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	Monochromatic excitation (M-) based on a low-power X-ray (20–50W) source with doubly curved crystal (DCC) optics  has  been  used  successfully  for X-ray  fluorescence  (XRF)  analysis  of many  different  sample  matrices. Previously, a“first-generation”M-XRF analyzer, the HD Mobile® (X-ray Optical Systems, (XOS) East Greenbush NY), was used in a field-based public health study. The HD Mobile® was optimized to detect Pb, Cd, Hg and As in consumer products, food, and cultural medications, with limits of detection (LOD) on the order of a single digit μg/g  (ppm) mass fraction. In this current study, two“second  generation”DCC-enabled XRF analyzers were evaluated for detecting key toxic elements in food matrices. The two instruments evaluated included: the Zmax™ XRF Analyzer and the Emax™ Analyzer, which are both manufactured by Z-Spec (East Greenbush, NY, US). The Zmax™ uses an X-ray tube operated at 35W with a single DCC optic for a 17.5-keV excitation beam optimized to detect Pb, As, Hg, Ni and Cr. A fast silicon drift detector (SDD) is used to detect fluorescence x-rays. The Emax™ uses an X-ray tube operated at 40 W with DCC optics for a 30-keV excitation beam, and a thicker 1-mm SDD optimized to detect Cd, Mo, Sb, and Sn, along with many other elements. While the primary focus of the current study was the Emax™ and Zmax™, several other XRF analyzers were available and were included for com- parison purposes. They included the HD Mobile® (XOS), and two ζconventional’portable XRF analyzers: the Niton™ XL3t GOLDD XRF, and the Niton™ XL5 Plus, both manufactured by ThermoFisher Scientific (Tewksbury, MA). Z-Spec used certified reference materials (CRMs) to optimize the Fundamental Parameters algorithm for the Zmax™ and Emax™ analyzers to achieve acceptable performance for key toxic elements in biological matrices. For the Zmax™, difference plots show good agreement between found values and CRM assigned values for the elements studied (Pb, As, Cu, Mn, Ni, Hg and Zn). For the Emax™, there was good agreement for values obtained for Cd in CRMs. Archived food-based proficiency test (PT) samples were analyzed to assess the performance of the Zmax™ and Emax™ as screening tools to detect key elements. Some of the PT samples were also analyzed using the two Niton™ XRF instruments as well as the HD Mobile® for comparison purposes. These PT samples were spiked with toxic elements and circulated by the FDA to US-based public health laboratories funded under the Food Emergency Response Network (FERN), with target values assigned based on consensus data obtained from analyses based on Inductively Coupled Plasma Mass Spectrometry (ICP-MS). For the FERN 2022 PT samples (sausage meat), which were spiked with Tl, Cd and Pb, Zmax™ values were within the tolerance range required for ICP-MS analysis. Estimated LODs in μg/g (ppm) were: Pb, 0.06; Tl, 0.06; Hg, 0.06; Cd, 0.04; and Sn, 0.11. Several ζreal-world’samples were analyzed using the Zmax™ and Emax™ devices, including medicinal herbs such as moringa and pot marigold, as well as various spices like cloves, coriander, and curry.
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1.  Introduction
X-ray fluorescence (XRF) is a well-established technique for deter- mining  the  elemental  composition  of a  sample by measuring  the  in- tensity  of X-rays  emitted when  the  sample  is  subjected to  a  suitable excitation source. This non-destructive technique is effective for both qualitative and quantitative analysis and is used extensively in many different  industries  including  petrochemical,  metallurgical  for  metal finishing  and refining,  food,  plastics  and  polymers, textiles,  pharma- ceuticals, cosmetics, forensics, wood treatment, art, antiques and arti- facts    analysis,    chemical    process    control,    and    for    monitoring environmental contaminants (Marguí et al., 2022; Revenko and Pash- kova, 2023; Singh et al., 2022). In general, XRF spectrometers used for analytical  applications  typically  follow  two  approaches:  wavelength dispersive (WDXRF) and energy dispersive (EDXRF) analysis. WDXRF employs a crystal optic to select a specific X-ray wavelength, providing high  resolution  for  elemental  specificity  and  sensitivity.  In  contrast, EDXRF   detects   multiple   elements   simultaneously,   with   resolution contingent   on    detector    performance.    While    WDXRF    excels   in signal-to-background ratio, EDXRF offers broader elemental coverage. Each  XRF  approach  has  its  distinct  strengths  in  elemental  analysis, balancing specificity and range.
Monochromatic excitation (M-) XRF is a particular implementation of EDXRF  that  employs  a  single-wavelength  X-ray  beam  to  enhance element detection by minimizing interferences from other elements and background noise (Chen et al., 2008; Chen and Wittry, 1998). Portable M-XRF  instruments  utilize  a  low-power  X-ray  source  (20–50  W)  in conjunction with a doubly curved crystal (DCC) optic, which is essential for generating a monochromatic X-ray beam (Chen and Gibson, 2002). The DCC serves as a monochromator for two primary purposes. First, it enhances the intensity of diffracted beams from point X-ray sources by optimizing  the  Bragg  condition  at  a  wider  range  of incident  angles. Finally, it enables concentration and focusing of the output X-ray beam. These  benefits  arise  from  the  uniform  curvature  of the  plate,  which significantly enhances its functionality in X-ray diffraction applications (Chen and Gibson, 2002). This instrumentation setup enables detection of elements at very low concentrations with good precision and accu- racy, making it a key analytical technique for increased sensitivity and specificity. M-XRF also offers improved detection limits by minimizing spectral interferences, enabling the identification of trace elements, and by boosting the signal-to-background ratio. This capability is essential for monitoring low concentrations of toxic elements quickly and easily across various matrices, establishing it as a vital tool in environmental investigations (Guimar[image: ] et al., 2016). Effective public health moni- toring  requires  rapid  detection  of toxic  elements  in  diverse  samples, including   food,   clinical,   environmental,   and   consumer   products. Field-based and lab-based investigations benefit from XRF technologies that offer both portability and high analytical performance (Kalnicky and  Singhvi,  2001).  One  of the  first  commercial  systems  to  include M-XRF for field-based studies was the HD-Mobile® (X-ray Optical Sys- tems, East Greenbush, NY). The HD Mobile® was designed to accom- modate  a  low-power  X-ray  source  as  well  as  a  means  for  quickly switching only one DCC optic that provides efficient signal collection for elements  such  as Pb,  Hg  and As down to  single-digit  μg/g  detection limits  (Fleming et al.,  2017, 2020; Guimar[image: ] et al.,  2016; McIntosh et al., 2016). The analyzers Zmax™ and Emax™ currently manufactured by Z-Spec Inc. (East Greenbush, NY) represent the next-generation of M-XRF devices that promise even lower detection limits for some key toxic elements such as Cd and Pb.
Medicinal  herbs  and  spices  are  commonly  derived  from  various plants  components,  including fruits,  seeds, barks, flowers, roots,  and rhizomes. Many different plants have been utilized for millennia for this purpose. Beyond their use as food flavorings, some spices also play a significant role in traditional medicine systems across different cultures, such as Ayurveda, Traditional Chinese Medicine, and European herbal practices (Acheampong et al., 2024; Akhbarizadeh et al., 2023). Despite


