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Portable X-ray fluorescence (PXRF) spectrometry can provide rapid and
nondestructive analyses of agriculturally important elements in soil. To assess
the applicability of PXRF for total element analysis of Vertisols, 20 soils were
collected across northern New South Wales (NSW), Australia. Comparison
of PXRF results were made with conventional standard microwave aqua
regia (AR) digestion followed by inductively couple plasma optical emission
spectroscopy (ICP-OES) analysis, laboratory X-ray fluorescence (LXRF), and
neutron activation analysis (NAA). Strong linear correlations were found for
As, Ca, Cr, Cu, Fe, K, Mg, Mn, Ni, P, Pb, Si, Ti, and Zn. We demonstrate that
nondestructive analyses for total soil element determination, particularly Ca,
Fe, Mn, and P, should now allow rapid elucidation of important chemical
processes in Vertisols that are commonly only available following rigorous
sample preparation and digestion. The integrated and robust character
of PXRF instrumentation, requiring minimal or no dedicated laboratory
infrastructure, is readily adaptable to a wide range of analytical situations.

Abbreviations: AR, aqua regia; ICP-OES, inductively couple plasma optical emission
spectroscopy; LXRF, laboratory X-ray fluorescence; NAA, neutron activation analysis; NIST,
National Institute of Standards Technology; NSW, New South Wales; PXRF, portable X-ray
fluorescence; USEPA, United States Environmental Protection Agency; XRF, X-ray fluorescence.

otal soil element concentrations are conventionally measured using acid

digestion followed by various forms of spectroscopy (Rayment and Lyons,

2011). Standard digestion procedures are protracted and laboratory in-
tensive (sample drying, sieving, and homogenization; followed by acid digestion).
Laboratory based XRF, requires solid-state preparation through sample pelletisa-
tion with various binding agents (e.g., Lithium tetra- and metaborate) (Berrow and
Ure, 1981; Rayment and Lyons, 2011; Tighe et al., 2004). Laboratories restricted
to acid digestion for total element determination typically use AR and/or hydro-
fluoric (HF) acid digestion techniques before spectroscopy analysis (Chen and
Ma, 2001; Falciani et al., 2000; Tighe et al., 2004). Soil digestion, which involves
single or combinations of strong acids such as nitric (HNOj), hydrochloric (HCI),
or HF acid, is limited by the least acid-soluble compound (Chen and Ma, 1998;
Tighe et al., 2004). Many clements associated with silicate matrices are cither in-
digestible or mostly insoluble by most acids (Tighe et al., 2004). In comparison,
X-rays generated by PXREF, interact with individual elements throughout the bulk
matrix (Melquiades and Appoloni, 2004; Potts et al., 1995). Recent advances in
PXRF technology, offer the potential for rapid, in situ and nondestructive analysis
for total element determination (Kilbride et al., 2006; Potts et al., 2005). The pur-
pose of this paper is to critically evaluate this type of PXRF application.
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Portable XRF measures the energy levels of X-rays emitted
from clements when irradiated with an excitation source (e.g.,
X-ray tube) (Kilbride et al., 2006). Each element has a unique
and characteristic binding energy that is associated with the
element’s electron configuration. When irradiated with X-rays
of greater energy than the absorption edge of the element,
an inner shell electron is ¢jected and the space filled with an
electron from an outer shell (Piorek, 1997). This energy, emitted
in the form of X-rays, is a unique elemental characteristic for
detection (Kalnicky and Singhvi, 2001; Piorek, 1997). Using
this photoelectric effect in PXRF analyzers, researchers across
many disciplines are able to perform simultaneous multi-element
analyses on a variety of matrices and compounds (Forster et al.,
2011; Potts et al., 2005).

Hou et al. (2004) reviewed the common applications of
PXREF across several disciplines, including contaminated soils,
solutions, air quality determination, archeology, paint, and
geology. Routine PXRF elemental validation in agricultural soils
has not yet been accomplished. Soil PXRF analysis publications
are usually focused on heavy elements in contaminated sites
(Argyraki et al., 1997; Kilbride et al., 2006; Radu and Diamond,
2009). There has also been a trend in soil PXRF analysis to use
“fundamental parameters” to quantify soil elements (Argyraki
et al,, 1997; Hou et al.,, 2004; Omote et al., 1995; Radu and
Diamond, 2009). Fundamental parameters typically use
algorithms obtained from pre-established standard curves,
using a mixture of single elements in a SiO, matrix (Cameron,
2010; Kalnicky and Singhvi, 2001). Further calibration of the
standard curve involve using de-convolution matrix co-efficient,
and normalization to the tube Compton scatter peak (Kalnicky
and Singhvi, 2001; Kenna et al,, 2011). Caution is required
when using fundamental parameters for soil analysis, as over- or
underestimation of actual total soil concentrations can readily
occur due to spectral interferences in different matrices (Kenna
etal., 2011; Kilbride et al., 2006).

There are several spectral interferences involved with PXRF
analysis that can affect the elemental X-ray emissions (raw counts)
(Kawahara and Shoji, 2006; Kilbride et al., 2006; USEPA, 2007).
Sources of these spectral interferences or related factors include
scanning time (count timc), air attenuation, absorption energy
overlaps between element electron shells (e.g., As and Pb) PXRF
detector resolution, sample homogeneity, moisture content, and
polyethylene film thickness (Johnson et al., 1995; Kalnicky and
Singhvi, 2001; Kilbride et al., 2006; USEPA, 2007). The aim of
this study was to evaluate the effectiveness of PXRF for total
soil elemental determination in agricultural soils, particularly
clements below Ca in atomic number. Factory settings for
rapid “point and shoot” analysis, and optimized settings that
incorporate features designed to reduce spectral interference,
were also evaluated.

