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ARTICLE INFO ABSTRACT

Keywords: We have investigated the concentration and correlation between the macro and micro-elements found in an

PIXE herbal plant named Ocimum sanctum (Tulsi) leaf, using Particle-Induced X-ray Emission (PIXE) spectroscopy. The

Ocimum sanctum leaf area was analyzed with a 2 MeV scanning proton micro-beam with a spot size of ~ 1 square micrometer. This

X-ray spectroscopy . study is focused on exploring the correlation between the elemental maps generated using X-ray spectra with

Elemental concentration . . . . . .

Tulsi micro-PIXE. Two types of correlations i.e., elemental, and concentration-phase correlations were examined. The
elemental maps are used to find the relation between the spatial distribution of the elements present in the
scanned region while the correlation maps help in understanding which phase corresponds to the region of
selected concentration ratios. All the elemental concentrations were determined with the detection limits in ng/
mg. The analysis of macro-elements showed that the potassium concentration was highest and phosphorus
exhibited the lowest concentration whereas iron was found to be highest in the category of trace or micro-
elements. Moreover, broad-beam runs were also performed on the samples to examine the trend for elemental

concentrations.

1. Introduction

Tulsi is known as the ‘Queen of herbs’ for its wide use in different
health-related problems. It helps boost the metabolism of the system and
is experimentally proven useful in antimicrobial, anti-hypersensitivity,
and antioxidant activities [1]. Therefore, it has been a keen interest to
study the presence of trace elements found in medicinal plants. Past
studies have utilized techniques like total reflection X-ray fluorescence
(TXRF) [2], and particle induced X-ray emission (PIXE) [3] to explore
the elemental composition present in these plants, thus helping in better
understanding of the effects of their intake in the human body [4].

When the high energy (MeV) ion beam is incident on the sample, the
excitation of the inner shell electron of the target creates a vacancy that
can be filled by non-radiative or radiative transitions. The non-radiative
transitions include the transfer of the vacancy from one inner shell to
another, and the difference of energy releases one of the outer shell
electrons known as auger transition. The special case of auger emission
is the Coster-Kronig transition in which the vacancy transfer occurs
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within the same shell, from lower to higher subshell. The radiative
transitions, PIXE for example, include the emission of outer shell elec-
trons with the emission of characteristic X-rays. This study focuses on
the X-ray spectrum analysis for the concentration of the elements pre-
sent in the leaf sample and the correlation analysis based on the
elemental maps generated from the scanning of the proton beam.
Various techniques can generate elemental maps and study the
elemental correlations, like scanning electron microscopy-energy
dispersive X-ray spectroscopy (SEM-EDS) [5], secondary ion mass
spectrometry (SIMS) [6], laser-induced breakdown spectroscopy (LIBS)
[71, X-ray fluorescence spectroscopy (XRF), TXRF, and scanning trans-
mission x-ray microscopy (STXM) [8]. However, SEM-EDS requires a flat
and smooth sample surface for imaging and mapping. The interference
from the bulk sample can affect the image contrast and causes the
disappearance of fine structural features [5]. SIMS and LIBS are
destructive techniques, whereas XRF provides semi-quantitative data at
a lower image resolution [6,7]. TXRF and STXM have a limitation on the
maximum thickness of a sample. The former requires thin amorphous
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samples to reduce scattering effects, while the latter requires it to avoid
the complete absorption of the incident light [8]. PIXE has advantages
over the mentioned techniques as it provides higher sensitivity due to
lower bremsstrahlung compared to electron microscopy, and better
detection limits i.e., in ng/mg. Sample preparation is minimal as it can
be performed on samples with inhomogeneous surfaces and different
thicknesses.

The beam spot size was further reduced to the micron range (micro-
PIXE) for high spatial resolution in the generated maps corresponding to
the distribution of elements. To achieve a lateral resolution of ~ 1 um,
the beam was focused using a set of quadrupoles magnetic focusing
lenses in a separated quadruplet configuration [9]. As the beam scans
over a selected area on the leaf, the detector registers the characteristic
X-ray energies from each pixel along with position in x and y coordinates
[10]. Then, all events are tagged to their x and y coordinates to generate
a two-dimensional array of pixels, representing the elemental maps.
PIXE has been used to find the elemental composition and their corre-
lations [11], the spatial distribution of elements in various kinds of
samples including biological and environmental samples like plant
leaves [12,13,14,15], and hard human tissues [16]. It can also be used to
analyze archeological samples like precious stones [17], pottery samples
[18,19], and historical books [20]. Our study broadens the quantitative
analysis from the elemental concentrations to elemental phase correla-
tions in different regions of interest (ROI).