their  numerous  benefits,  spices,  like  all  plant-based  products,  can become contaminated with toxic metals (and metalloids) during culti- vation, harvesting, and post-harvest processing stages. Chronic exposure to even low levels of toxic metals such as Cd, Pb, Hg, and the metalloid As, can result in bioaccumulation within the body and have been asso- ciated with a range of adverse health issues, including kidney disease, neurological disorders, and developmental delays in children (Ahsan, 2011).  Since  spices  are  often  used  in  small  amounts  but  consumed frequently, even trace levels of contamination can have long-term health implications. Considering these risks, there is a growing awareness to improve  monitoring  and  regulation  of  spices  and  herbal  medicinal products. International organizations such as the World Health Orga- nization (WHO) and the Food and Agriculture Organization (FAO) have set guidelines for maximum allowable levels of contaminants in food products, including spices (WHO, 2007).
To  monitor  toxic  metals  in  spices  and  medicinal  herbs,  reliable analytical techniques are required. Traditional high complexity methods such as atomic absorption spectrometry (AAS) and inductively coupled plasma mass spectrometry (ICP-MS) are widely used for detecting and quantifying trace elements in complex matrices. These techniques pro- vide high sensitivity and precision, but they are also time-consuming and  require  expensive  equipment  and  specialized  personnel.  Recent advances  with  XRF  instrumentation,  offers  an  alternative  screening approach that is rapid and non-destructive, with lower operating costs and requires less skill to operate compared to AAS and ICP-MS.
The principal goals of this study were: (1) to evaluate the perfor- mance  of  two  second-generation  M-XRF  analyzers,  the  Zmax™  and Emax™ devices (Z-Spec, Inc., East Greenbush, NY), for a suite of key toxic elements in food matrices; (2) to compare the Zmax™ and Emax™ with the HD-Mobile® (X-ray Optical Systems, East Greenbush, NY), a first-generation M-XRF analyzer; (3) to compare the M-XRF analyzers to the Niton™ XL3t GOLDD and Niton™ XL5 Plus analyzers (ThermoFisher Scientific, Tewksbury, MA), two conventional polychromatic XRF ana- lyzers; and (4) to analyze a selection of real world medicinal herbs and spices for a suite of toxic elements including Hg, As, Pb, and Cd, as wells as Fe, Mn and Zn using the Zmax™ and Emax™ instruments.
2.  Materials and methods
2.1.  XRF instrumentation
2.1.1.  Z-spec M-XRF analyzers
Measurements were performed using the Zmax™  and Emax™  M- XRF  analyzers  (Z-Spec,  East  Greenbush,  NY).  These  XRF  analyzers (Fig.  1)  are  equipped with  DCC  optic(s)  for  M-XRF  excitation  (Chen et al., 2008; Chen and Wittry, 1998). The M-XRF instrumentation em- ploys a low power polychromatic X-ray source that is then focused to a three-dimensional  monochromatic  X-ray  beam  by  a  DCC  optic.  This setup allows for the simultaneous excitation of all the elements of in- terest  in  the  sample. A  fast  silicon-drift  detector  (SDD)  captures  the fluorescence X-rays for processing into an energy dispersive spectrum. The Zmax™ uses an X-ray tube operated at 35W and a single DCC optic for an approximate 17-keV excitation beam optimized to detect Pb, As, Hg, Ni and Cr. The Emax™ uses an X-ray tube operated at 40 W with DCC  optics  for  a  30-keV  excitation  beam,  and  a  thicker  1-mm  SDD optimized to detect Cd, Mo, Sb, and Sn. The beam focus for both the Zmax™ and Emax™ is approximately 2 mm × 1 mm.
Both instruments utilize a Fundamental Parameters (FP) model to obtain elemental concentrations from the spectrum. While use of FP is well established for XRF (de Boer,1989; Kitov, 2000) each manufacturer uses a proprietary algorithm to solve the FP equations. Briefly, the raw spectrum is processed by a spectral fitting algorithm to obtain the net count rate for each the elements detected in the sample. Then these net intensities are used to solve the FP equations to obtain elemental con- centrations.  The  Z-Spec  Zmax™  instrument  is  designed  to  achieve optimal Limits of Detection (LOD)s for the elements Pb, Hg, As, Se, and

