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ABSTRACT
Crystalline quartz, the most common crystalline silica polymorph, is widely found in industrial products. It is of high regula-
tory relevance, because its fine fraction, a form of respirable crystalline silica, is classified as an occupational carcinogen, with 
product-content thresholds (e.g., 0.1% (w/w) in the European Union) and stringent occupational exposure limits. Since larger 
size fractions can be reduced to the fine one during work processes and use, a silica-free approach should be pursued, driving 
the need for accurate and sensitive quantification of crystalline quartz, even in complex matrices. X-ray diffraction (XRD) is a 
reference technique for selective quartz determination; however, paraffin-rich abrasive and polishing pastes pose a major analyt-
ical challenge due to their dense, viscous rheology, which prevents homogeneous incorporation of crystalline internal standards 
or spikes required by validated quantitative XRD approaches (e.g., EN 13925, EN 17289). Here, we develop and optimize a low-
viscosity sample pretreatment, termed low-viscosity doping (LVD), to overcome matrix-driven inhomogeneity. LVD mitigates 
rheological constraints, enables uniform internal-standard distribution, and improves the reliability of quantitative XRD. Using 
LVD, crystalline quartz mass fractions were determined with good accuracy and repeatability at levels well below the 0.1% prod-
uct threshold. The proposed workflow is standardized, time-efficient, and compatible with modern benchtop diffractometers, 
potentially paving the way for a standard aimed at enhancing safety compliance and risk mitigation in the abrasive and polishing 
products industry.

1   |   Introduction

Respirable crystalline silica (RCS), particularly its polymorphs 
quartz, cristobalite, and tridymite, is recognized as an estab-
lished occupational carcinogen (IARC Group 1) and a significant 
driver of fibrotic lung disease. Inhalation of RCS is associated 
with the development of numerous conditions, the most severe 
one being silicosis [1–4], an irreversible lung disease ultimately 
leading to mortality (Figure SM-1a in S1) [5, 6]. Crucially, aside 
from lung transplantation, effective treatments for silicosis re-
main unavailable. This dire outcome could be prevented by 

reducing or eliminating occupational exposure to RCS and im-
proving our environment [7].

For these reasons, regulatory bodies worldwide have imposed 
stringent permissible exposure limits (PELs) on the levels of 
RCS fraction in occupational workplaces with values lower than 
0.1 mg/m3, e.g., 2004/37/EC [8, 9]. Despite these health hazards, 
RCS is an intrinsically pervasive and essential component of 
modern industrial economies, with its presence woven through-
out numerous manufacturing and industrial sectors, including 
construction, mining, ceramics, and material finishing (Figure 
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SM-1b in S1) [4]. Although the global impact of occupational sil-
ica exposure is only partially documented in these sectors, the 
persistently elevated levels reported underscore the magnitude 
of the public health crisis [10–12], urging the use of alternative 
materials, wherever technically feasible [13, 14].

The fundamental challenge in regulatory compliance and risk 
mitigation lies in monitoring RCS and preventing its formation 
from CS-containing materials during production/manufactural 
processes [15]. CS refers to the crystalline phase in general, 
while RCS comprises only airborne CS particles with an aero-
dynamic diameter less than or equal to 10 μm, capable of pene-
trating deep into the alveoli of the lungs (Figure 1) [3]. Despite 
the complexity of classification under regulations like REACH 
(EC No. 1907/2006) for unprocessed natural materials con-
taining quartz, industrial mineral producers in the EU (IMA) 
proactively classified materials based on their fine CS content, 
according to the globally harmonized system (GHS) and specific 
target organ toxicity upon repeated exposure (STOT RE) [16]. 
Similar actions were taken in the USA and China, although with 
different thresholds. These efforts show how regulatory frames 
are focusing on RCS fractions—a minimal though carcinogenic 
fraction as shown in Figure 1B—while having a limited consid-
eration of its source, the CS [5].

The capability to determine CS at low mass fraction levels is 
thus instrumental in making the current and future regulations 
effective. In the last years, the occupational risk assessment, 
predominantly relying on monitoring RCS concentration in the 
air [9, 17], has progressively been supported by a proactive silica-
free approach: the source materials (powders) [18] used in pro-
duction processes are analyzed to prevent the potential release 
of hazardous dust, as established by the European Regulation 
(EC) No. 1272/2008, which sets a mass fraction limit of 0.1%. 
Similarly, 29 CFR 1910.1200 and GB 15258 set rules in the USA 
and China, respectively.