2. Sample preparation

Prior to analysis with a proton microbeam in vacuum, the leaf
samples were washed with deionized water and shade-dried for a few
days to preserve the nutritional level [21,22]. After that, 2 mm diameter
leaf sections were removed using a circular punch. The samples were
mounted on the sample holder and placed inside the microprobe
chamber. On average, the leaf thickness was approximately 150 pm.

For broad-beam analysis, four leaf samples of Tulsi were dried with
the help of a UV-lamp and covered with aluminum foil for 3-4 days.
Afterward, they were ground into a fine powder using a mortar and
pestle. The powdered samples were mixed with graphite powder to aid
in conductivity for charge collection during ion beam analysis [23]. The
powdered mixture was pressed into 6 mm diameter pellets with the help
of a mechanical press. These pellets were mounted on a circular disc
which was fitted onto the sample holder and transferred to the chamber
for analysis.

PIXE detector

Amptek X-123 Fast silicon drift detector
with C1 window , solid angle of 42.4 msr,
an area of 17.6 mm?
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3. Experimental methods and data collection

The samples were analyzed with a 2 MeV proton beam from 9SH
Pelletron at the Ion Beam Laboratory (IBL) at the University of North
Texas [24,25,26]. The probing beam spot size was ~ 1 pmz and the
scanning area was of 375 x 375 um? for the micro-PIXE. The data was
collected for 500 nC of incident charge with a beam current of 200 pA.
For the broad-beam PIXE, an approximately 1 mm? beam spot size was
used to collect the data for 1000 nC of the incident charge with a beam
current of 700 pA.

The microprobe chamber comprises three detectors i.e., an X-ray
detector for PIXE, a Passivated Implanted Planar Silicon (PIPS) charged
particle detector for Rutherford backscattering spectrometry (RBS), and
an additional PIPS detector for Scanning transmission ion microscopy
(STIM), as shown in Fig. 1.

The X-ray detector is an Amptek X-123 Fast silicon drift detector [27]
with a C1 window (light-tight window making it flexible enough to work
in room light) and an area of 17.6 mm? and is mounted at 135° with
respect to the ion beam direction. An 80-um carbon filled polyethylene
filter was mounted in front of the X-ray detector to protect it from the
backscattered proton beam. A Faraday cup is mounted behind the target
to collect the charge from thin samples. All the PIXE spectra and
elemental maps were obtained using the acquisition system, OMDAQ-3
[28]. It processes the X-ray signal detected by the detector and converts
it into a digital signal with the help of analog to digital converter (ADC).
It provides a pulse height spectrum of the X-rays where the area under
the peak contributes to the estimation of the concentration of the
elements.

4. Data analysis
4.1. Utilizing micro-PIXE technique

The high-energy proton beam interaction also gives rise to the
continuous background under the characteristic X-rays. The major
contributor to the X-ray background is bremsstrahlung associated with
the electrons ejected due to inelastic collisions. Additional overlaps with
the PIXE spectrum also occur due to the escape peaks and detector pile-
up. Silicon escape peaks are produced due to the interaction of the
elemental X-rays with the silicon crystal of the X-ray detector. When
these X-rays escape from the detector, it results in a lower energy silicon
peak than its actual value. Moreover, the pile-up phenomenon occurs
when two incident X-rays arrive at the detector nearly simultaneously.
In such instances, the electronic circuitry responsible for pulse detection
may fail to discriminate between the two individual pulses, merging

Faraday Cup

RBS detector
(PD25-11-300AM, /
solid angle of 34 msr and

bias of +40V)

(Canberra)

STIM detector (15 ° off
axis ) with an area of 3.14
mm?(AMETEK ORTEC)
Ion implanted charged
particle detector

Fig. 1. Schematics of the Microprobe chamber, showing the position of the detectors, faraday cup, and target holder.
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them into a singular pulse characterized by an energy equivalent to the
summation of the energies of the constituent X-rays. The PIXE spectra
were analyzed using GeoPIXE package [29] that extracts the peak in-
formation with the help of a Statistics-sensitive Non-linear Iterative
Peak-clipping (SNIP) method that resolves all the overlapping of the X-
ray peaks due to aforementioned reasons.