MATERIALS AND METHODS
Aqua Regia

An AR digest was performed at the University of New
England (UNE), Armidale, Australia (Milestone, 2009). Each
sample was subsequently analyzed via a Varian Vista MPX CCD
ICP-OES equipped with a VISTA SPS-5 autosampler. Briefly,
0.50 g (+0.05 g) of cach sample was digested in 9 mL of HCl acid
(36%) and 3 mL of HNOj acid (70%) using an ETHOS Plus
microwave digestion system (Milestone, 2009; Tighe et al., 2004).

Analytical recoveries (method accuracy) were calculated
using reported values of the National Institute of Standards and
Technology (NIST) 2711 (Montana I) soil standard. Three
replicates of the NIST 2711 standard, three internal replicates
and four blanks were used to ensure quality control. Analytical
precision of each “total” element technique was calculated using
the internal replicates of the reference materials (AR and LXRF),
or the three PXRF replicates of each unknown soil sample
(Tighe et al., 2004; USEPA, 2007). Precision (RSD %) was
calculated by dividing the standard deviation by the mean and
converting to a percentage. Internal replicates of the AR digest
gave precision values below 20% for all elements. All values were

blank corrected before standard volume and weight conversions.

Laboratory X-ray Fluorescence

Fifteen samples were taken randomly from the original
soil sample collection for LXRF and NAA. Laboratory XRF
analyses were performed at the Geoscience Australia laboratories,
Canberra, Australia. A Philips PW2404 4 kW sequential
wavelength dispersive spectrometer fitted with a Rhodium X-ray
tube was used to analyze fused beads made from X g soil/Y g
12:22 flux (35% Lithium tetraborate/65% Lithium metaborate).
The Canadian Certified Reference Materials Project (CCRMP)
soil standard (Till-1) was used to assess elemental recovery
and precision. High (<20%) precision values were found for
all tested elements using LXRF and accuracies reported as
clemental recovery from the CCRMP soil standard. Nickel and
Cu were not included in soil analyses by LXRF and NAA due to
instrument limitations. For optimal regressions, only optimized
light and heavy element PXRF raw peak area counts were used
for PXRF/(LXRF and NAA) correlations.

Neutron Activation Analysis

Neutron activation analysis of the samples was performed
using the 20 MW OPAL research reactor (Bennett, 2008). At
the NAA irradiation positions used for this work the neutron
flux was around 1.5 x 1013 cm~2/s. The flux at these locations
is very well thermalized, with a thermal to epithermal flux ratio
of >1000. To maximize the number of elements that could be
quantified the kj-method of standardization (k,-NAA) was
used and samples were irradiated in both the short and long
residence time facilities. Certified reference material IRMM-
530R, produced by the Institute for Reference Materials and
Measurements (IRMM) and containing 0.1% gold, was used as

the neutron flux monitor.

www.soils.org/publications/sssaj

1437



Two aliquots of 30 to 60 mg were taken from each
sample for measurement. In the short residence time facility

Instrument module

Table 1. Bruker AXS Tracer IlI-V instrument details (Bruker, 2010c).

Setting/parameters

the samples were irradiated for 30 s and y-ray spectra were
acquired for 3 and 12 min after decay periods of around 5

and 18 min, respectively. Samples were irradiated in the long  Excitation source

residence time facility for 12 h and were measured for 30 min

Detector

Si-Pin detector

ca. 190 eV FWHM at the eMnKa. peak at 5.9 keV
(at 10,000 counts/s)

Rh target X-ray tube

Excitation energy range  Max 30 pA at 40 keV and 55 pA at 15 keV

and 2 h after decay periods of around 3.5 d and 2 wk. The

y-ray spectra were analyzed (HyperLab) to produce peak table
files and the elemental concentrations were calculated (Kayzero
for Windows). The NIST 2711a (Montana II) soil standard
was used to assess elemental recovery and precision. Acceptable

accuracy values were found for all tested elements.

Sample Preparation

At 20 sites across northern NSW, Vertisols (IUSS Working
Group WRB, 2006) were collected using a 25-mm tubular soil
corer using bore oil for internal tube lubrication for ease of soil
removal. At each site, 10 cores encompassing two depths (0-100
and 100-300 mm) were randomly sampled within a circular
area of 20-m diam., then homogenized, subsampled, and placed
into plastic bags before drying. Each soil sample was then placed
into aluminum trays and oven dried at 40°C for 2 wk. After
drying, samples were ground using a “Retsch” rotor cross beater
grinder and passed through a 2-mm sieve before further manual
homogenization. A representative subsample of 40 g was taken
from the bulk soil and further ground using an agate mortar and
pestle to pass through a 0.25-mm sieve.

Before scanning ~2.0 g of Vertisol was weighed into separate
5-mL cylindrical polyethylene containers. The containers were
then sealed with a76 by 40 mm rectangular sheet of Mylar (Somar
International) X-ray polyethylene film (thickness depending on
treatment), and secured with a 20 mm rubber band. Each sample
was scanned in triplicate and repositioned slightly to obtain the

optimal representation of the bulk sample.

Portable X-ray Fluorescence

A Bruker Tracer III-V PXRF (Table 1) with associated
software (Bruker X-rayOps, SIPXRF and Spectra 5.1) was used
to analyze soil samples. Due to software upgrades Cr, Mg (only
for LXRF and NAA correlations) and Pb were analyzed using
Spectra7.2.1.1. Portable XRF results for all tested elements were
measured by the K-line emission, except for Pb which used the
L-line emission (Bruker, 2010c). Collimation of the PXRF beam
covered 7 by 5 mm?.

The PXRF was used in “laboratory” mode where it is
mounted on a simple frame where soil samples are positioned
on top of the PXRF window. To assess the ability of PXRF
to quantitatively determine light elements the “best possible”
conditions (controlled and reduced variables) were chosen. Future
studies will aim to apply these techniques under field conditions.