[image: ]
[bookmark: bookmark20]Fig. 1. Monochromatic-excitation XRF (M-XRF) showing the general optical schematics, for (a) Z-Spec Emax™ and (b) Z-Spec Zmax™ Analyzers.
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Tl. In contrast, the Emax™ is designed to achieve optimal LODs for Mo, Cd, Sn, and Sb. Nonetheless, the Zmax™ has the capability to report data for Pb, As, Hg, Tl, Bi, As, Se, Br, Sr, Gd, Ge, Zn, Cu, Ni, Co, Fe, Mn, Ti, Cr, Ca, K, and Cl. In contrast, the Emax™ has the capability to report data for Cd, Sn, Sb, Ag, Mo, Y, Zr, Sr, Br, I, Rb, Pb,As, Hg, Zn, Cu, and Mn.
2.1.2.  X-ray Optical Systems (XOS) HD-Mobile®
Measurements  were  also  performed  using  an  HD  Mobile®  XRF analyzer (X-ray Optical Systems, East Greenbush, NY), a first-generation M-XRF device. The XOS HD Mobile® is equipped with a Mo-anode X-ray excitation source, which is operated at 50 kV and 0.1 mA current. The XRF analyzer incorporates three DCC optics that focus the primary X-ray beam to ~1-mm spot. Complete details of the HD Mobile®ζs operating system and performance characteristics have been reported elsewhere (Guimar[image: ] et al., 2016). Previous work with the HD Mobile® reported that the“plastic”measurement mode was the most suitable for biolog- ical matrices and, like other XRF manufacturers, uses a proprietary FP software program (i.e., the XOS“Solver”) for real time data processing (Guimar[image: ] et al., 2016; McIntosh et al., 2016). Although some of the LODs previously reported for the HD Mobile® are limited to single digit ppm (μg/g), it seemed reasonable to assume that some toxic elements supplemented into food matrices might yield detectable values. There- fore,  data  from  the  HD  Mobile®  are  included  here  for  comparison purposes.
2.1.3.  Thermo Scientific Niton™ XRF analyzers
Two conventional Thermo Fisher Niton™ XRF analyzers were also available  for  this  study,  and  data  are  included  here  for  comparison purposes,  where  appropriate.  An  older  Niton™  XL3t  GOLDD  XRF analyzer and a newer Niton™ XL5 Plus XRF analyzer (Thermo Scientific, Tewksbury, MA). The Niton™ XL3t utilizes a 50 kV, 40 μA Au tube to generate a 2W excitation beam, and a Geometrically Optimized Large Area  Drift  Detector  (GOLDD).  It  employs  a  proprietary  FP  model  to determine the mass fraction of the sample for various materials in μg/g (ppm). For the analysis of Proficiency Test (PT) food samples, the de- tector was run in“plastics”calibration mode as that offered the most similar  detection  matrix.  An  optimal  2-min  measurement  time  was suggested by the manufacturer to allow for the lowest possible LODs while  limiting  the  overheating  of  the  detector.  The  detector  was mounted in a Thermo Scientific SmartStand which allowed for better repeatability of results since the detector did not move between mea- surements. The Niton™ XL5 Plus uses  an Ag tube to  generate  a  5W excitation beam and employs a 6-position filter for enhanced spectral coverage. The beam is collimated to an 8-mm spot size which is incident on a custom extra-large area SDD. Like the XL3t, the XL5 Plus mea- surements were performed in“plastics”calibration mode with a 2-min


run  time.  The  detector  was  housed  in  a  new  Thermo  Portable  Test Stand which is like the SmartStand and is designed to prevent the de- tector   from   moving   between   measurements   allowing   for   better repeatability.

2.2.  Sample materials for XRF analysis
2.2.1.  Certified reference materials
Various certified reference materials (CRMs) were analyzed using the two Z-Spec M-XRF analyzers to evaluate accuracy (where possible). The CRMs  selected  for  analysis  were  procured  from  different  National Metrological Institutes (NMIs): a) National Institute of Standards and Technology (NIST, Gaithersburg, MD); NIST Standard Reference Mate- rial (SRM) 1515 Apple Leaves; NIST SRM 1577c Bovine Liver Tissue; NIST SRM 1547 Peach Leaves; NIST SRM 1568b Rice Flour; NIST SRM 1573a  Tomato  Leaves;  NIST  SRM  1570a  Spinach  Leaves;  NIST  SRM 2976 Muscle Tissue (trace elements and methylmercury); and NIST SRM 2977  Muscle  Tissue  (Organic  Contaminants  and  Trace  Elements);  b) National  Research  Council  of  Canada  (NRC,  Ottawa,  Canada),  NRC BOVM-1 Bovine Muscle Certified Reference Material for Trace Metals and other Constituents; (c) International Atomic Energy Agency (IAEA, Vienna, Austria), IAEA-413 Major, Minor, And Trace Elements in Algae; (d) European Commission, Joint Research Centre (ERM, Geel, Belgium), ERM-BD151 Skimmed Milk Powder (trace elements); and (e) National Metrology  Institute  of Japan  (NMIJ, Tsukuba,  Ibaraki, Japan),  NMIJ CRM 7502-a Trace Elements in White Rice Flour.
2.2.2.  Archived proficiency test materials – food matrices
Archived PT samples, previously circulated by the US FDA as part of the Food Emergency Response Network (FERN) program’s assessment of laboratory performance, were available for this study and were analyzed using (a) the Zmax™ and Emax™ XRF analyzers (b) the HD Mobile® analyzer and (c) the two different Niton™ XRF analyzers: XL3t and XL5 Plus. At Wadsworth, these PT samples were originally analyzed blinded using FERN Method CHE.0009.02 (Sisko et al., 2024). In brief, aliquots of the  samples  were  digested  on  a  hot  block  and  then  analyzed  for multiple trace elements using an Agilent 7900 ICP-MS. The specific el- ements analyzed and reported differed for each PT sample. The specific FERN PT food rounds available included: summer sausage samples (n = 8)  circulated  in  Fiscal Year  (FY)  2022  (2022-FERN)  for  toxic metals analysis (Pb, Cd, and Tl); chicken cordon bleu samples (n = 8) circulated in FY2023 (2023-FERN) for toxic metals analysis (Pb, Tl, Hg, Cd, and Sn); and catfish fillet samples (n = 8) circulated in FY2024 (2024-FERN) for toxic metals analysis (W and Tl). These PT materials were prepared under the auspices of the Moffett Proficiency Testing Laboratory, for Food  and  Drug  Administration  (FDA)’s  Center  for  Food  Safety  and
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Applied Nutrition  (CFSAN)  and  distributed to  US  state-based labora- tories for analysis. After participant laboratories had reported results to the  FERN,  a  final  performance  report  was  issued  that  included  the nominal target (spike) values, the assigned value based on ISO Algo- rithm   A,   standard   uncertainty,   and   z-scores   based   on   the   ISO 13528:2022 standard (ISO, 2022). Homogeneity and stability of these PT materials were established by the Moffett Laboratory according to the ISO/IEC 17043:2023 standard (ISO, 2023) and the statistical eval- uations based the ISO 13528:2022 standard (ISO, 2022).
2.2.3.  Medicinal herbs and food samples
Various   medicinal   herbs   and   food   samples   were   procured   in Colombian and US stores based on their significance for health and food safety purposes. They included 1) Nine dried medicinal herb samples from Colombia: Cardamom (Elettaria cardamomum) (n = 1), Chamomile (Matricaria chamomilla) (n = 1), Eucalyptus (Eucalyptus spp.) (n = 1), Hibiscus Flower (Hibiscus sabdariffa) (n = 1), Holy Basil (Ocimum ten- uiflorum) (n = 3), Moringa (Moringa oleifera) (n = 1), and Pot marigold (Calendula officinalis) (n = 1); 2) Thirty dried spice samples from the Colombian and the US markets: Parsley (Petroselinum crispum) (n = 2), Achiote (fruit, Bixa orellana) (n = 1), Allspice (fruit, Pimenta dioica) (n = 1), Dreaming seasoning (spice blends) (n = 1), Black pepper (fruit, Piper nigrum) (n = 1), Chili Sakthi (Spice blends) (n = 1), Cinnamon (bark, Cinnamomum verum)  (n  =  1),  Clove  (Syzygium  aromaticum)  (n  =  1), Coriander (Coriandrum sativum) (n = 3), Curry (Murraya koenigii) (n = 1), Flavor Forward (Spice blends) (n = 1), Garam-Masala (Spice blends) (n = 1), Green tea (Camellia sinensis) (n = 1), Laurel (leaf, Laurus nobilis L.) (n = 1), Mural of flavor (herby blends) (n = 1), Nutmeg (Myristica fragrans)  (n  = 1),  Oregano  (Origanum vulgare)  (n  = 4),  Potato weed (Galinsoga parviflora) (n = 2), Red chili pepper (Capsicum annuum) (n = 1), Rosemary (Rosmarinus officinalis) (n = 1), Thyme (leaf, Thymus vul- garis) (n = 2), and Turmeric (Curcuma longa) (n = 1).
2.3.  Sample preparation
CRMs  were   analyzed   directly   on   the   Z-Spec  XRF   instruments (Zmax似 and Emax似) after transferring an aliquot of the sample to the XRF cup without any pretreatment. FERN PT food samples were sup- plied as homogeneous pastes, and an aliquot was transferred directly to the appropriate XRF sample cup for analysis on the Z-Spec, XOS HD Mobile®, and Niton似 XRF instruments. For the latter three, only the


