented by dark and 
white bands corresponding to the 
electron densities of the crystalline 
and amorphous layers. The lamellar 
spacing (Lz), stack length (h), stack 
width (w), the tilt angle (ф) because 
of chain slip and the stack rotation 
angle due to lamellar shear (α) were 
varied. Additionally, “waviness” was 
introduced to mimic the stack dis-
order, and reproduce the breadth  
of the ref lections in the observed 
patterns. The square of the ampli-
tude of the 2D Fourier transform of 
the generated test objects repre-
sents the diffraction pattern. 

 Figure 3 shows the basic lamellar 
stack, assembly of lamellar stacks, 
and a comparison of the simulated 
and the observed dif fraction pat-
terns. Three representative models 
of the lamellar stacks correspond-

ing to three distinctive classes dis-
cussed earlier were used (Figure 1). 
The observed pat terns shown on 
the left half of the figure in column 
3 were obtained by Str ibeck and 
coworkers from poly(ethylene-co-
1-octene)s (21). There is a remark-
able degree of agreement between 
the observed and calculated diffrac-
tion patterns showing that simula-
tions can give insight into the struc-
tures that give rise to the diffraction 
patterns. However, it is necessary 
to realize that such lamellar mod-
els are only one possible solution, 
not necessar i ly the correc t one.  
Other independent evidence is re-
quired to validate the struc tural 
models. These validated models will 
be useful to understand the microme-
chanical deformation of the lamellar 
stacks by following the lamellar pa-
rameters discussed earlier. With the 
current computing power, these tools 
can be used to derive possible mor-
phologies of materials as they are 
being deformed under mechanical 
load in real time at X-ray sources. 

Conclusions
2D SA XS pat tern provide a rapid 
and rigorous means for quantifying 
the dynamic changes in the lamel-
lar structures during transformation 
such as during strain or melting. 
The features that are important to 
quantify are L, ф, α, h, and w, and 
the spread in these parameters. 
These parameters can be deter-
mined by 2D functional analysis of 
the pattern. Alternatively, details of 
the structure that gives rise to the 
various features of the SAXS pat-
terns can be built into a structural 
model, and validated by comparing 
the simulated pattern with the ob-
served pattern.
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When the matching library was used 
to adjust FP values, the concentra-
tions came closer to the boundary 
recovery value, possibly due to the 
matching library reducing the ef-
fec t of background intensities on 
the signal reaching the detec tor. 
When the matching library was used 
to adjust the FP derived values, the 
effect was to bring percent recover-
ies closer to the acceptable bound-
ary value. Similarly, for elements Zn, 
Pb, Mn, and Ni when present in low 
concentrations in samples, the per-
cent recoveries when compared to 
true values, were greater than 120%. 
However, when concentrations were 
moderate to high, the percent re-
coveries fell within the acceptable 
range (Figure 4). Thus, when deter-
mining major plant nutrients and 
heavy metals in soil, EDXRF is con-
centration dependent, while at low 
concentration the values are over-
estimated; at high concentrations in 
contaminated soils, the method is 
more reliable.

Conclusion
Energy dispersive XRF was evaluated 
in this study as an alternative method, 
and while some soil types lend them-
selves to this technique in terms of min-
imum sample preparation (such as clay 
and loam soils), sandy soils presented 
difficulties due to particle size effects. 
In our study, sandy soils required sam-
ple preparation using a hydraulic press 
with a wax binder to achieve recoveries 
closer to acceptable levels. Soils with 
clay or silt-clay texture did not require 
high pressure sample preparation 
methods, and can be analyzed as loose 
powders. In this study, EDXRF was also 
concentration dependent, and at low 
concentration the values are overes-
timated; however, at high concentra-
tions in contaminated soils, EDXRF was 
shown to be more suitable and reliable  
for analysis. 
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Application of Wavelength  
Dispersive X-ray Fluorescence  
to Agricultural Disease Research

X-ray fluorescence (XRF) is a useful 
technique in agricultural science to de-
termine the elemental constituents of 
plant materials. It allows for quick analy-
sis, high spatial resolution, measurement 
of multiple elements within a single scan, 
and requires minimal sample prepara-
tion while being non-destructive. In this 
study, we used wavelength dispersive 
XRF (WDXRF) to study agricultural dis-
eases. We performed a spectroscopic 
investigation in agricultural samples to 
measure the elemental changes caused 
by infestation. A broad range of major, 
trace, and heavy elements were de-
tected and quantified in healthy and in-
fested crop samples, and we observed 
significant changes in the elemental 
concentrations. We also used laser-in-
duced breakdown spectroscopy (LIBS)  
in combination with XRF spectrome-
try. Further improvements will provide 
exciting perspectives for the applica-
tion of XRF in the area of plant and  
agricultural science.