Factory settings were set as per manufacturer
recommendations (Bruker, 2010a). By combining several factors
(e.g., Myalr, scan time, and helium) that have been reported
or recommended from studies (Bruker, 2010a; Kilbride et

al, 2006; USEPA, 2007) to improve PXRF sensitivity, an
“optimized” setting was also used to compare against “factory”
settings. In addition, a “light” analysis scan focused on elements
with K-shell emissions <7.11 keV (Fe), and a “heavy” analysis
scan focused on elements with K-shell emissions >7.11 keV (Fe)
(Table 2) (Bruker, 2010a). All optimization factors are set prior
and maintained for the duration of the complete analysis. Four
clements (Ca, Fe, Mn and Ti) were scanned on both settings to
assess the likelihood of their inclusion in a heavy analysis scan.
Both light and heavy scans were undertaken under two sets of
scan conditions as listed below (Table 3).

When heavy analysis scans were undertaken a filter was
used to improve the efficiency of element excitation from atomic
number 26 (Fe) to 42 (Mo) (Table 3) (Bruker, 2010a). The filter
contained a triple layer consisting of 0.1524 mm Cu, 0.0254 mm Ti,
and 0.3048 mm Cu “sandwich” (green filter) and was positioned
between the excitation source and the sample. To further reduce
spectral interference soil samples were placed in a desiccator for
7 d before optimized PXRF scans. Ultra high purity helium gas
(~ 99.9999% He) was also used to reduce air attenuation by
channelling gas through a glass pipette positioned alongside and
between the PXRF window and sample.

Table 2. Summary of elemental K-edge absorption energies
that were scanned under light (15 keV) and heavy (40 keV)
analysis settings (Sourced from Bruker (2010b)).

PXRF scan settingt Element K-edge (keV)
Light Na 1.07
Light Mg 1.31
Light Al 1.56
Light Si 1.84
Light P 2.15
Light S 2.47
Light K 3.61
Light/Heavy Ca 4.04
Light/Heavy Ti 4.97
Light/Heavy Cr 5.99
Light/Heavy Mn 6.54
Light/Heavy Fe 7.11
Heavy Co 7.71
Heavy Ni 8.33
Heavy Cu 8.98
Heavy Zn 9.66
Heavy As 11.87
Heavy Pb 88.00 (L;—edge = 15.86 keV)

t Based on manufacturer recommended portable X-ray fluorescence
(PXRF) scan settings for light and heavy analyses (Bruker, 2010c).
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Table 3. Bruker AXS Tracer IlI-V experimental instrument settings based on light and heavy elements under factory and

optimized settings.

. Light analysis Heavy analysis
Parameters/Settings — —
Factory Optimized Factory Optimized

Energy specifications 15 keV and 20 pA 15 keV and 20 pA 40 keV and 13 pA 40 keV and 13 pA
Scan time, s 180 300 180 300
Mylar thickness, pm 20 1.5 20 1.5
Filter No No Cu/Ti Cu/Ti
Vacuum Yes Yes No No
Helium No Yes No No

Statistical Analysis

Using R 2.10.1(Thaka and Gentleman, 1996) the
relationship between the raw PXRF data and the AR determined
soil concentrations for each element and setting combination
was tested using simple linear modeling. The variation accounted
for by the model was determined using both the significance of
fit of the intercept and the slope of the line (at 2 = 0.05), and the
adjusted regression coefficient (+2). To satisfy the assumptions
of the linear model, the residual vs. fitted values were inspected
for each linear regression analysis. Outliers were identified by
the Cook’s distance plot and removed. Data quality parameters
(Table 4) were determined for each element based on criteria
designated by the United States Environmental Protection
Agency (USEPA) (USEPA, 2007). Priority was given to the 7>
value for classification, as in most instances no more than 5% of samples
were above USEPA PXRF RSD % criteria (Table 4) (USEPA, 2007).

RESULTS AND DISCUSSION
Aqua Regia

Elemental recoveries of the NIST 2711 standard agree
with published literature for AR digestion (Table 5) (Chen and
Ma, 2001; Tighe et al., 2004). Acceptable ranges for elemental
recovery of all standards were designated between 80 t0120%
(Chen and Ma, 1998). Elements outside the acceptable range
for AR include Al, Co, Cr, K, Na, Si, and Ti (Table 5). As acids
used in the AR technique are limited by the least acid-soluble
compound, it is not possible to extrapolate these elemental recoveries
toa 100% recovery (Chen and Ma, 1998; Tighe etal,, 2004). Elements
with incomplete AR recovery must be interpreted with caution.

All blanks except for Mg and Zn were below the detection limit
of the ICP-OES (Tighe etal,, 2004), which had blank concentrations
of 047 pg/mL and 0.68 pg/mL, respectively (Table S). Aqua regia
analytical precisions of the NIST 2711 standard were all high except
for Co (RSD 21%) and Si (RSD 20%) ('Table 5) ( Tighe ct al,, 2004).

Table 4. Statistical criteria developed by the U.S. Environmental Protection Agency for estab-
lishing data quality levels for relationships between portable X-ray fluorescence (PXRF) and
other total element determination techniques (Adapted from the USEPA [USEPA, 2007]).

Data quality level

Statistical requirement

Laboratory X-ray Fluorescence and Neutron
Activation Analysis

Elemental recovery for LXRF and NAA appeared closer
to 100% for most tested elements than the AR digestion (Table
5). Only As, Cr, and Pb were outside the acceptable range for
elemental recovery for LXRF (Chen and Ma, 2001). The As
K-edge overlaps with the Pb L-edge, and it is possible that
overestimation of As and Pb in LXRF is due to limitations in
software segmentation (Kilbride et al., 2006; USEPA, 2007).