FERN  2023  PT  samples,  which  were  spiked  at   μg/g  levels,  were analyzed.
Dried herb and spice samples were ground into a powder using a mortar and pestle and an aliquot transferred to the appropriate XRF sample cup for analysis on the Z-Spec XRF instruments. Some herb/spice samples that, upon an initial analysis, yielded unusual high results were re-ground to eliminate potential hot spots, and then reanalyzed on the Z- Spec XRF instruments.
For analysis on the Zmax似, approximately 150–170 mg of sample material was  transferred into  a  customized  sample  cup. The  Zmax似sample cup design comprises a plastic cylinder secured on one end with polypropylene  X-Ray  thin  film  of  12-μm  thickness  (Prolene®  film, Chemplex  Industries,  Inc.,  NY,  USA).  The  sample  (~150  mg)  was deposited onto the film, and carefully secured by a second Prolene® film, using light pressure to create a thin sample. The entire sample cup and the second film were secured by a plastic ring (Fig. 2a). The Zmax似sample cup is designed to achieve an ~0.2-mm sample thickness sand- wiched  between  the  two  film  layers  to  reduce  scattering  from  the sample.
In contrast, the sample cup arrangement for analysis on the Emax似utilizes plastic cup with a flat Prolene® X-Ray thin film window at one end. Approximately 0.5 – 1g of sample is transferred into the Emax似cup, which is secured with a plastic clip. For the Emax似 the energy of incident beam is much higher, such that a relatively thicker sample can be used to obtain a higher Cd fluorescence intensity. (Fig. 2b).
3.  Results and discussion
3.1.  Limits of detection for XRF analyzers
[bookmark: bookmark26]The LODs for the Zmax似 and Emax似, the HD Mobile® and the two Niton似 XRF analyzers are provided in Table 1. The LOD data for the Zmax似 and Emax似 were obtained based on the harmonized IUPAC protocol for a single laboratory method validation  (Thompson et al., 2002). This approach is based on repeated measurements of the analyte (s) at low levels in a relevant food matrix (n ≥ 6). The LOD is calculated as three times the standard deviation (SD). The data for the HD Mobile® were taken from the literature and represent LODs obtained in biological matrices using the plastic calibration mode (Guimar[image: ]2016), and calculated  using  the  IUPAC  protocol.  The  LOD  data  for  the  Thermo Niton似 XL3t and XL 5 Plus were obtained in food matrices and based on


[image: ]
Fig. 2. Z-Spec XRF sample cup design and the sample ports for (a) the Zmax and (b) the Emax XRF analyzers.
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[bookmark: bookmark27]Tabıe 1
Limits of detection (μg/g) reported for the E-max, Z-max, HD Mobile, Niton XL3t and Niton XL 5 Plus XRF instruments.
	