Vivek K. Singh, Neha Sharma, and Virendra K. Singh

I t has been observed that approxi-
mately 14 essential elements are 
needed for the proper growth and 

development of plants, along with water, 
hydrogen, oxygen, and carbon dioxide. 
These nutrient elements are further cat-
egorized as macronutrients and micro-
nutrients. Macronutrients, such as cal-
cium, magnesium, nitrogen, potassium, 
phosphorus, and sulfur, are needed by 
plants in large amounts (>1000 mg per 
kg dry weight), whereas micronutri-
ents, including boron, chlorine, copper, 
iron, manganese, molybdenum, nickel,  
and zinc, are required by plants in small 
amounts (<100 mg per kg dry weight) (2). 
Even though plants require only small 
amounts of micronutrients, these nutri-
ents are equally important for the proper 
growth and development of plants. 

Trace element detection is important 
in plant science. The concentration of 
trace mineral elements in plants, as well 
as in the soil, can change, and this vari-
ability can lead to deficiencies or excess 
accumulation of these mineral metals 
(3). Knowledge of the concentrations 
of trace elements in plants is important 
for diagnosis of various agricultural crop 
diseases. Crop disease development de-
pends on three main factors: a suscep-
tible host plant; favorable environmental 
conditions; and the pathogen involved, 

sometimes displayed as a “disease tri-
angle” (Figure 1). Environmental con-
ditions, in particular, play a major role 
in the occurrence and the growth and 
development of plant diseases; many 
diseases will not emerge if environmen-
tal conditions, such as temperature, rela-
tive humidity, soil moisture, soil pH, rain,  
and water content, are not favorable. 

Atomic spectroscopy methods are 
the first choice for assessing the min-
eral composition of agricultural crop 
samples. For most atomic spectroscopic 
techniques, samples preparation is re-
quired, such as sample dissolution using 
a mixture of strong acids (generally nitric 
and sulfuric) and oxidants (commonly 
hydrogen peroxide). In many cases,  
it is easy to dissolve the samples in the 
solution. Because of the presence of 
silicon in plant samples, sample prepa-
ration usually requires a mechanisms 
that ensure complete decomposition, 
to ensure efficient dissolution of me-
tallic elements into solution. Hydroflu-
oric acid addition, along with evapora-
tion for achieving dryness, is needed 
to complete the proper dissolution of 
the analyte; otherwise, the presence of 
silicon may result in poor recoveries of 
some elements due to the binding of 
analytes with the insoluble residues (4). 
 Proposed methods found in the literature,  
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from large numbers of acid mixtures 
used in wet washing procedures, reveal a 
lack of consensus for achieving the com-
plete dissolution of plant specimens. 
The choice of decomposition method 
for a given plant sample material must 
be evaluated carefully, considering 
each of the matrices and analytes under 
study. In reviewing these challenges of 
sample digestion, analytical methods 
that do not require matrix destruction 
can be advantageous for such studies. 

Nearly all X-ray fluorescence (XRF) 
techniques have desirable features 
for the analysis of plant samples.  
These features include the capability to 
carry out direct analysis of solid sam-
ples, multielemental analysis, the capa-
bility to carry out the qualitative analysis 
along with quantitative determination,  
a broad dynamic range, high through-
put, and low maintenance and analysis 
cost. The major drawback of XRF is 
its limited sensitivity for elements like 
cadmium and lead. The poor preci-
sion and accuracy of XRF compared 
to other atomic absorption spectro-
scopic techniques is also a limitation. 
However, some recent improvements, 
such as the advancement of digital 
processing-based spectrometers, 
along with better detector designs in 
XRF instrumentation, have increased 
instrumental sensitivity and improved 
both the precision and productivity 
of XRF. These improvements have in-
creased interest in adopting XRF spec-
troscopy in environmental science 
for analyzing various plant materials.  
The use of different quantification strat-
egies employing distinct configurations 
of XRF instrumentation for the analy-
sis of various vegetation matrices has  
been discussed.