Portable X-ray Fluorescence/Aqua Regia Correlations
Portable X-ray Fluorescence Settings and Sensitivity

There were considerable differences between PXREF/
AR regression slopes and y-intercepts for all quantitatively
determined elements using different PXRF settings (Table 3)
(Fig. 1). Using Ca as an example, the gradient slope increased
between PXRF/AR regressions from factory heavy, factory
optimized, factory light, and optimized light settings in
ascending order (Fig. 1). Differences in incident X-ray energy
and intensity will affect the number of atoms in the bulk sample
that will be excited (Bruker, 2010a; Kalnicky and Singhvi, 2001).
To improve element detection, instrument parameters can be
manipulated to improve the detection of irradiated X-ray energy
from excited atoms, thus increasing raw PXRF counts (Kalnicky
and Singhvi, 2001; Kilbride et al, 2006). In addition, the
linearity of Ca should extend below 2500 mg Ca/kg especially
under optimized conditions as element sensitivity is improved
compared to factory settings. There are no reported limitations
to regression linearity above 18,000 mg Ca/kg.

The PXRE/AR regression slope of Ca more than doubled
when optimized settings were used, relative to factory settings
(Fig. 1). Portable XRF sensitivity to Ca most likely increased
as a result of minimizing air attenuation with helium, longer
count time, and reducing spectral interference with thinner
polyethylene film (Migliori et al,
2011; USEPA, 2007). Hence PXRF
X-rays increased the number of

atoms undergoing the photoelectric

Definitive level (DL)
Quantitative screening (Quant)

Qualitative screening (Qual)
Below detection limit (BDL)

2 =0.85-1.The precision (RSD) must be <10% and the inferential
statistics indicate that the two data sets are statistically identical.

2 =0.70 - 1.The precision (RSD) must be <20% and the inferential
statistics indicate the data sets are statistically different.

1> < 0.70. The precision (RSD) is >20%.

Element concentration is below the detection limit.

effect, increasing raw count data
and raising the regression slope.
Element sensitivity using optimized
settings demonstrate the potential

for detecting elements with K-edge
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Table 5. Quality assurance values obtained for blanks and standards using aqua regia (AR) digestion, laboratory X-ray fluorescence

(LXRF) analysis, and neutron activation analysis (NAA).

Method/Standard quality

Elementt,

assurance Al As Ca Co Cr Cu Fe

Mg  Mn Na Ni P Pb S Sh Si Ti Zn

% mgkg % — mg/kg— Yo mg/kg % —— mg/kg—— % mgkg % —mg/kg—
AR ICP-OES§
Blanks (pug/mL)
Mean 1.5 0.0 0.2 0.0 0.0 0.0 0.7 02 0.5 0.0 0.0 0.0 0.1 00 04 0.0 1.1 0.0 0.7
MDLY 6.3 0.1 08 0.0 0.0 0.0 69 25 0.2 1.1 0.1 0.0 0.2 0.0 0.9 0.0 n/d n/d 0.3
AR/NIST 27114
Mean 3.5 107.4 2.5 3.8 31.0 130.7 29 08 09 5306 0.0 214 0.1 13281 0.0 214 0.0 0.1 331.5
RSD %t+ 9.2 2.5 39 206 3.2 1.6 46 44 34 28 50 39 2.6 09 0.8 5.5 19.4 2.8 2.9
Rec %++ 53.1 1023 853 37.5 659 114.7 1003 31.1 87.1 83.2 4.1 104.0 90.0 1143 90.4 110.1 0.0 41.1 94.6
LXRF/Till-18§
Mean 6.8 24.7 1.8 16.8 493 n/d 46 1.7 1.2 13321 2.0 n/d 0.1 29.2 0.0 n/d 27.3  5490.0 83.7
RSD %1+ 1.6 5.5 1.7 1.7 6.7 n/d 1.6 16 19 1.6 1.4 nd 1.7 6.8 7.4 n/d 1.6 1.9 3.5
Rec %%+ 944 1369 92.2 933 75.8 n/d 96.9 91.2 95.4 95.6 99.9 n/d 95.7 132.7 95.0 n/d 95.9 93.5 85.4
NAA/NIST 2711a9 9
Mean 6.5 103.5 23 9.8 46.0 n/d 28 24 1.0 647.7 1.2 n/d n/d n/d n/d 22.4 n/d 3025.0 419.0
Rec %+* 96.6 96.7 94.2 99.6 88.0 n/d 99.4 94.6 90.9 96.0 96.0 n/d n/d n/d n/d 94.0 n/d 95.4 101.2

t n/d = There is insufficient data available to determine detection limit, or no values reported.

% Values are reported to two significant figures.
§ Number of replicates = 4.

9 Method detection limit (MDL) for AR analyzed using an ICP-OES (Tighe et al., 2004).

# Number of replicates = 3.

t1 Precision (RSD %) is calculated by dividing the standard deviation by the mean and converting to a percentage.
++ Elemental recovery (Rec %) is calculated by dividing the standard means by the reported values and converting to a percentage.

§§ Number of replicates = 2.
9 9 Number of replicates = 1.

binding energies lower than K and lowering PXRF element
detection limits in soils.