Within this regulatory and safety frame, abrasive and polishing 
pastes represent a highly relevant and analytically challenging 
product group. These formulations are critical across a multi-
tude of sectors, from high-precision engineering for surface 
refinement to high-throughput automotive and esthetic finish-
ing [19, 20]. Polishing pastes are complex semisolid mixtures, 

typically consisting of a dispersive phase, often paraffin-based, 
and an abrasive phase of mineral particles [21]. Their classifi-
cation is based on the chemical identity and particle size of the 
abrasive, which dictate the final surface finish [22]. Historically, 
the abrasive phase frequently contained natural emery, a hard, 
dark granular rock composed predominantly of corundum 
(Al2O3) and iron oxides (magnetite/hematite) [23–25], with 
a variable crystalline silica (quartz) content, typically at mass 
fractions of about 4%, which is well above the 1.0% threshold 
for STOT RE 2 classifications [26]. While manufacturers are 
increasingly shifting to synthetic, silica-free alternatives to 
meet silica-free policies, the regulatory and commercial need 
to confirm the effective CS mass fraction in finished pastes re-
mains paramount. Figure 2 descriptively illustrates two distinct 
but highly integrated methods for assessing the exposure risk 
stemming from CS, specifically focusing on the most hazardous 
polymorphs: quartz, cristobalite, and tridymite, which may be 
present in polishing abrasive pastes.

The first approach, depicted in Figure  2A, focuses on verify-
ing process safety by measuring the actual RCS fraction (par-
ticle size ≤ 10 μm) generated during operation. Analysis of the 
RCS confirms current exposure levels. If this measurement 
exceeds an adequate limit of detection (LOD), it is a red flag 
that mandates further investigation, including testing the bulk 
material, to precisely identify the source contaminating the air. 
Conversely, the second approach, shown in Figure 2B, involves 
the proactive environmental screening of the pastes themselves 
to quantify all three CS polymorphs. This test is designed to 
identify whether the source material is a potential environmen-
tal hazard capable of releasing respirable dust. A positive result 
(exceeding the LOD) means the paste is deemed high-risk and 
requires mandatory substitution with safer, silica-free alterna-
tives, e.g. [14]. In essence, air monitoring (Figure 2A) confirms 
safety during use, while source material analysis (Figure  2B) 
facilitates fundamental material substitution. The complemen-
tary use of these two analyses is essential for an effective and 
health-protective silica-free approach. Despite the recognized 
importance of accurate monitoring across all sectors, the overall 
analytical landscape for both airborne and bulk crystalline sil-
ica remains complex and challenging, highlighting the need for 
continuous method development and critical evaluation of exist-
ing measurement techniques to ensure regulatory compliance 

FIGURE 1    |    Relation between CS and RCS. (A) the successive, multiple size-selection processes that correlate CS and RCS particle fractions, start-
ing from bulk material containing CS particle with a diameter > 75 μm, toward a progressive size reduction till most hazardous particles under 10 μm. 
(B) RCS fraction is a critical subset of the larger CS particle content; therefore, the presence of CS can potentially generate RCS while determining 
RCS fraction does not assure the absence of CS particles. [Colour figure can be viewed at wiley​onlin​elibr​ary.​com]
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and worker safety [26]. In this view, accurate quantification of 
CS polymorphs is essential for robust risk assessment.

X-ray diffraction (XRD) is the gold-standard analytical tech-
nique for this purpose, offering high specificity for crystalline 
phases and forming the basis for dedicated standards like the 
EN 17289 [27] series for bulk materials, and the ISO 16258 [28] 
and ISO 24095 [29] standards for airborne dust. Actually, these 
standards for RCS analysis focus on quartz and cristobalite, 
because tridymite occurrence is less frequent and also poses 
analytical difficulties. XRD provides superior precision and ac-
curacy in identifying and quantifying CS phases like α-quartz, 
even in complex dust samples, and is often preferred over tech-
niques like FTIR or Raman spectroscopy for well-characterized 
silicates [26]. Its ability to cover a wider sample analysis area 
also contributes to greater reliability by mitigating uncertainties 
related to laborious pretreatment steps [30]. Moreover, in addi-
tion to traditional XRD analytical methods, like those based on 
calibration curves for RCS on filters, quantitative Rietveld re-
finement has progressively been applied for multiphase samples 
analysis, allowing minimization of some of the issues affecting 
single-peak calibration approaches, i.e., preferred orientation, 