The elemental concentration maps were generated using the Dy-
namic analysis (DA) matrix method based on sample yield, information
about the detector, its filter, and data acquisition dead time [30]. Each
pixel in the map represents the product of concentration and the inte-
grated charge giving the average concentrations of all the elements as
the images are generated simultaneously with the incoming data from
each scan [31]. The yield matrix contained the elements H, C, and O for
the leaf base [32].

4.2. Utilizing broad-beam PIXE technique

Quantitative analysis of broad-beam PIXE spectra was also per-
formed in GeoPIXE. The larger beam spot size provides the concentra-
tion of elements obtained over a larger region.

5. Results and discussion
5.1. Micro-PIXE

A micro-PIXE spectrum (red) along with bremsstrahlung background
(blue), silicon escape peaks (magenta), and detector pileup (green)
analyzed using GeoPIXE is shown in Fig. 2. For clarity, an expanded
spectrum from 3 keV to 6 keV is shown in Fig. S1.

Metabolic processes primarily involve a limited number of elements,
which are classified into two categories. The first category consists of
macro-elements, essential nutrients found in higher concentrations,
including H, C, N, O, P, S, K, and Ca. The second category comprises of
micro-elements, which are found in trace amount, such as CI, Mn, Fe, Cu,
and Zn. The concentrations of macro-elements were 12633 ng/mg
(potassium), 10123 ng/mg (calcium), 7836 ng/mg (chlorine), 3293 ng/
mg (silicon), 2569 ng/mg (aluminum), 2102 ng/mg (sulfur), and 634
ng/mg (phosphorus) as presented in Table 1. In the case of micro-
elements, iron had the highest concentration of 402 ng/mg followed
by 91 ng/mg (scandium), 20 ng/mg (titanium), and 52 ng/mg (zinc)
while Chromium, Manganese, Cobalt, and Copper had lower concen-
trations ranging from below 20 ng/mg. A trace amount of 27 ng/mg
(Barium) was also observed which could be toxic to the growth of plants.

Collected Spectrum
Background

= —— GeoPIXE Fit
—— Pileup

—— Si Escape peaks

Energy (keV)

Fig. 2. Micro-PIXE Spectrum obtained from Ocimum sanctum (Tulsi) leaf over
the scanned region of 375 x 375 um?
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Table 1

Elemental concentrations, uncertainties, and minimum detection limits (MDL)
of different elements found in Ocimum sanctum (Tulsi) leaf as obtained using
GeoPIXE.

Elements Concentration (ng/mg) Uncertainty (ng/mg) MDL (ng/mg)
Al 2569 57 62
Si 3293 43 19
P 634 13 9.2
S 2102 11 5.5
Cl 7863 25 4
K 12633 33 3.1
Ca 10123 32 3
Sc 91 8 2.2
Ti 20 1 1.2
A% 2.6 0.8 1.3
Mn 12 2 1.8
Fe 402 7 2.2
Co 8 2 2.6
Cu 9 2 4.7
Zn 52 3 5.3
Ba 27 4 5.3

The plant leaves have higher concentrations of K and Ca as observed
in the current experiment because of their main function to perform ion
transportation, enzyme activation, and absorption mechanisms in plants
[33,34]. Cl, Si, and P help in stomatic functions, defense mechanisms
and reduce abiotic stress to promote the growth of plants and are vital
for fundamental biological processes, including carbohydrate meta-
bolism, and diffusion and osmosis mechanisms [35,36,37]. Micro-
elements like Fe, Zn, and Mn play an important role in cellular pro-
cesses, enzymatic reactions, and photosynthetic processes [35,38].
However, the presence of barium could be from the soil used to grow the
Tulsi plant. It is toxic and can disturb the nutritional intake of the plant
[39,40].

Elemental concentrations were further investigated from the
elemental maps using two types of correlation studies (Fig. 3) i.e.,
elemental and concentration phase correlations. Elemental correlation
involves analyzing the concentrations and spatial relationships of ele-
ments within a specific ROI within the elemental maps. The concen-
tration ratios are studied using correlation maps.

5.1.1. Elemental correlation analysis

The elemental distribution was also studied with the help of multi-
elemental maps (Fig. 4). Iron was observed near the thinner area of
the leaf while potassium, sulfur, calcium and chlorine seem to be
distributed over the thicker areas. Multi-elemental map showcased the
area where certain elements are present in the leaf which is used to
estimate the function as well as the nutritional impact of those elements
inside the leaf. To study the observed distributions quantitively,
elemental correlation and phase correlation were used.