Materials and Methods
Identification of Nematode  
Species in Okra and Papaya
We have collected healthy and nema-
tode-infested okra root samples, which 
are shown in Figures 2a and 2b, from 
field sites of Uttar Pradesh, India. 
We have also collected nematode-
infested and healthy papaya root 
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FIGURE 1: Illustration of the plant disease triangle.
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FIGURE 2: (a–d) Photographs of nematode-infected okra and papaya roots, 
and rice grains infected with false smut disease.
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samples, as depicted in Figure 2c. 
After collection, the samples were 
washed, and after drying the samples,  
they were milled into a fine powder for  
spectroscopic studies.

Cobb’s sieving and decanting meth-
ods were used to draw out the body 

parts of male, female, and juvenile nem-
atodes to identify the species of nema-
todes in the diseased okra and papaya 
plant root samples. We adopted the 
procedure for species identification 
described by Goodey (1963) (5), and the 
species was identified on the basis of 

the characteristics observed in the peri-
neal regions of the female nematodes 
by employing the method provided by 
Eisenback and others (1985) (6). Our ex-
aminations revealed that the species of 
root-knot nematode pathogens in the 
diseased okra and papaya roots was 
Meloidogyne incognita. Details regard-
ing the sample preparation and identifi-
cation of nematode species have been 
described by Sharma and others (7,8).

Collection and Isolation of Rice 
Samples (Healthy and Infected  
with False Smut)
A survey was conducted in rice fields 
suspected of false smut infestation in 
Uttar Pradesh, India, during the Kharib 
season of 2018–2020. Healthy rice 
grains and rice grains infested with false 
smut disease were collected (Figure 2d). 
The rice grain samples were carefully 
separated along with smutty balls from 
rice spikelets and milled into a fine pow-
der form. The upper surface of smutty 
balls was sterilized by dipping them in 
a solution of 1% sodium hypochlorite 
for approximately 1 min and then clean-
ing with 70% ethanol solution for about  
1 min. More details regarding the iso-
lation of false smut disease pathogens 
from rice grains has been described by 
Sharma and others (9).

Study of Root-Knot Nematode–
Infected Okra Plant Roots 
In the present study, we employed 
wavelength dispersive X-ray f luo-
rescence ( WDXRF) spec troscopy 
to examine in healthy and nema-
tode-diseased okra root samples.  
We detected many elements, such 
as aluminum, calcium, copper, chro-
mium, chlorine, iron, manganese, 
magnesium, nickel, phosphorus, po-
tassium, rubidium, sodium, silicon, 
strontium, sulfur, titanium, zinc, and 
zirconium. We noticed significant 
differences in the elemental compo-
sition of healthy and diseased sam-
ples. Figure 3 shows WDXRF spectra 
of healthy and nematode-infested 
okra roots in the energy range of 
5–10 keV, which shows the relative 
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abundance of the elements chro-
mium, manganese, iron, nickel, zinc,  
and copper. 

Several mineral elements—partic-
ularly calcium, chlorine, magnesium, 
potassium, sodium, and sulfur—were 
found to have higher concentrations in 
nematode-infested okra plant samples 
compared to healthy root samples. 
Other elements, including copper, 
phosphorus, manganese, silicon,  
and zinc, were found to be in lower con-
centrations in nematode-infected root 
samples as compared to healthy okra 
root samples. Some toxic elements, 
such as aluminum and chromium,  
were observed in lower concentra-
tions in the infested root samples.  
No significant differences in the con-
centration of elements like bromine, 
rubidium, nickel, and zirconium were 
observed. Some traces of silver were 
found only in nematode-infected okra 
root samples, whereas traces of pal-
ladium were found only in nematode-
infested root samples.