peak overlap, and matrix absorption [31, 32]. Since the detection 
capabilities are ultimately dependent on the signal-to-noise ratio 
(SNR), X-ray diffractometers maximize the counting statistics ei-
ther with high power X-ray sources (floor-standing instruments) 
or with intensity-tailored optical configurations and linear or 
2D detectors (benchtop instruments). These systems utilize low 
power X-ray generators (300–600 W instead of 3000 W) coupled 
with traditional X-ray tubes, with the advantage of increasing 
their lifetime, simplifying their operation (no external cooling or 
dedicated power supply needed), and providing SNR comparable 
to larger instruments. This accessibility makes them appealing 
for environmental laboratories and quality control and routine 
monitoring in manufacturing environments. Despite the dif-
ference in scale and power, both classes of instruments mostly 
rely on the internal standard (IS) addition methods for accurate 
quantitative analysis, because it allows taking into account the 
possible presence of amorphous material and thus provides an 
unbiased quantification for crystalline phases. Alternatively, 
dedicated calibration curves, specific to the type of matrix under 
investigation, are built [33]. Usually, a small-granulometry pow-
der is used as an internal standard or spike. Recently, Mecchia 
et al. [15] published the outcomes of an inter-laboratory study 

FIGURE 2    |    Two analytical strategies for managing potential exposure to RCS stemming from polishing and/or abrasive pastes. (A) RCS analysis 
(environmental monitoring): focuses on the respirable fraction generated during the process and (B) CS analysis (bulk material testing): directly an-
alyzes the pastes to quantify all three CS polymorphs (quartz, cristobalite, and tridymite). [Colour figure can be viewed at wiley​onlin​elibr​ary.​com]
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demonstrating the equivalence of the external standard, in-
ternal standard and spiking methods for the quantification of 
crystalline quartz, with mass fraction ranging between 10% and 
16%, in binary mixtures of powders. However, when it comes 
to the complexity of the polishing paste matrix, the analytical 
method faces a challenge: the viscous, dense, semisolid, or liquid 
consistency of the paste, related to the substantial presence of 
semicrystalline paraffin and its derivatives, makes the homoge-
neous dispersion of low-granulometry powder difficult.

This study directly addresses this critical analytical gap by 
proposing a heating pretreatment methodology—namely, the 
low-viscosity doping (LVD)—specifically designed to overcome 
the inherent issues posed by the viscous matrix of abrasive and 
polishing pastes. To the authors' knowledge, no application of 
the mentioned heating procedure for this type of samples has 
been done before to determine the crystalline silica content, 
in the context of the currently available norms, especially EN 
17289 and ISO 24095. Our investigation evaluates the efficacy 
of this pretreatment in achieving reliable and repeatable quan-
tification of minor levels of quartz, the most frequent CS poly-
morph, in three distinct commercial polishing pastes, consisting 
of a paraffin matrix with dispersed corundum abrasive powder. 
Crucially, we demonstrate the method's robustness by applying 
it successfully across both a high-power floor-standing diffrac-
tometer and an accessible low-power benchtop diffractometer. 
Initial qualitative analysis was performed to search for the pos-
sible presence of CS, followed by incremental spiking of a blank 
sample with quartz to assess the linearity of the response of the 
diffraction signal. Finally, quantitative determination using the 
method of standard additions, as recommended by EN 17289, 
was performed for two samples showing a little amount of 
quartz. By establishing a standardized procedure that accom-
modates modern and accessible benchtop instrumentation, 
this work enriches the XRD toolbox for silica-free design of in-
dustrial and crafted productions using polishing and abrasive 
pastes with paraffin matrix.