	Emax
	Zmax
	HD Mobile
	Niton XL3t
	Niton 5+

	As
	
	0.03
	1
	
	

	Br
	6
	2
	
	
	

	Ca
	240
	15
	
	
	

	Cd
	0.04
	
	11
	6
	5

	Cl
	
	200
	
	
	

	Cu
	2.5
	0.4
	1
	4
	3

	Fe
	17
	0.9
	6
	9
	9

	Hg
	0.15
	0.06
	1
	2
	1

	K
	1300
	20
	
	
	

	Mn
	8
	0.3
	2
	
	14

	Ni
	
	0.2
	9
	6
	2

	Pb
	
	0.06
	1
	2
	1

	Rb
	0.6
	2
	
	
	

	Se
	1.3
	0.07
	1
	2
	1

	Sn
	0.11
	
	
	10
	7

	Sr
	1
	0.9
	2
	
	

	Tl
	
	0.06
	
	
	

	W
	0.2
	0.1
	
	
	

	Zn
	10
	0.1
	2
	5
	



the IUPAC protocol described above.
3.2.  Analysis of certified reference materials
The CRMs were analyzed in duplicate to assess trueness (accuracy), but only where certified values and traceability were available for ele- ments detectable by XRF (Table 2). Fig. 3 shows difference plots (by element) generated for the Z-Spec XRF reported values minus the CRM assigned values (y) as a function of mass fraction (x) i.e., the assigned CRM value for each element measured. The data in Fig. 3 show good agreement between the XRF found values and CRM assigned values for the 8 elements studied (Pb, Cd, Hg, As, Mn, Ni, Cu and Zn) and no ev- idence of any systematic bias. For Hg, there is a single data point with a small negative bias at the highest concentration measured, while for Cu, As and Ni, there is a single data point with a small positive bias at the highest concentration. However, when these data are expressed as the % difference relative to the CRM assigned value they are within ±10 %, which is remarkably good. The % difference plots are shown in Sup- plementary Fig. S1. In general, these data represent a robust validation of the Z-Spec FP algorithms optimized for the Zmax™ and Emax™ XRF analyzers, at least for those elements reported here and in ideal CRM matrices.
3.3.  Analysis of archived FERN PT samples
The  PT  food  samples  were  originally  provided  by  FDA  to  FERN laboratories across the US as part of a required performance assessment using FDA-approved methods for food matrices. Results were reported to FERN and scored against the assigned value by the scheme organizer. The  laboratory  performance  achieved  using  ICP-MS were within  the tolerance ranges established by the scheme organizer. The remaining PT sample  materials were  archived  for  future  method  development  and validation studies and were available for evaluating the Z-Spec M-XRF analyzers. The FERN PT samples (in the same sample cups used for the Emax™) were also re-analyzed on the HD Mobile®, as well as on the two Thermo Niton™ XRF analyzers, for comparison purposes. The data are reported in Tables 3–5 based on the FERN FY distribution. The specific archived  FERN  PT  samples  that  were  available  for  the  study  were labelled:  FERN-2022  (summer  sausage),  FERN-2023  (chicken  cordon bleu), and FERN-2024 (raw catfish fillet), consistent with the US fiscal year (FY) in which the PT study was conducted.


3.3.1.  FERN-2022 PT samples: summer sausage
The FERN-2022 PT samples were a homogenized summer sausage matrix comprising: (a) two control samples (b) three samples supple- mented (i.e., spiked); with 150 μg/kg of Pb, Cd, and Tl; and (c) three samples supplemented with 1000 μg/kg of Pb and Tl (Table 3). As ex- pected, the Z-Spec XRF analyzers reported ζnon-detects’, i.e., below the LOD  for  Pb,  Cd,  and  Tl  in  the“un-spiked”control  samples.  For  the samples“nominally”spiked  with  150  μg/kg,  XRF  recoveries  ranged from 98.1 % to 109 % for the three metals, while precision (defined as the coefficient of variation, i.e., %CV) ranged from 7.0 % to 11.7 %. For the samples“nominally”spiked with 1000 μg/kg Pb and Tl, recoveries ranged from 98.1 % to 104 %, and the CV ranged from 1.02 % to 1.41 %. The FERN-2022 PT samples were not analyzed on either the HD Mo- bile® or Niton™ XRF analyzers.
3.3.2.  FERN-2023 PT samples: chicken cordon bleu
The FERN-2023 PT sample set were a homogenized chicken cordon bleu  matrix  comprising:  (a)  two  control  samples;  (b)  three  samples spiked with  150  μg/kg Pb, Tl, Hg, Cd, and  1000  μg/kg Sn;  (c) three samples spiked with  1000  μg/kg Pb, Tl, Hg, Cd, and  2500  μg/kg Sn (Table  4).  Due  to  the high levels  of Sn  supplemented  into  the FY23 samples, they were selected for comparing the two Z-Spec detectors with the HD Mobile® and Niton™ analyzers. Those data are provided in the supplementary material (Table S1). The default analysis routines for the HD  Mobile®  and  Niton™  detectors  do  not  include  Tl  in  the  sample output and therefore those data are unavailable for comparison. For all analyzers except the HD Mobile®, the two control samples registered as non-detects for all elements of interest. The HD Mobile® registered a positive detection in the control samples for 26300 μg/kg for Sn. For the samples nominally spiked at 150 μg/kg, recoveries ranged from 90.7 % to 128 % for the Z-spec analyzers, while the repeatability ranged from 4.02 % to  13.5 %. For the Niton™  analyzers, all samples were non- detects for the elements of interest while for the HD Mobile®, Sn was recorded at 27200 μg/kg with other elements being non-detects. For the samples spiked at 1000 μg/kg, recoveries ranged from 88.2 % to 123 % for the Z-Spec analyzers, and repeatability (CV) ranged from 1.16 % to 12.1 %; for Sn, which was spiked at 2500 μg/kg, recovery was 97 % with 1.82 % %CV. For the Niton™ analyzers all elements except Sn were non- detects with the Sn recovery of 141.78 % and 65.31 % with 1.487 and 7.069 % CV for the Niton™ XL 5 Plus and the Niton™ XL3t respectively. For the HD Mobile® analyzer, Cd was not detectable; Pb had a recovery of 122.2 % with a 6.6 %CV, Hg had a recovery of 212.2 % with a 5.95 %
CV. As with previous measurements with the HD Mobile® Sn was very high at 62,500 μg/kg.
3.3.3.  FERN-2024 PT samples: raw catfish fillet
The FERN-2024 sample set comprised homogenized raw catfish fillet supplemented with W and Tl. The set included: (a) two control samples; (b) three samples spiked with 150 μg/kg Tl and 1000 μg/kg W; and (c) three samples spiked with 500 μg/kg W and 1000 μg/kg Tl (Table 5). Recoveries for the Z-Spec analyzers ranged from 97.7 % to 116 %, and repeatability from 0.122 % to 6.88 %.
Overall recoveries for the elements detected (Pb, Cd, Sn, Tl, Hg, and W) were within ±20 % of the assigned value, with repeatability better than  10 % (CV) for the Z-Spec detectors, demonstrating performance that was judged fit for purpose. Moreover, XRF results generated by the Zmax™ and Emax™ devices were all found to be within the acceptable ranges  established  by  FDA  for  FERN  laboratories  using   approved methods based on ICP-MS. These data show a substantial improvement over previous XRF analyzers and detection capability as seen with the comparison  of  the  2023  PT  samples  where  the  older  XRF  devices struggled with detection or exhibited large differences for all measured samples. As with all analytical methods, repeatability (%CV) becomes inflated as concentrations approach the method LOD, yet the Zmax™ and  Emax™  devices  appear  suitable  for  the  rapid  screening  of food matrices for the toxic elements reported here. It is important to point out
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Tabıe 2
Multielement analysis of Certified Reference Materials by Z-Spec M-XRF Analyzer.
CRM Assigned valuea  (μg/g)                                 Z-Spec XRFb  (μg/g)                          CRM Assigned valuea  (μg/g)                           Z-Spec XRFb  (μg/g)                          CRM Assigned valuea  (μg/g)                        Z-Spec XRFb  (μg/g)
mean                %CV        %rec                                                                                           mean                %CV         %rec                                                                                        mean                %CV        %
rec