Regression slopes for PXRF/AR doubled between factory
and optimized settings, though the effect was more pronounced
for light element analyses than heavy element analyses (Fig. 1).
In addition, PXRF/AR regression slopes for heavy element
analyses were generally lower than light element analyses (Fig. 1).
Elements that have K-shell absorption edge energies closer to the
emitted X-ray energy of the PXRF also have a higher probability
of the photoelectric effect occurring for each atom (Bruker,

a) 90000
PXRF Ca raw counts = 3.7(AR Ca) + 9997.9
80000 R*=0.95
70000
60000
PXRF Ca 50000 L
oty .Op[]n‘llbe.d light
(counts/sec) 40000 X Factory light
30000
20000
L]
PXRF Ca
10000 raw counts = 1.6(AR Ca) + 1948.8
0 R*=0.97
2000 7000 12000 17000

Total Aqua regia Ca (mg/kg)

2010a; Kalnicky and Singhvi, 2001; USEPA, 2007). Calcium’s
K-edge absorption energy of 4.04 keV is closer to the emitted
X-ray energies of light element analysis (15 keV) compared with
heavy element analysis (40 keV). The lower y-intercept values for
heavy element analyses compared with light element analyses is
most likely a function reduced spectral sensitivity (Piorek, 1997).

Light Element Analysis
Three main PXRF/AR correlation groups were observed in
agricultural soils. The first group consisted of elements that were

b) 3500
PXRF Caraw counts = 0.2(AR Ca) - 99.9 ¢
3000 R*=10.95
2500

PXRF Ca 2000 # Optimised heavy

raw counts
(counts/sec) 1500

X Factory heavy

X
1000
500 PXRF Ca
raw counts = 0.1(AR Ca) - 139.3
Rz=0.92
0 Il
2000 7000 12000 17000

Total Aqua regia Ca (mg/kg)

Fig. 1. Portable X-ray fluorescence (PXRF)/aqua regia (AR) regression differences between factory and optimized settings for Ca under (a) light

and (b) heavy element analysis.
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quantitatively determined through PXRE The second group
consisted of elements that were only qualitatively screened, and
the third group included elements that were nondetectable by
PXRF under current settings. These elemental groupings are
consistent with results reported in previous publications for
PXRF analysis in contaminated soils (Goldstein et al., 1996;
Kenna et al., 2011; Kilbride et al., 2006).

Quantitative. There was a general improvement in data
quality between factory and optimized settings, particularly
for light elements (Table 6). When optimized settings were
compared with factory settings, the PXRF/AR relationship
improved for most clements cither qualitatively (Al and Mg)
or quantitatively (P), and the PXRF raw counts increased for
all elements except Na. Calcium, Fe, Mn, and P were at least
quantitatively determined using optimized PXRF settings
compared with values from the AR digest (Table 6). While
data quality for Ca, Fe, and Mn did not change from factory
to optimized settings, PXRF raw counts doubled (Table 6).
These clements are consistent with the literature reporting
strong correlations in soils with concentrations higher than this
current study (Kenna et al., 2011; Kilbride et al., 2006; Zhu and
Weindorf, 2009).

Definitive P determination was only achievable through
novel PXRF optimized techniques (Table 3). Light clement
sensitivity increased by using thinner polyethylene film,
reduced air attenuation through the creation of a helium
atmosphere, and improved spectral resolution by longer
count times (300 s) (Kalnicky and Singhvi, 2001; Migliori
et al., 2011; USEPA, 2007). In addition to total Ca, Fe, and

Table 6. Summary of portable X-ray fluorescence (PXRF) and aqua regia (AR) correlations
for total element determination using a linear regression model under factory and optimized
settings for light elements. Aqua regia determined values, and PXRF raw counts are also
reported with their corresponding elemental recovery (Rec %) of the NIST 2711 standard.

Factory settingst

Mn PXRF analysis, P determination requires extra time and
cost when using optimized settings (Table 3). However, the
capability for nondestructive PXRF for P detection in soils
may help improve our understanding of P mobilization in
soils both spatially and temporally.

Qualitative. Low PXRF/AR correlations were reported
for Cr, K, Mg, Na, S, Si, Ti, and Al (Tables 5 and 6) (Chen
and Ma, 1998; Tighe et al., 2004). Sulfur analysis using PXRF
in Vertisols is difficult due to low abundance and spectral
interferences (Potts et al., 2005; USEPA, 2007). Low PXREF/
AR correlations are due to interference from the Rhodium
(Rh) L-edge energies that scatter the emitted S K-edge energy
X-rays (Bruker, 2010a). However, S detection in soils may still be
possible using a specific filter designed to block Rh L-edge X-rays
(Bruker, 2010a).

Below Detection Limit. The PXRF was unable to de-
tect Na in soil samples containing no more than 1% Na under
cither factory or optimized settings in soil (Table 6). The very
low K-edge binding energy of Na can overlap with the K- or
L-edge binding energies of other light elements (e.g., Al, Mg,
and Si) (Simionovici and Chevallier, 2006). Similarly, PXRF
analysis of other light elements (e.g., Al and Mg), can also be
affected by X-ray energy interference from irradiated Si atoms
(Kawahara and Shoji, 2006). It is likely that these light cle-
ments were affected by a combination of air attenuation, inter-
ference from Si, and low elemental recoveries in the AR digest
(Migliori et al., 2011).

Elements Scanned on both Settings

Calcium and Fe were the only
two elements that consistently
reported definitive data  quality
on both light and heavy element

Optimized settingst analysis settings (Tables 6 and 7).

Element Total AR AR Rec # i
Data quality§ n 2 Dataquality§ n 2 Portable XRF/AR Mn correlations
mg/kg % were higher under factory heavy
Ca 2,407-18,003 85 DL+t 39 0979 DL+t 39 0959  clement settings compared with
Fe 28,518-88,046 100 DLtt 40 0969  DLtt 40 0957 light element settings (factory and
P 159-1,257 90 Quals§ 38 0.079  DL#f 37 0.869  optimized) (Tables 6 and 7). It is
Mn 614-1,385 83 Quanttt 40 0.779 Quant$t 38 0.809 unclear why this occurred, as studies
Cr 90-211 66 Qualss 39 0.679 Qualss 39 0.329 by Kenna et al. (2011) reported
K 2,581-10,397 31 Qual+t 36 0.619 Qualtt 36 0.609 similar  definitive PXRF/LXRF
Mg 24-22,662 87 BDLSS§ 40 n/a Qual+t 40 0.07# correlations for Mn comparing
S 16-147 90 Qualtt 39  0.099 Qualtt 39 0.04% li . .