Elemental correlations were studied from the Fe map shown in Fig. 5
(a) and 5(b). The encircled ROI, being high-concentration regions, was
analysed. It gives a comprehensive approach to examine the contribu-
tion of different elements in the selected region as shown in Table 2. It
was observed that the concentrations of macro-elements like silicon and
aluminum were highest whereas potassium, calcium, chlorine, sulphur
were lower. Scandium, titanium and vanadium were the few of the
micro-elements found in this region along with trace amounts of barium.
Hence, this technique helps in comparing the concentrations of elements
in different ROIs’ along with uncertainties and MDL.

5.1.2. Phase correlation analysis

The (Fig. 6) correlation map between K and Ca illustrates the area on
elemental maps where the encircled concentration ratio between the
elements exists [41,42]. Ca to K concentration ratio was 1.8: 2.3 in
weight percentage (wt%) which is equal to 10* ng/mg. This ROI was
chosen to analyze the phase representing the lower concentration ratios
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Fig. 3. Elemental maps (left) leading to correlation maps (right) obtained from potassium comparing with respect to (a) sulphur, (b) chlorine, and (c) calcium

respectively.

0.0 0.1 0.2 0.3
X (mm)

0.0 0.1 0.2 0.3
X (mm)

Fig. 4. Multi-Elemental maps of Ocimum sanctum (Tulsi) leaf. The blackened circular areas are the regions with lower concentration. The different colours in the map

corresponds to different elements.

of both elements. Table 3 shows the elemental distribution of the
selected region which mostly comprised of S, Cl, K and Ca.

Similarly, the difference was observed (Fig. 7a and Fig. 7b) in the
sample’s overall composition and ROI composition, which was

expected.

The two distinct phases depicted in the correlation map align with
varying concentration ratios of the elements. Fig. 7(a) corresponds to a
lower concentration region of calcium in relation to potassium (with a
concentration ratio of approximately (1.1:1). This ratio’s distribution is
evident in the elemental maps of calcium and potassium, revealing
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Fig. 5. (a) Iron map, and (b) PIXE spectrum obtained from the ROI taken within the iron map of an Ocimum sanctum (Tulsi) leaf.

Table 2
Elemental concentration, uncertainty, and MDL extracted from the ROIs’ within
the iron map.

Elements Concentration (ng/mg) Uncertainty (ng/mg) MDL (ng/mg)
Al 26268 2232 2071
Si 48538 1683 424
P 610 112 162
S 596 65 79
Cl 2377 90 58

K 5981 126 51
Ca 4077 128 53
Sc 134 46 67
Ti 969 84 79
\Y 203 52 102
Fe 7567 278 213
BalL 683 211 342

thinner regions of the leaf. Conversely, Fig. 7(b) corresponds to a higher
concentration region of calcium and potassium. The concentration ratio
of calcium to potassium is approximately 4:5, which was from a rela-
tively thicker areas of the leaf. Table 4 details the elemental distribution
within these correlation element ratios. ROl in Fig. 7(a) exhibits a higher
concentration of a few macro-elements and several micro-elements like
Al, Si, Ti, Cu, Zn and Ba. The ROI in Fig. 7(b) shows higher concentra-
tions of most macro- elements such as P, S, Cl, K and Ca, as well as some
micro-elements like Sc, Mn, and Fe. Therefore, this technique gives in-
formation about the phases related to different concentration regions
and the different elements composing them.

0.0 0.1

0.4 0.

Ca

1.2
(wt%)

X (mm)

5.2. Broad-beam PIXE

Elemental concentrations obtained from broad-beam results were
suspected to be contaminated with the graphite powder therefore
separate scans on graphite powder were carried out. The obtained
spectra from the graphite and leaf samples are shown in Fig. 8. Vana-
dium and iron were found to be the highest impurity elements. The
contaminations were subtracted from the leaf sample concentrations.

The observed concentrations of elements followed the similar trend
like in micro-PIXE (Table 5). Potassium (5788 ng/mg) and Calcium
(5648 ng/mg) were higher than other macro-elements followed by
Chlorine (2701 ng/mg), Silicon (1550 ng/mg), Aluminum (763 ng/mg)
and Sulphur (653 ng/mg). Iron (80 ng/mg), Scandium (37 ng/mg) and
Titanium (21 ng/mg) were higher in the category of micro-elements.