Our experimental findings were sup-
ported by the literature and other pub-
lished reports. The observation of lower 
concentrations of iron, phosphorus,  
and zinc in nematode-infected okra root 
samples aligns with results reported by 
Farahat and others (10). Lower concen-
trations of iron, phosphorus, and zinc 
also have been observed in the dis-

eased tissues of nematode-infected 
citrus, eggplant, jasmine, cowpea, and 
papaya plants (10). Sharma and others 
have also witnessed the decreasing 
concentration of phosphorus in nem-
atode-infested okra root samples as 
compared to root samples from healthy 
okra plants (11). We also observed a 
higher concentration of sodium and 
a lower concentration of phosphorus 
in the nematode-infested okra root 
samples, which also aligns with results 
reported by Sharma and others (11). 

Some nonessential elements, such as 
silver and palladium, were detected only 
in infected root samples, which indicates 
that their presence may be associated 
with the formation and development 

of nematodic pathogens on okra roots.  
Elements like strontium and titanium 
were also observed in increased con-
centrations in nematode-infested okra 
root samples. Heavy elements such as 
aluminum, chromium, and titanium were 
also observed in higher concentrations 
in nematode-diseased root samples of 
okra plants, and appears to be related 
to the formation of galls on the surface 
of roots with the invasion of pathogens. 
The higher concentration of aluminum 
can be considered a threat to agricul-
tural crops because aluminum obstructs 
root growth and disturbs nutritional 
balance, encouraging the induction of 
oxidative stress. This stress leads to per-
oxidation reactions in the cytoplasmic 
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TABLE I: Summary of the plant species, diseases, and elements detected in healthy and diseased plant samples.  
Elements whose level (concentrations) are increased and decreased because of the diseases are listed.

Plant 
Studied Disease

Elements 
Detected in 
Plants Using 

WDXRF

Elements with 
Increased Levels 

in Diseased 
Plant Samples

Elements with 
Decreased Levels 

in Diseased 
Plant Samples

Elements 
Only Detected 

in Diseased 
Plants

Okra Root-knot nematode 
(Meloidogyne incognita)

Al, Ca, Cl, Cu, Cr, 
Fe, K, Mg, Mn, 
Na, Ni, P, Rb, S, 
Si, Sr, Ti, Zn, Zr

Ca, Cl, K, Mg, Na, S Cu, Mn, P, Si, Zn Ag, Al, Cr, 
Pd, Ti

Papaya Root-knot nematode 
(Meloidogyne incognita)

Al, Ca, Cl, Cu, Cr, 
Fe, K, Mg, Mn, 
Na, P, Si, Ti, Zn

Al, Ca, Fe, Mg, 
Ni, Si, Ti

Cl, Cr, Cu, K, Mn, 
Na, P, Sr, Zn Zr

Rice False smut  
(Ustilaginoidea virens)

Al, Ca, Cl, Cr, Cu, 
Fe, K, Mg, Mn, Ni, 

P, Rb, S, Si, Zn
Cl, Fe, K, Mg, 

Mn, Ni, P, S, Rb Al, Ca, Cu, Cr, Si, Zn,
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membrane and ultimately leads to cell 
death (12). The physiological and bio-
chemical functions of chromium in plants 
is not particularly clear (13). It has been 
observed that excessive levels of chro-
mium can encourage several detrimental 
biochemical, morphological, and physi-
ological effects on plant health (13,14).  
Nevertheless, the overall toxicity of chro-
mium in plants is well documented (13).  
All these elemental changes are capable 
of posing serious and toxic effects in 
plants such as hindering growth mecha-
nisms, disturbing photosynthesis, trans-
locating mineral nutrients, disrupting the 
water intake capacity, and ultimately de-
clining the overall quality of the okra plant. 

Study of Root-Knot Nematode– 
Infected Papaya Plant Roots 
We have also studied root-knot nema-
tode-infected papaya plant root sam-
ples employing WDXRF to obtain the 
elemental variations between healthy 
and diseased papaya root samples. 
Using WDXRF, numerous elements, 
such as aluminum, chlorine, copper, 
chromium, calcium, magnesium, man-
ganese, iron, potassium, sodium, phos-
phorus, nickel, silicon, rubidium, sulfur, 
and zinc were detected in root samples 
of healthy and diseased papaya plants 
(8). Figures 4a and 4b show the over-
lapping WDXRF spectra of healthy 
and diseased papaya root samples 
within different energy ranges, indi-
cating the presence of elements such 
as aluminum, calcium, and potassium.  
The WDXRF spectra of papaya root sam-
ples showed that concentration of min-
eral elements changed with nematode 
infestation. It has been documented that 
the induction of antioxidants, creation of 
mechanical obstructions, and triggering 
of defense systems in plant bodies are 
all associated with good accessibility 
of mineral nutrients in plants (15). It was 
observed that the concentrations of one 
major nutrient, calcium, increased from 
2.4 to 3.14% from healthy to diseased 
root samples, whereas another major 
element, magnesium, was found to in-
crease from 0.39 in healthy root samples 
to 0.46% in diseased samples. 