Cl
K
Ca
Mn
Fe
Ni
Cu
Zn
As
Se
Br
Rb Sr Hg Pb
Cl
K
Ca
Mn
Fe
Ni6

Cu
Zn
As
Se
Br
Rb Sr Hg Pb
Cl
K
Ca
Mn
Fe
Ni
Cu
Zn
As
Se
Br
Rb Sr Hg Pb
Cl
K


NMIJ 7502 (white Rice)











ERM BD151 (skimmed milk powder)










NIST SRM 1515 (apple leaves)










NIST SRM 1577c (Bovine Liver)


1430  60.0 11.2
4.48	0.39	3.02 26.0
0.109


0.068
0.0043

9.8 17
13.9 0.29
53
5.0 44.9
0.19


0.52 0.207
582
16080
15250  54.1 82.7
0.94 5.69
12.45


10.2 25.1
0.47

10230


115
1190
55
11
3.9
0.37
3.03 25.1
0.09 0.01 0.35 1.68
ND
ND

10.4 16.8 14.2	0.3 50.2	0.1		5.1 44.8
0.2 12.7 17.8 		3.6 	0.44	0.3
642
16891
16964
55
77
1.00		5.88 13.50	0.02	0.04			1.69	9.96
25.05
0.46

3092
11255


 (
83.2
91.7
94.2
87.5
94.9
 
100.2
86.2
)3.09 0.18 0.00 0.40 1.08 7.64 2.10 0.59 7.52 0.00 1.00
0.21 ND
ND
 (
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102
100
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)
 (
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106
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108
)1.14 1.11 1.14 0.00 0.38 5.24 0.28 0.27 3.84 0.21 0.20 0.45 1.46 2.72
 (
98
100
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)0.66	0.09	0.07	0.27	0.18	0.71	0.12	0.00	3.29 16.84	0.29	0.02	0.20	2.48
 (
110
)2.54 2.10


NIST SRM 1573a (tomato leaves)










NIST SRM 1570a (spinach leaves)










IAEA-413 (Algae)











BOVM_1 (Bovine Muscle)


6600
26760
50450  246.3 367.5
1.58 	4.70 30.94 	0.113
0.054
14.8 85



29000
15260
76
2.14 12.22 82.3
0.068
0.115

55.54



10740
3143
158
1370
113
11.1 169  127


53.2 242
1900.0 15200


6895
25820
48590
236
330
1.6	4.7 31.4	0.1
ND
1278
26
84


7064
27533
14892
76
252
2.07 12.1
79.3
0.06 	0.123 35.75 13.30 53.81 	0.05
0.21

708
11037
3295
169
1376
114
7.08 166
128
3.51		3.15	8.95 47.6
242

2236
16472

 (
104
  
96.5
96.3
95.8
89.9
98.0
 
101
  
102
  
78.2
174
  
99.0
)
1.63		1.54		1.90		1.48		1.21	3.65		1.49	0.65 11.25 ND
0.47 0.83 0.49


 (
95
98
100
97
99
96
94
106
) (
97
)1.62		1.31		1.58	0.46	0.87	0.68	0.59	0.31	4.42 12.12	0.08	0.06	0.14 18.86 13.40
 (
103
105
107
100
101
64
98
100
) (
89
100
)1.20 0.68 0.67 0.10 0.21 0.15 0.80 0.28 0.29 0.81 0.16 0.09 0.01
0.08

 (
108
)1.52 0.84


NIST SRM 1547 (peach leaves)










NIST SRM 1568b (rice flour)










NIST SRM 2976
(Mussel Tissue)










NIST SRM 2977
(Mussel Tissue)


 (
111
101
105
101
96
134
109
106
100
99
102
95
87
95
111
103
99
107
99
96
87
91
103
106
105
94
89
111
98
119
107
101
101
100
176
73
93
105
) (
361
24330
15590
) (
1.41
1.14
1.31
0.62
0.59
3.07
0.86
0.48
 
ND
2.96
 
0.24
 
0.08
 
0.10
2.83
0.00
0.06
0.00
0.07
0.10
7.44
0.85
0.00
4.63
1.33
0.32
0.38
0.39
 
24.96
0.02
0.25
0.17
0.10
0.22
0.00
0.66
0.19
0.21
0.94
0.04
0.96
0.06
 
13.8
 
1.87
)401
24454
16326
 (
97.8
 
219.8
)98.5
210
 (
0.689
3.75
 
17.97
 
0.06
0.12
19.7
 
53.0
)0.92	4.1 19.0
ND
 (
0.87
)0.12 11.4 19.4 54.2
0.83

 (
301.1
 
1282
118.4
 
19.2
)261
1214
132
 (
7.42
2.35
 
19.4
0.285
 
0.37
 
8.31
 
6.20
0.008
)19.7
7.33	0.19	2.51 19.26	0.28	0.32	7.53	6.35	0.18
0.009

 (
57000
9700
7600
33
171
0.93
4.02
 
137
13.3
 
1.8
4.14
 
93.0
0.061
1.19
)59865
9094
6788
37
167
1.1 4.3
138.38 13.4 	1.8
288.28 7.3
68.3
0.057 1.25
45640                  1.03
12374                1.26
(continued on next page)