2   |   Materials and Methods

2.1   |   Reagents and Samples

Three polishing paste samples (S1, S2, S3) were obtained from 
commercial sources (generic description in Table  SM-1 in S1). 
For accurate quantitative analysis of quartz in the pastes, which 
did not exhibit cristobalite or tridymite peaks, a method of stan-
dard additions was employed, consistent with the recommenda-
tion of EN 17289. Due to the high cost and limited availability of 
certified reference materials (specifically NIST SRM 1878b for 
respirable quartz and SRM 1879b for cristobalite), suitable, more 
accessible replacements were identified in accordance with ISO 
16258-1 and guidance by Stacey et al. [34]. The spiking material 
was pure quartz P3 (SiO2 = 99.1%, median particle size of 3 μm), 
supplied by Minerali Industriali (Novara). The material used 
for the initial approximate estimation of quartz content was 
pure ZnO (zincite, purity greater than or equal to 99.9%, parti-
cle size less than 5 μm), purchased from Merck (product num-
ber 205532). The crystallinity of both the quartz P3 and ZnO 
powders was rigorously determined by realizing binary mix-
tures of each with known amounts of two certified crystallinity 

reference materials (NIST SRM 1879b and SRM 676a) to better 
assess measurement uncertainty [35]. The resulting binary mix-
tures were homogenized using a Retsch vibratory mill (MM400) 
equipped with 25 mL zirconium oxide jars, deemed suitable for 
the hardness of the involved powders. In order to avoid any pos-
sible detrimental effect on crystallinity, no grinding balls were 
added, while the homogenization time and frequency were set at 
5 min and 15 Hz, respectively.

2.2   |   LVD

The LVD was developed to address the challenging matrix of pol-
ishing pastes. It involves heating the paste to reduce its viscosity, 
allowing for direct doping with either zinc oxide or quartz. This 
approach aims to maintain the original sample matrix while 
ensuring a homogeneous dispersion of the additional powder. 
Approximately 3 g of the polishing paste sample was accurately 
weighed in a 30 mL borosilicate glass vial with a phenolic screw 
cap, placed in an analytical balance with 0.1 mg readability. A 
known amount of ZnO (about 0.2 g) was added to the vial. The 
mass ratio of ZnO to sample was optimized through preliminary 
experiments to ensure appropriate peak intensities for accurate 
quantification, without interfering too much with nearby peaks. 
The sealed vial was then heated by immersion in a water bath 
on a hot plate at 60°C ± 10°C for a duration sufficient to fully 
liquefy the paste (typically between 5 and 10 min), facilitating 
a significant reduction in viscosity. Immediately after heating, 
the vial was homogenized using a vortex mixer for 20 s to en-
sure thorough dispersion of ZnO within the paste. Heating 
and mixing of the spiked sample were repeated for each single 
sample deposition for XRD analysis, to ensure the matrix had 
approximately the same reduced viscosity and the variability at 
the preparation stage was comprised in the following acquisi-
tions. Although the median particle size of ZnO was appropriate 
to minimize gravitational segregation within the liquid paste, 
single aliquots for deposition were taken with a Pasteur pipette 
immediately after mixing, i.e., within 10 s. The deposition was 
done in a front-loading sample holder with a cavity of 0.8 mm 
and a diameter of 22 mm. In this case, the paste was gently 
pressed and spread within the cavity using a frosted glass slide, 
ensuring the surface was flush with the reference plane of the 
sample holder. The samples for the standard additions were pre-
pared weighing approximately 10 g of the polishing paste in a 
30 mL borosilicate glass vial with a phenolic screw cap and add-
ing three different quantities of the highly pure quartz, equal to 
0.5, 1, and 2 times the initial estimation of quartz respectively 
(EN 17289-1). As done after the ZnO addition, the samples were 
heated, homogenized using a vortex mixer and deposited in the 
sample holder cavity. Considering the fusion temperature of par-
affin (~40°C), the limited sample mass and the apparent change 
in physical behavior when melted, the procedure was simple and 
robust enough to allow three different operators to perform it, 
even with different hot plates, balances, vortex mixers and pi-
petting skills.

2.3   |   Instrumentation

XRD patterns were acquired using both high and low-power 
X-ray diffractometers, Explorer (GNR s.r.l., Novara, Italy) and 
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D2 Phaser (Bruker AXS, Karlsruhe, Germany), respectively. 
Both diffractometers were equipped with a Fine Focus Cu X-ray 
source, whose characteristic radiation is made of two main emis-
sion lines, λ(Kα1) = 1.5406 Å and λ(Kα2) = 1.5444 Å, and smaller 
third emission line λ(Kβ1) = 1.3922 Å. The latter was suppressed 
by either a 0.02 mm Ni filter (Explorer) or by the detector en-
ergy threshold (D2). Explorer, characterized by a 240 mm-radius 
goniometer and an Advacam Minipix 2D detector in 1D mode, 
was operated at the standard power settings of 1200 W (40 kV 
and 30 mA). D2, mounting a LYNXEYE XE-T 2D detector in 1D 
mode, was operated at 300 W (30 kV and 10 mA), which makes it 
one of the lowest power diffractometers on the market. In both 
instruments, the sample was hosted in a front-loading sam-
ple holder on a rotating sample stage. For a first assessment of 
the crystalline phases present in the paste, data were collected 
from 15° to 75° (2θ) at 1°/min with Explorer and 2.4°/min with 
D2. Table 1 summarizes the instrumental setup details, while 
Figure 3 shows a schematic of the setup parameters for the two 
different X-ray diffractometers employed in this work. All the 
measurements were performed at room temperature (25°C).