The concentration of silicon was 
found to be elevated from 0.23 to 0.53% 
from uninfected to nematode-infected 
papaya root samples. Sharma and oth-
ers also observed the same elevated 
concentration patterns of calcium, 
magnesium, and silicon while perform-
ing elemental and molecular studies of 
nematode-diseased okra root samples 
(7). It has been observed that the ele-
ments calcium, magnesium, and silicon 
are the major nutrients that are benefi-
cial in maintaining the outer coating of 
cell membranes and thereby helping 
plant cells defend against pathogen in-
vasions. The increasing concentrations 
of calcium, magnesium, and silicon seen 
in our findings can be correlated with the 
induction and activation of defense sys-
tems in response to the attack of patho-
gens. In addition to these elements,  
we also found increasing concentrations 
of iron, aluminum, and titanium in pa-
paya plants with the arrival of nematodic 
infection. The particular role of alumi-
num and chromium in the physiological 
and biochemical behavior of plants has 
not been determined yet. 

Macroelements, such as potassium 
and phosphorus, are essential and play 
various roles, like activating enzymatic 
systems, inducing protein synthesis, 
managing photosynthesis processes, 
moving stomata, maintaining balance 
between cations and anions, and trans-
ferring energy (8). It has been observed 
from WDXRF analysis of healthy and  
diseased papaya root samples that the 
concentrations of these two macroele-
ments decreased with the arrival of nem-
atodes and fungal infections on papaya 
plants. It is well reported that potassium 
and phosphorus encourage the thicken-
ing of cell walls and thereby induce bar-
riers that hinder the further movement 
of the attacking pathogens inside the  
plant body (8). 

Decreasing concentrations of some 
other elements, such as copper, man-
ganese, sodium, and zinc, were ob-
served in the papaya root samples 
with the arrival of a nematode attack.  
Similar results were also reported by 
Sharma and others. Traces of the ele-

ments zirconium and molybdenum 
were found in the diseased papaya root 
samples only, also similar to observa-
tions made by Sharma and others (7).

The relative concentrations of the 
elements calcium, magnesium, silicon, 
potassium, sodium, and iron, are shown 
in Figure 5. Changes in the concentra-
tions of several of these elements can 
lead to serious consequences for the 
health and viability of papaya plants. 

We have also validated our experi-
mental findings using laser-induced 
breakdown spectroscopy (LIBS), as 
shown in Figure 5. For a LIBS method 
that is free from self-absorption, it has 
been observed that the intensity of the 
elemental characteristic line is more 
closely related to the concentrations 
of the sample analytes (8). To confirm 
that there is no self-absorption in the 
LIBS method, we have verified all the 
conditions, such as the existence of 
stoichiometric ablation, local thermal 
equilibrium, and optical thickness of 
the plasma. Furthermore, we have cal-
culated the peak area intensity ratios of 
certain elements like calcium (393.36 
nm), potassium (766.48 nm), magne-
sium (279.55 nm), sodium (588.99 nm), 
iron (238.40 nm), and silicon (288.15 nm) 
from the LIBS results of papaya plant 
samples. These calculated values were 
further taken as the concentrations 
of these elements and directly com-
pared with the concentration values of 
the WDXRF spectra of papaya plants.  
Given that LIBS and WDXRF follow dif-
ferent criteria, to compare the results of 
the techniques, we focused only on the 
trends we observed for each element 
in the papaya plant samples, which are 
clearly indicated in Figure 5. 

Figures 5a and 5b show bar graphs 
of the results obtained using LIBS and 
WDXRF and reveals the patterns of the 
concentrations of major elements such 
as calcium, sodium, iron, magnesium, 
potassium, and silicon in the diseased 
and healthy papaya root samples.  
Because the same trends of the ele-
ment concentrations were observed 
by both techniques for the analysis of 
papaya plant samples, we believe that 
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both techniques can be considered 
proficient methods for assessing the 
composition of mineral elements in 
healthy and diseased plant samples, 
both qualitatively and quantitatively.