_ ight and heavy settings on estuarine
Si 70-259 0 Qualtt 40  0.00# Qualtt 40 0.00# .

i sediments. A more complete
Ti 1,010-5,552 41 Qualtt 39 0.679 Qualtt 39 0.649 ) | d
Al 19,878-92,530 53 BDLSS 40 nla Qualtt 40 op0sy Cementl recovery may. provide
Na 2-6,882 4 BDLSS 40 n/a BDLSS 40 w/d an improved assessment of PXRF

t n/d = Elements not detected by PXRF as operated.
# Elemental recoveries for the NIST 2711 standard.

§ Data quality levels attributed by the USEPA (Table 4).

9 There is a significant (p < 0.05) linear association.

# There is not a significant (p 2 0.05) linear association.

11 Precision (RSD %) is <10%.

++ The RSD % is <20%.

§§ The RSD % is >20% or element is not detected by PXRF as operated.

correlations for Mn.

There is the potential for
additional elements capable of
quantitative determination to be
included in both light and heavy
clement analyses (Bruker, 2010a).

However, element X-ray emissions
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Table 7. Summary of portable X-ray fluorescence (PXRF) and aqua regia (AR) correlations for total element determination using
a linear regression model under factory and optimized settings for heavy elements. Aqua regia determined values, and PXRF raw
counts are also reported with their corresponding elemental recovery (Rec %) of the NIST 2711 standard.

Factory settingst

Optimized settingst

Element Total AR AR Rec t X -
Data quality§ n r Data quality§ n r
mg/kg %
Ca 2,407-18,003 85 DLt+ 37 0.929 DLtt 39 0.959
Fe 28,518-88,046 100 DL+t 40 0.969 DLtt 39 0.959
Zn 32-117 95 Quanttt 40 0.739 DL+t 39 0.899
Cu 17-65 115 Qualtt 38 0.369 Quantt 39 0.709
Mn 614-1,385 83 DL++ 38 0.939 Quantt 39 0.819
Ni 21-196 104 Qualtt 40 0.329 Quantt 39 0.789
Pbi# 7-15 114 Quals§ 38 0.679 Quanttf 35 0.839
Ti 1,010-5,552 41 Quanttt 39 0.789 Quanttt 40 0.749
As 3-14 102 Quals§s§ 40 0.649 Quals§§ 37 0.639
Co 6-32 38 Qualtt 37 0.18# Qualtt 38 0.269
Cr 89-212 66 Quals§s§ 40 0.349 Quals§§ 40 0.419
Sb 1-9 110 Quals§§ 40 0.00# Quals§§ 40 0.319

t n/d = Elements not detected by PXRF as operated.
¥ Elemental recoveries for the NIST 2711 standard.

§ Data quality levels attributed by the USEPA (Table 4).

9 There is a significant (p < 0.05) linear association.

# There is not a significant (p > 0.05) linear association.

1t Precision (RSD %) is <10%.

++ The RSD % is <20%.

§§ The RSD % is >20% or element is not detected by PXRF as operated.
## Analyzed using Spectra7.2.1.1 due to software upgrade.

may be reduced and potentially affect data quality (Kalnicky and
Singhvi, 2001; Kenna et al.,, 2011).

Heavy Element Analysis

Quantitative. Generally, elemental recovery of the AR
digest did not limit any PXRF/AR correlation for heavy analyses
except Co (Table 7). Overall data quality appeared to significantly
improve between factory and optimized settings for Zn, Cu, Ni,
and Pb (Table 7). The improved PXRF/AR correlations are as
a result of longer count time, as heavy elements are less affected
by air attenuation compared with light elements (Bruker, 2010a;
Kalnicky and Singhvi, 2001).

Under optimized settings this study has markedly improved
data quality for Ni compared to previous publications (Goldstein
et al., 1996; Kilbride et al., 2006). Data quality for Zn and Pb
were similar to results reported by Kilbride et al. (2006), though
soil Zn and Pb concentrations in this current study were lower.
Publications on soil PXRF analysis have been typically confined
to heavy clements in contaminated soils (Jang, 2010; Kilbride
et al., 2006). The ability to optimize PXRF has enabled the
quantification of many heavy elements in agricultural soils.

Qualitative. Arsenic and Sb were only qualitatively
screened under both factory and optimized settings (Table
7). Strong correlations between PXRF/acid digestion values
have been reported for As in contaminated soils (Jang, 2010;
Kilbride et al., 2006; Radu and Diamond, 2009). It is possible
that changing scan conditions may improve As PXRF/AR
correlations (Kalnicky and Singhvi, 2001).

Portable X-ray Fluorescence /(Laboratory
X-ray Fluorescence and Neutron Activation
Analysis) Correlations

Portable XRF/(LXRF and NAA) correlations for most
elements generally improve when elemental recovery reached
100%. When PXRF/AR correlation data are included this trend
is generally supported (with the exception of Mg, Mn, and As).
In addition, As PXRF/(AR and NAA) regression coefficients are
0.63 and 0.82, respectively, with both analyses reporting 100%
(£3%) elemental recovery. It is possible that AR digestion of the
NIST 2711 standard is not providing an accurate representation
of Vertisol element recovery (Chen and Ma, 1998). Validation
of PXRF by LXRF and particularly NAA, has in most instances
created more accurate calibration curves than traditional acid

digestion techniques using, for examples AR.