A first quantitative analysis of quartz in samples was performed 
using the internal standard method by adding a known amount 
of zincite (ZnO). Both Rietveld refinement and simple refer-
ence intensity ratio (RIR) quantification were carried out. For 
RIR and standard additions, the acquisition of diffractograms 
was limited to regions of interests (ROI) centered on the pri-
mary peaks of quartz (101) at 2θ = 26.63° and zincite (101) at 
2θ = 36.25°, to have a good trade-off between the measurement 
time and the detection capabilities. ROIs of 2° were collected in 
static mode for 600 s with Explorer, while in scanning mode for 
1900 s with D2.

First phase identification and RIR quantification were per-
formed by Match! (Crystal Impact, Bonn), DIFFRACT.EVA 
(Bruker AXS, Karlsruhe), and ICDD PDF-5+ database. Peak 
area determination and Rietveld refinement were performed 
by the freely available Profex software [36], taking into ac-
count both Kα1 and Kα2 contributions. As a matter of fact, since 
the software is provided with a full-profile search and match 

algorithm and the possibility of accessing the free crystallogra-
phy open database [37], it may be used even for checking the 
crystalline phases, thus making the proposed protocol suitable 
to users with limited economic resources.

3   |   Results and Discussion

3.1   |   Determination of Quartz and Zincite 
Crystallinity: The Internal Standard Method

To use the zinc oxide and quartz powders as internal standard 
and spikes, respectively, their actual amount in the chosen 
products had to be determined. In fact, the possible presence of 
amorphous material or other minor crystalline phases cannot be 
excluded, which would inevitably bias the following estimations 
based solely on experimental intensity ratios. Thus, both quartz 
and zinc oxide powders were mixed with a known amount of 
a certified reference material (wIS) to estimate their crystal-
line phase percentage (crystallinity), according to the internal 
standard method. The procedure requires that first the mass 
fractions of the crystalline phases (w′j) and internal standard 
(w′IS) are determined in the new sample (original plus internal 

TABLE 1    |    Instrumental setup for Explorer and D2 diffractometers.

Explorer (high power) D2 (low power)

Goniometer radius (mm) 240 141

Divergence slit (mm) 0.8 1

Incident beam soller slit (°) 2.3 2.5

Antiscatter shield Yes

Sample rotation (rpm) 30 15

Diffracted beam soller slit (°) 2.3 4

Detector active region (°) 2 5.8

Detector sensor area (mm2) 14 × 14 14.4 × 16

Detector equatorial pixel pitch (μm) 55 75

Cu Kβ suppression Ni filter (0.02 mm) Detector energy threshold

Optimized for Angular resolution Signal intensity

FIGURE 3    |    Schematic of the different setup parameters of D2 (blue 
circle) and Explorer (red circle). A, Advacam detector; D, divergence; K, 
anti-scatter shield; L, LynxEye detector; S, sample; W, detector active 
region. [Colour figure can be viewed at wiley​onlin​elibr​ary.​com]
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standard), assuming it is completely crystalline: these can be de-
termined either by RIR or Rietveld refinement analysis [33], by 
relying on experimental diffraction peaks and scattering factors. 
Finally, the ratio (w′IS/wIS) is used to provide an estimation of 
the actual crystalline mass fraction of the phase of interest in 
the original sample. It must be pointed out that the internal stan-
dard method is not affected by matrix effects because it is based 
on ratios of intensities, where the mass attenuation coefficient is 
flushed out (Section S2 in S1).