Study of Rice Crop Infected
by False Smut Disease 
WDXRF spectroscopy was also em-
ployed for the spectroscopic inves-
tigation of rice grains from rice crops 
infected with false smut disease.  
The WDXRF spectra of healthy and dis-
eased rice grains were recorded within 
different energy ranges. Changes in 
the elemental composition of the rice 
grains associated with black and yellow 
smutty fungal spores on the upper and 
lower surface of the rice spikelets, were 
investigated. For the sake of simplicity, 
we have encoded our samples R1, R2, 
and R3 on the basis of severity of false 
smut disease, where R1 stands for un-
infected rice grain samples, R2 stands 
for rice grain samples with low levels of 
infection, and R3 for highly infested rice 
grain samples. 

Using WDXRF spectroscopy, we have 
quantified the presence of numerous 
essential and non-essential elements 
in rice samples, including calcium, alu-
minum, copper, iron, chlorine, magne-
sium, manganese, nickel, phosphorus, 
chromium, potassium, rubidium, silicon, 
sulfur, and zinc. Figures 6a and 6b show 
the overlapping WDXRF spectra for the 
different rice grain samples, indicating 
the relative presence of phosphorus, sili-
con, sulfur, chromium, manganese, iron, 
nickel, copper, and zinc in the various rice 
grain samples (R1, R2, and R3). We also 
verified our results using LIBS. The de-
tailed results of similar studies have been 
discussed by Sharma and others (9). 

The trends of relative concentra-
tions of mineral nutrients observed 
using LIBS and WDXRF were similar.  
Using LIBS and WDXRF, we have ob-
served the pattern for copper, silicon, 
and calcium as R1 > R2 > R3, whereas 
for chromium, iron, and magnesium, 
the trends was R2 > R1 > R3. Some 
mineral elements, such as potassium 
and manganese, followed patterns of  

R3 > R2 > R1 and R2 > R3 > R1.  
From these studies, it was concluded 
that the two techniques are comple-
mentary to each other and can be used 
collectively for investigating elemental 
changes that may take place in the com-
position of the plant samples with the 
association of various plant diseases. 

As mentioned previously, it is docu-
mented in the literature that the induc-
tion of some mechanical obstructions, 
production of anti-oxidant compounds, 
and triggering of defense systems in 
the plant body all are correlated with 
good accessibility of the important 
mineral nutrients in the plant body (9). 
In our study, we have observed that 
some major elements, such as potas-
sium, phosphorus, and sulfur, were 
present in higher concentrations in the 
diseased rice grain samples, and it is 
feasible to relate these increases with 
the production, induction, and activa-
tion of various defense systems that hin-
der the further movement of the patho-
gens into the plants body. Sieverding 
and others have also reported in-
creased concentrations of potassium 
and phosphorus in corn crop plants 
following inoculation with Glomus 
mosseae and Glomus intradices (16).  
The concentration values of the nutri-
ent element sulfur increased from 0.14 
in uninfected rice grains to 0.2% in dis-
eased rice grain samples. 

We also noticed significant increases 
in the concentrations of chlorine and man-
ganese in diseased rice grain samples. 
The increased level of chlorine can be re-
lated with the initiation and activation of 
defense responses against fungal spores 
(15). Identical increasing trends were also 
seen and reported by other researchers 
(7,17). In one study, where an elevated con-
centration of manganese was observed 
in the barley plant samples, the author 
claimed that such elevation is because 
of the stimulation of manganese content 
with the association of microbes present 
in the rhizosphere of soil (18). The same 
patterns corresponding to elements such 
as chlorine, manganese, potassium, phos-
phorus, nickel, and sulfur has been seen 
and reported by Singh and others in stud-

ies of nematode-infested wheat grains by 
WDXRF spectroscopy (17).