Table 3
Elemental concentration, uncertainty, and MDL extracted from the ROI in the K-
Ca correlation map.

Elements Concentration (ng/mg) Uncertainty (ng/mg) MDL (ng/mg)
P 427 115 206

S 486 91 125

Cl 2189 128 92

K 3410 145 72

Ca 7027 202 68

Sc 119 51 49

I
o

N
o

> &
Ca conc (wt%)

o
(7]

0.2

Fig. 6. ROI from the elemental correlation map of Ocimum sanctum (Tulsi) leaf showing the highlighted areas in the elemental maps corresponding to the marked

concentration ratios of potassium and calcium.
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Fig. 7. Elemental correlation map from Ocimum sanctum (Tulsi) leaf from (a) low-concentration ratios and (b) higher concentration ratio representing the distri-

bution of the elemental maps of Potassium and Calcium.

Table 4

Elemental concentration, uncertainty, and MDL extracted from the different ROI in the K-Ca correlation map.
Elements ROI (a) ROI (b)

Concentration (ng/mg) Uncertainty (ng/mg) MDL (ng/mg) Concentration (ng/mg) Uncertainty (ng/mg) MDL (ng/mg)

Al 2911 248 321 2480 91 112
Si 6869 156 98 2465 35 34
P 380 27 49 666 13 17
S 415 19 30 2225 13 10
Cl 1857 27 22 8152 19 8
K 4020 36 17 13027 22 6
Ca 4432 37 16 10545 20 6
Sc 53 10 12 100 5 4
Ti 62 8 6 9 2 2
Mn 0 6 10 9 2 3
Fe 687 30 12 244 6 4
Cu 31 9 24 8 3 8
Zn 76 17 28 55 5 10
Ba 47 18 28 31 6 10

6. Conclusion

This study reports the elemental concentration and phase correlation
between the macro and micro-elements found in Ocimum sanctum (Tulsi)
leaf. In the micro-beam scans the concentrations of potassium (12633
ng/mg) and calcium (10123 ng/mg) were found to be in the highest
range among the macro-elements. The concentrations of Iron (402 ng/
mg) and Scandium (91 ng/mg) were found to be in the highest range
among the micro-elements. The PIXE runs using broad-beam revealed a
similar concentration distribution pattern among the macro and micro-
elements. Iron was observed near the thinner area of the leaf while
potassium, sulfur, calcium and chlorine seem to be distributed over the
thicker areas. In a region with higher iron concentration, it was observed
that the concentrations of macro-elements like silicon and aluminum
were highest whereas potassium, calcium, chlorine, sulphur were lower.
Calcium and potassium concentrations were found to be well corelated.
Their concentrations were higher in the thicker portion of the leaf as
compared to the thinner region. The elemental concentration phase-

correlation techniques can be further used to study the relationship
between various elements present at different parts of plants such as
stem, root and flower section of the plant. The spectrum analysis from a
specific ROI within an elemental map can give information about the
dominating elements in that region which will help in understanding the
nutrient flow in the leaves. Moreover, the change in concentration and
spatial distribution of elements in different ROI helps in studying the
role of each element in a particular area of the sample.
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Fig. 8. Broad-beam PIXE Spectrum obtained from Ocimum sanctum (Tulsi) leaf
over the scanned region. The colored spectra were extracted from different
regions on graphite powder pellets.

Table 5
Elemental concentrations, uncertainties, and minimum detection limits of ele-
ments obtained in Ocimum sanctum (Tulsi) leaf from broad-beam PIXE analysis.
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Sc 37.4359 2.3077 1.5385
Ti 21.8091 0.9402 0.7692
\% 1.95156 1.2821 0.7949
Mn 7.3504 0.7692 1.11111
Fe 80.285 2.5641 1.4530
Co 7.0940 1.2821 1.6239
Zn 12.820 1.6239 2.9060
BalL 12.051 2.7350 3.5043
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Appendix A. Supplementary data

SI includes the expanded spectrum obtained from micro-PIXE and
generated in GeoPIXE. It shows the DA fit to each element lying within
energy range of 3 keV to 6 keV. This helps in differentiating the
contribution of characteristic X-rays originating from transitions of
electrons from different shells, such as K, and K, Supplementary data to
this article can be found online at https://doi.org/10.1016/j.nimb.20
24.165412.
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