Optimized Light Element Analysis

Quantitative. In general, PXRF/(LXRF and NAA)
correlations for several elements tended to have a bias toward
strong definitive relationships (72 = 0.85 — 1) compared to
PXRF/AR correlations (Tables 6 and 8). Using optimized light
settings, strong PXRF/(LXRF and NAA) correlations were
found for Ca, Cr, Fe, K, Mg, Ti, P, Mn, and Si (Table 8). Many
of these elements were either nondetectable under light element
factory settings (Mg), or only qualitatively screened under light
element optimized settings (Cr, K, Mg, Si, and Ti) using PXRF/
AR correlations (Table 6). The ability of this current study to
determine K, Si, and Ti using optimized settings can negate
the use of hazardous chemicals such as HF acid (Chen and Ma,
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Table 8. Summary of portable X-ray fluorescence (PXRF), laboratory X-ray fluorescence (LXRF) and neutron activation analysis (NAA)
correlations for total element determination using a linear regression model under optimized settings for light elements. Elemental
recovery (Rec %) of the Till-1 and NIST 2711a for LXRF and NAA respectively are also reported.

Optimized settingst
Elementt LXRF Rec, %§ n r? Data quality § NAA Rec, %# n r? Data quality §

Ca 92.19 14 0.97+F DL 94.21 14 0.98++ DL
Crtt 75.77 14 0.88++F DL 87.97 14 0.94++ DL

Fe 96.93 13 0.99++ DL 99.43 13 0.97+f DL

K 91.24 14 0.95%%F DL 94.62 15 0.95%% DL
Mgt 95.37 15 0.93+%F DL 90.93 15 0.89++ DL

Ti 93.47 14 0.95%%F DL 95.43 15 0.91+% DL

P 95.68 15 0.87+F DL n/d 15 n/d n/d
Mn 95.56 15 0.73%F Quant 95.96 14 0.75%% Quant
Si 95.89 14 0.77+F Quant n/d 15 n/d n/d

Al 94.39 14 0.27+F Qual 96.59 14 0.29++ Qual
S 95.00 15 0.188§ Qual n/d 15 n/d n/d
Na 99.93 15 n/d n/d 96.00 15 n/d n/d

t The RSD % is the same reported values in Table 6 under optimized settings.

¥ n/d = Elements not detected by PXRF as operated or data not obtainable.
§ Elemental recoveries for the Till-1 standard.

9 Data quality levels attributed by the USEPA (Table 4).

# Elemental recoveries for the NIST 2711a standard.

tt Analyzed using Spectra7.2.1.1 due to software upgrade.
++ There is a significant (p < 0.05) linear association.

§§ There is not a significant (p > 0.05) linear association.

2001). The nondestructive nature of PXRF may also improve
our understanding of Ca, K, P, and Si fertilizer movement and
root mobilization processes in situ.

Relating total soil elements for plant response is problematic,
as elements exist in soils at various stages of availability (Rayment
and Lyons, 2011). There is a significant gap in the literature
relating total soil elements to plant growth (Rayment and
Lyons, 2011). However, recent studies by Rayment (2011) have

attempted to show the potential of including total element data
with plant available extractions.

Sulfur and Mg were the only elements that had low
PXRF/AR correlations while reporting near complete
clemental recovery in the AR digest (Table 6). Limitations
to S PXRF analyses have already been discussed (Qualitative
section under Portable X-ray Fluorescence/Aqua Regia
Correlations-Light Element Analysis). It is possible that
clemental recoveries closer to 100% for LXRF and NAA

Table 9. Summary of portable X-ray fluorescence (PXRF), laboratory X-ray fluorescence (LXRF) and neutron activation analysis (NAA)
correlations for total element determination using a linear regression model under optimized settings for heavy elements. Elemental
recovery (Rec %) of the Till-1 and NIST 2711a for LXRF and NAA respectively are also reported.

Optimized settingst

Elementt LXRF Rec, %§ n r Data quality § NAA Rec, %# n r? Data quality §

Ca 92.19 13 0.95++ DL 94.21 13 0.96%F DL

Fe 96.93 14 0.98++ DL 99.43 14 0.97+F DL
Mn 95.56 13 0.86%+ DL 95.96 12 0.87+F DL

Ti 93.47 13 0.98++ DL 95.43 13 0.98+F DL

Zn 85.36 12 0.86%+ DL 101.21 12 0.93+F DL

As 136.94 14 0.64++ Qual 96.73 13 0.82%F Quant
Co 93.33 13 0.61# Qual 99.58 14 0.58+F Qual
Crtt 75.77 14 0.29%+ Qual 87.97 13 0.095§ Qual
Pbtt 132.73 12 0.28++ Qual n/d 15 n/d n/d

Sb n/d 15 n/d n/d 94.03 15 0.07§§ Qual

tThe RSD % is the same reported values in Table 7 under optimized settings.

¥ n/d = Elements not detected by PXRF as operated or data not obtainable.
§ Elemental recoveries for the Till-1 standard.

9 Data quality levels attributed by the USEPA (Table 4).

# Elemental recoveries for the NIST 2711a standard.

tt Analyzed using Spectra7.2.1.1 due to software upgrade.
#* There is a significant (p < 0.05) linear association.

§§ There is not a significant (p > 0.05) linear association.
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improved Vertisol Mg data quality improving Mg PXRF/
(LXRF and NAA) correlations (Tables 6 and 8) (Chen and
Ma, 2001). However, it is most likely that software upgrades
from Spectra5.1 to Spectra7.2.1.1 for Mg segmentation
significantly improved PXRF/(LXRF and NAA) correlations.
A discussion of differences between PXRF software is beyond
the scope of this study.