Tabıe 2 (continued )
a   CRM assigned values (certified, reference, or other) taken from the NMI certificate of analysis.
b   Z-            -SpecE max used to report Cd and Sn, and the Z-Spec Z-max used to report all others.
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that, while the XRF analyst was“blinded”to the assigned values for	these archived PT samples, it was not possible to analyze them under “true”PT conditions.
3.4.  Analysis of medicinal herb samples
A variety of medicinal herb samples were procured from Colombian and US based stores and analyzed in duplicate for a suite of essential and non-essential elements using the Zmax™ and Emax™ XRF analyzers. Samples analyzed included: a) Cardamom, b) Chamomile, c) Eucalyptus, d) Hibiscus flower, e) Holy basil, f) Moringa, and g) Pot marigold. Lead and Cd were detected in most samples, with Pb levels ranging from non- detect (moringa) to 0.96 μg/g (holy basil), and Cd levels ranging from non-detect to 0.31  μg/g  (holy basil). Two samples of holy basil con- tained As at low levels, 0.10 and 0.52 μg/g. Neither Hg nor Sn were detected in  any of the herbal samples. The complete table of results (mean, n = 2) of the analysis of medicinal herb samples is reported in the supplementary material. (Table S2).
In recent years, the popularity of herbal products has surged, with many consumers seeking alternatives to conventional pharmaceutical treatments. However, it is important to highlight that medicinal herbs are  often  sold  without  undergoing  the  necessary  testing  to  ensure compliance with good agricultural and manufacturing practices (GAP and GMP). This lack of regulation and oversight can pose significant risks to public health, as it allows for the possibility of contamination with harmful substances, including toxic heavy metals and pesticides (Jordan et al., 2010; Ruparel and Lockwood, 2011; Zhang et al., 2012). One  of the key  concerns  regarding medicinal herb  is  the  absence  of standardized testing  to verify  that these products  are  free  from  con- taminants. Unlike pharmaceuticals, which undergo rigorous testing for safety,  efficacy,  and  quality  control,  herbal  products  are  subject  to minimal regulation in many parts of the world. As a result, manufac- turers may not consistently follow best practices for cultivation, har- vesting, or processing, leading to potential issues related to the safety and quality of the final product. The lack of testing for contaminants such as heavy metals further exacerbate this issue, as consumers may unknowingly be exposed to harmful substances that can have serious long-term health effects (Kosalec et al., 2009). Heavy metals, such as Pb, As, Hg, and Cd, are a particular concern due to their toxicity even at low levels  of exposure.  Improper  storage, handling,  or processing  of me- dicinal herbs can also introduce toxic metals into the final product.
3.5.  Analysis of the dried spice samples
A limited number (n = 22) of dried spice samples (rosemary, thyme, clove,  oregano,  cinnamon,  curry,  and  others),  were  procured  from Colombia and US based stores, and analyzed in duplicate for a suite of essential and non-essential elements using the Emax™ and Zmax™ M- XRF  analyzers.  The  complete  table  of results  (mean,  n  =  2)  of the analysis  of spice  samples  is  reported  in  the  supplementary  material. (Table 2S). Overall, essential element content decreased in the following order: Fe > Mn > Cu > Zn > Ni > Se. Although Cd and As were detected in some samples, the highest concentrations of As were found in two brands of oregano at 2.44 and 2.98 μg/g, while the highest Cd levels were found in two brands of potato weed at 0.99 and 1.04 μg/g. Rela- tively high concentrations of Pb were found in two different brands of thyme, at 19.7 and 16.3 μg/g, as well as in oregano and coriander at levels of 7.17 and  7.87  μg/g, respectively. The lowest amount of Pb detected was found in chili spice blend at 0.09 μg/g. Mercury was not detected in any of the spice samples.
The metal  content  of spices  is  influenced by  a variety  of factors, including the species of plant, the specific plant regions harvested, as well as local environmental conditions such as soil metal content, pH, water contamination, air pollution, industrial activities, and the type of fertilizers used (Tokal1og (˘)lu et al., 2018). Trace elements like Pb, Cd, As, and Hg can accumulate in many plant species through the process of

[image: ]
[bookmark: bookmark30]Fig. 3. Difference  plots  by  element  showing  the  Z-Spec  XRF  measured  values  minus  the  CRM  assigned  values.  All  elements  except  Cd  measured  using  the Zmax™ XRF.
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uptake from the soil. In general, the root system of most plants absorbs the highest levels of toxic metals because it is in direct contact with the soil. This makes the roots a primary site for metal uptake (Shahid et al., 2017).
4.  Conclusions
Second generation M-XRF instruments (Zmax™ and Emax™) were evaluated for accuracy and repeatability. In addition to analyzing food- based CRMs, a selection of archived food PT samples provided by the FDA for FERN laboratories were available to judge M-XRF performance. Overall, the Zmax™ and Emax™ performance for the elements detected was within ±20 % of the assigned values and met the FDA’s PT per- formance criteria for FERN laboratories using an FDA-approved method (ICP-MS).  Based  on  these  data,  the  Zmax™  and  Emax™  M-XRF  in- struments were judged fit for purpose for the elements detected. The


LODs for the Zmax™ and Emax™ M-XRF instruments were up to 100 times lower for a suite of toxic elements (e.g., Pb, Cd, Hg, As, Tl, W, and Sn) compared to those obtained previously for the XOS HD Mobile® M- XRF  system and two conventional Niton™ XRF analyzers. The LODs were consistent with performance observed for multiple CRMs as well as for  several  archived  FERN  PT  materials.  The  two  Z-Spec  M-XRF  in- struments were also used to screen a range of“real-world”medicinal herbs  and  spices  sourced  from  US  and  Colombian  stores.  While  the Zmax™  and Emax™  instruments  demonstrated reasonable LODs,  ac- curacy and repeatability for the key toxic elements (As, Cd, Hg and Pb), optimal performance was achieved by selecting the Emax™ for Cd (and Sn), and the Zmax™ for As, Hg, and Pb.
CRediT authorship contribution statement
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[bookmark: bookmark31]Table 3
Analysis of FERN FY2022 PT samples (summer sausage) for toxic metals using the Z-Spec M-XRF analyzersb.