In our studies, we also observed 
lower concentrations of aluminum, 
calcium, copper, iron, magnesium, 
silicon, and zinc with the infestation of 
black and yellow smutty fungal spores 
in rice. The decreased level of magne-
sium was also seen and reported by 
Bateman and others while doing inves-
tigations of beans from plants infected 
with the fungus Rhizotonia solani (19). 
Because major elements such as cal-
cium and magnesium are related with 
the maintenance of outer cell walls,  
the decreasing levels of these elements 
may be associated with the weakening 
and diminishing of cell walls, leading to 
escape of sugars and amino acids from 
plant tissues and thereby attracting 
the attention of several fungal species.  
Imbalances in the contents of the mac-
roelements such as calcium, potassium, 
and magnesium, were also reported 
with the occurrence of green stem and 
foliar retention (GSFR) disease on the 
plant samples (9). 

Rice plants are well-known for their 
capacity to accumulate high levels of 
silicon from the soil (20). In our findings, 
we noticed a decrease in the content 
of silicon with the association of smutty 
balls in the rice crop plant. The content 
of silicon falls from 1.27% in uninfected 
rice grains to 0.45% in diseased rice 
grain samples with the occurrence of 
fungal disease. The role of silicon is sim-
ilar to that of calcium and magnesium: 
It is known for maintaining the strength 
of the outer cell walls, so a decreased 
level of silicon indicates the diminishing 
of the outer layer of cell walls (21). 

We also saw lower concentrations of 
aluminum, copper, iron, and zinc in dis-
eased rice grain samples with the arrival 
of fungal diseases on rice crop plants. 
The particular role of aluminum and 
chromium elements in the physiologi-
cal and biological behavior of plants has 
not been determined yet. In our find-
ings, we have observed that the level of 
aluminum decreases from 0.03 to 0.01% 
with the occurrence of fungal disease in 
rice crop plants. 
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The element chromium is known 
for its toxicity and causes various 
detrimental ef fec ts on the physi-
ological behavior of a plant sys-
tem, such as disturbing the uptake 
capacity of mineral nutrients and 
water intake, inducing oxidative 
stresses, interfering the photosyn-
thesis mechanism, and causing plant 
cell death (9). These toxic ef fects 
of chromium begin with the asso-
ciation of 0.0005% of chromium in 
the agronomic plants (9). The con-
centration of chromium in our re-
sults rose from 0.0011 in uninfected 
rice grains to 0.0046% in rice grain 
samples infected with fungal dis-
ease. Similar results for chromium 
were observed by Singh and others 
(17) in spectroscopic investigations 
of nematode- and fungal-infested 
wheat seeds and by Sharma and 
others (7) in nematode- and fungal-
infested okra root samples. 

It is well-documented in the lit-
erature that the pathogens started 
developing strategies to minimize its 
defense systems and make them to-
tally depriving of basic nutrients after 
intruding the host body whereas the 
host body in response makes some 
changes in its internal composition 
to restrict further movement of the 
pathogens into the plant body (9). 
Thus, the decreasing and increasing 
contents of some nutrient elements 
with the occurrence of smutty fungal 
spores on the surface of rice spike-
lets due to the arrival of false smut 
disease can be considered the con-
sequences and responses of the host 
body with the attack of pathogens. 

In conclusion, we present a sum-
mary of the plant species, disease, 
and elements detected in healthy 
and d i seased p lant  samples in 
Table I. Elements whose concen-
trations increased and decreased 
because of the disease are listed in  
Table I. Table I indicates the ob-
servable changes in the concen-
trat ions of elements, related to 
the diseases that occurred in the  
plant samples.

Conclusion and Further Research
In the present work, we explored poten-
tial applications of WDXRF for analyzing 
important agricultural crops, which pro-
vided valuable information regarding their 
elemental composition. This information 
is then used to characterize their behavior 
after infestation by plant diseases such as 
nematodes and false smut disease. 

However, elemental imaging tech-
niques, such as scanning electron mi-
croscopy (SEM) with energy dispersive 
X-ray analysis (EDX), field emission (FE)-
SEM, and micro-XRF, would provide ad-
ditional information regarding the role 
of heavy and toxic elements in these 
plant diseases. These methods would 
enable a useful visualization and map-
ping of the distribution of organic mat-
ter as well as the changes in the min-
eral elements on a micrometer scale.  
Also, more exhaustive work on the mul-
tivariate analysis of WDXRF data will pro-
vide more information related to these 
kinds of diseases (nematodes, false smut 
and other bacterial and fungal diseases) in  
agricultural crops. 
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