Qualitative. Portable XRF/(LXRF and NAA)
correlations for Al remain unchanged when compared with
PXRF/AR correlations (Tables 6 and 8). With Al elemental
recoveries for LXRF and NAA close to 100%, and PXRF Al
raw counts relatively high, it is likely that limitations exist in
the Al software segmentation. It is also possible that the low
emitted K-edge energies of Al are being reabsorbed by other
soil constituents or interfering with emitted Si K-edge X-rays
(Kalnicky and Singhvi, 2001; Kawahara and Shoji, 2006;
USEPA, 2007).

Optimized Heavy Element Analysis

Laboratory XRF and NAA improved data quality for Asand
slightly increased the PXRF/NAA correlation for Zn compared
with PXRF/AR correlations (Tables 7 and 9). Portable XRF
correlations for these elements also appeared to improve slightly
with NAA compared to LXRF (Table 8). Portable XRF has the
potential to quantitatively determine additional elements that
were not tested in this study.

Optimal Portable X-ray Fluorescence /(Aqua
Regia, Laboratory X-ray Fluorescence, and
Neutron Activation Analysis) Regressions

Optimized PXRF settings using LXRF and NAA data
generally provided definitive elemental determination for light
clements (Table 10). In only one occasion was factory PXRF
settings used to provide the highest PXRF/AR correlation (Table
10). For heavy elements, AR data in most instances provided the
highest PXRF/AR correlations under optimized scttings (Table
10). Portable XRF has the potential for consistent and reliable soil
analysis based on soil matrix specific calibrations (Kalnicky and
Singhvi, 2001). This study has developed several calibration curves
for Vertisols that can be used for routine total element analysis
(Table 10) (Kilbride et al., 2006). These calibration curves could
potentially be used in all Vertisol analysis. However, the same make
and model PXRF gun, PXRF settings, optimized parameters, and
similar Vertisol matrices would be needed, thus initial calibration
work for confirmation is required (USEPA, 2007).

Regression slopes ranged from 0.06 (Mg) to 80.98 (Pb)
using regressions from the highest correlating PXRF settings
and total element data (Table 10). In general, the gradient slope
tended to increase with increasing K-edge absorption value
(Tables 2 and 10). This trend was generally observed across all
clements, though is more defined within light or heavy element
analysis groups. Previously (Portable X-ray Fluorescence Settings
and Sensitivity section under Portable X-ray Fluorescence/

Aqua Regia Correlations), this study demonstrated the effect

Table 10. A summary of optimal portable X-ray fluorescence
(PXRF) correlations between three different total element
techniques, aqua regia (AR), laboratory X-ray fluorescence
(LXRF) and neutron activation analysis (NAA).

Element r? PXRF regressiont PXRF analysis settings¥,§
As 0.82  y=40.85x + 169 HON
Ca 0.98 y=3.35x+ 11,300 LON
Cr 0.94 y=9.04x+ 515 LON
Cu 0.70 y=3.92x+ 496 HOA
Fe 0.99 y=830x+257,269 LOX
K 0.95 y=1.94x+ 2,534 LON
Mg  0.93 y=0.09x + 290 LOX
Mn 0.94 y=1.28x+87 HFA
Ni 0.78 y=3.39x+ 735 HOA
P 0.87 y=027x-72 LOX
Pb 0.83  y=280.98x - 430 HOA
Si 0.77 y=0.64x-35,802 LOX
Ti 0.98 y=0.55x+111 HON
Zn 0.93 y=11.40x + 428 HON

T ¥ = PXRF raw counts, and X = AR, LXRF or NAA determined values.

F PXRF analysis settings reported in Table 3.

§H = Heavy element analysis, L = Light element analysis, O =
Optimized settings, F = Factory settings, A = Based on AR calibration,
N = Based on NAA calibration, and X = Based on LXRF calibration.

of PXRF/AR regression slopes with different PXRF settings
for Ca, ranging from 0.1 (heavy element factory settings) to
3.7 (light element optimized settings). It is possible that as
cach element’s K-edge absorption energy becomes closer to
the emitted X-ray energy of the PXRE, the probability of element
excitation also increases (Bruker, 2010a; Kalnicky and Singhvi, 2001;
USEPA, 2007).

Routine soil analysis using PXRF will require calibration
curves similarly used in traditional chemical digestion followed
by various spectroscopy instrumentation. It is important that
sample matrices are similar to unknown samples for correct
total element determination. As a consequence, when additional
analyses are required of a similar matrix, the calibration curves
like those developed in Table 10 can be used routinely with an
internal standard for confirmation.

It is difficult to compare equipment and analysis costs, and
analysis time between PXRF and traditional soil digestion. Due to
economies of scale each laboratory will have different proficiencies
in time and cost. Using PXRF we estimate that analysis time is
reduced with approximately 100 samples or below, as the time
spent with chemical incubation and spectroscopy analysis often
exceeds 2 d. Portable XRF also provides nondestructive analysis
at minimal cost as small amounts of polyethylene Mylar and
helium gas is used. While the capability of PXRF compared to
laboratory based instrumentation is still somewhat reduced, this

paper demonstrates comparable results that are nondestructive.

CONCLUSIONS

Following a critical evaluation and comparison of PXRF
and conventional destructive techniques this study has been
able to demonstrate the viability of current generation PXRF

technology for routine rapid quantitative and nondestructive
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analysis of total element concentrations in Vertisols, a globally
important agricultural soil type. This experiment was able to
quantitatively determine 14 (As, Ca, Cr, Cu, Fe, K, Mg, Mn,
Ni, P, Pb, Si, Ti, and Zn) elements of agricultural importance
(Table 10), illustrating the wider agricultural applicability of
PXRF to commercially important soil types. The implications
of this study are that application of PXRF to agricultural soils
represents a significant reduction in the cost and time required
for routine soil elemental analysis. The integrated and robust
character of PXRF instrumentation, requiring similar sample
preparation to traditional methods, is readily adaptable to a wide
range of analytical situations and may prove a major new analytic

and training facility in world agricultural science contexts.
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