	FERN PT ID
	Element
	Spike Level (μg/ kg)
	FERN
Assigned value (μg/ kg)
	SE (μg/ kg)
	Acceptable range (μg/ kg)
	XRF meana  (μg/ kg)
	SE (μg/ kg)
	CV
(%)
	Recovery (%)

	Blank
	Pb
Cd
Tl
	
	
	
	
	ND
ND
ND
	
	
	

	C-03 &
	Pb
	Un-spiked
	
	
	
	ND
	
	
	

	C-05
	Cd
	Un-spiked
	
	
	
	ND
	
	
	

	
	Tl
	Un-spiked
	
	
	
	ND
	
	
	

	C-01, C-04 & C-
	Pb
	150
	160
	2
	138–182
	155
	6.0
	11.7
	103

	07
	Cd
Tl
	150
150
	157
148
	3
2
	123–191
124–172
	151
164
	3.7
3.2
	7.3
7.0
	100
109

	C-02, C-06 & C-
	Pb
	1000
	1034
	12
	904–1164
	1038
	3.5
	1.0
	104

	08
	Cd
Tl
	Un-spiked 1000
	998
	14
	[bookmark: bookmark43]846–1150
	ND
981
	4.6
	1.4
	98


a  n = 3.
[bookmark: bookmark42]b  XRF analysis for Cd by E-max, Pb and Tl by Z-max.

[bookmark: bookmark32]Table 4
Analysis of FERN FY2023 PT samples (chicken cordon bleu) for toxic metals using the Z-Spec M-XRF analyzersb.

	FERN PT ID
	Element
	Spike Level (μg/ kg)
	FERN
Assigned value (μg/ kg)
	SE (μg/ kg)
	Acceptable range (μg/ kg)
	XRF meana  (μg/ kg)
	SE (μg/ kg)
	CV
(%)
	Recovery (%)

	Blank
	Pb
	
	
	
	
	ND
	ND
	
	

	
	Tl
	
	
	
	
	ND
	ND
	
	

	
	Hg
	
	
	
	
	ND
	ND
	
	

	
	Cd
	
	
	
	
	ND
	ND
	
	

	
	Sn
	
	
	
	
	ND
	ND
	
	

	C-01 & C-03
	Pb
	Un-spiked
	
	
	
	ND
	ND
	
	

	
	Tl
	Un-spiked
	
	
	
	ND
	ND
	
	

	
	Hg
	Un-spiked
	
	
	
	ND
	ND
	
	

	
	Cd
	Un-spiked
	
	
	
	ND
	ND
	
	

	
	Sn
	Un-spiked
	
	
	
	ND
	ND
	
	

	C-02, C-04 & C- 06
	Pb
	150
	157.7
	2.42
	132.9–182.5
	163
	3.5
	6.4
	109

	
	Tl
	150
	152.1
	1.71
	134.0–170.1
	136
	6.1
	13.5
	91

	
	Hg
	150
	154.8
	1.6
	137.3–172.3
	191
	2.6
	4.0
	128

	
	Cd
	150
	158.6
	1.31
	142.6–174.6
	146
	4.6
	9.5
	98

	
	Sn
	1000
	1101.3
	31.2
	891.7–1310.9
	1065
	42.8
	12.1
	107

	C-05, C-07 & C- 08
	Pb
	1000
	989.6
	8.98
	890.6–1088.7
	1044
	4.7
	1.3
	104

	
	Tl
	1000
	980
	12
	852.7–1107.3
	882
	3.4
	1.2
	88

	
	Hg
	1000
	990.3
	9.42
	875.6–1105.0
	1230
	7.5
	1.8
	123

	
	Cd
	1000
	1004.1
	7.67
	916.2–1091.9
	1083
	9.9
	2.7
	108

	
	Sn
	25000
	25325.9
	[bookmark: bookmark45]775.7
	19881.2–30770.6
	24239
	147
	1.8
	97


a  n = 3.
[bookmark: bookmark44]b  XRF analysis for Cd by E-max, Pb and Tl by Z-max.

[bookmark: bookmark33]Table 5
Analysis of FERN FY2024 PT samples (raw catfish filet) for toxic metals using the Z-Spec M-XRF analyzersb.

	FERN PT ID
	Element
	Spike Level (μg/ kg)
	FERN
Assigned value (μg/ kg)
	SE (μg/ kg)
	Acceptable range (μg/ kg)
	XRF meana  (μg/ kg)
	SE (μg/ kg)
	CV
(%)
	Recovery (%)

	Blank
	W
	
	
	
	
	ND
	
	
	

	
	Tl
	
	
	
	
	ND
	
	
	

	C-05 & C-06
	W
	Un-spiked
	
	
	
	ND
	
	
	

	
	Tl
	Un-spiked
	
	
	
	ND
	
	
	

	C-01, C-04 & C-
	W
	1000
	1123
	48.6
	744.1–1501
	1029
	0.1
	0.5
	103

	07
	Tl
	150
	153
	1.7
	135.1–170.4
	163
	0.1
	4.5
	109

	C-02, C-03 & C-
	W
	500
	554
	23.2
	371.4–736.5
	579
	0.2
	0.1
	116

	08
	Tl
	1000
	988.5
	[bookmark: bookmark47]1.0
	880.1–1096.2
	977
	0.2
	6.9
	98


a  n = 3.
[bookmark: bookmark46]b  XRF analysis for Cd by E-max, Pb and Tl by Z-max.
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