Following the outlined procedure, the cristobalite (NIST SRM 
1879b) internal standard amount wIS was about 4%–5% for both 
products, while the corundum (NIST SRM 676a) one was 18% 
for quartz and 27% for zincite. The mean values of crystallinity, 
calculated with Rietveld refinement of the mixtures of the prod-
ucts with each SRM, were (87 ± 3)% and (90 ± 1)% for quartz and 
zincite, respectively (Section 3 in S1). The reported uncertainty 
for crystallinity, 1σ standard deviation, was considered in the 
following calculations. The initial structural parameters were 
taken from ICDD PDF5+ 040042852 (corundum), 010710785 
(cristobalite), 040150825 (zincite) and 040087651 (quartz).

3.2   |   Characterization of the Polishing Pastes

Polishing pastes are complex formulations comprising solid 
abrasive particles, organic binders, solvents, and various ad-
ditives, often forming a nonuniform suspension. The inherent 

heterogeneity of these matrices makes their characterization—
especially for quantitative analysis—challenging. XRD analysis 
of the pastes revealed a variegate mineralogical composition 
reflecting the multicomponent nature of these materials char-
acterized by abrasive and dispersing phases. The initial charac-
terization was performed with Explorer, to have the maximum 
available flexibility as regards angular resolution and power. 
Figure  4a shows a representative diffraction pattern of a pol-
ishing paste (sample S1) with a predominant crystalline phase 
of corundum—the abrasive component—and the presence of 
semicrystalline paraffin—the dispersing phase. Neither quartz 
nor cristobalite peaks were detected. The X-ray transparency of 
the light matrix and the small sample displacement error (SDE) 
[38], due to the contraction of the paste height in the cavity after 
cooling, were not an issue for the identification of the phases 
and could be dealt with easily by the software. The predominant 
phase, corundum (α-Al2O3), is characterized by the main re-
flections at approximately 2θ = 35.15° (104) and 2θ = 43.3° (113) 
(ICDD PDF 04-005-4505). Reflections attributable to crystalline 
paraffin were observed around 2θ = 21.48° (corresponding to 
the (110) plane of orthorhombic paraffin) and 2θ = 23.85° (ICDD 
PDF 00-040-1995). It is worth noting that the exact position and 
intensity of the reflections depend on the paraffin's purity and 
degree of ramification [39].

The high viscosity of these samples makes it difficult to obtain 
a truly representative aliquot for XRD analysis; mixing prior 
to analysis might not fully homogenize the sample, and even 

FIGURE 4    |    Diffraction pattern for sample S1 (a); progressive addition of quartz to S1 and related (101) peak increase (b); linear regression for 
quartz (101) peak area versus the quartz mass fraction (c). [Colour figure can be viewed at wiley​onlin​elibr​ary.​com]
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small variations in sample preparation might lead to signifi-
cant discrepancies in results. Additionally, the predominantly 
amorphous matrix is responsible for a high background in the 
diffractogram, further complicating the detection and quantifi-
cation of minor crystalline phases. These characteristics com-
plicate the application of standard quantitative XRD methods, 
such as the internal standard method or the standard addition 
method required by EN 17289-1. Both approaches rely on the 
assumption that the added standard (or analyte in standard ad-
dition) is uniformly distributed within the sample matrix and 
behaves identically to the existing components. However, with 
highly viscous samples like pastes, this assumption is gener-
ally not applicable due to their inherent nonhomogeneity, ne-
cessitating a specific sample preparation procedure to ensure 
accurate results. To address this, the LVD method described in 
Section 2.2 was developed.

The applicability of this pretreatment procedure was first tested 
operating multiple addition of quartz (87% ± 3% crystallinity) to 
sample S1, with the aim of evaluating the linearity of the (101) 
peak area at increasing analyte mass fraction. If the added 
amount is limited, i.e., up to a few percent, the variation of the 
mass attenuation coefficient is negligible and thus the expected 
signal is a linear function of the mass fraction (Equation 1 in 
S1), provided the phase is homogeneously distributed in the 
sample. The results, obtained with Explorer and reported in 
Figure 4b, show the region of the primary reflection of quartz 
(2θ = 26.63°) after the addition of six increasing aliquots in the 
range between 0.073% and 2.516% (w/w). The least squares 
method applied to the peak area versus the mass fraction pro-
vided a line (Figure 4c) with a coefficient of determination R2 
equal to 0.9999, slope equal to (2688 ± 13) Counts°/% and inter-
cept equal to (−11 ± 16) counts°, which is not significantly differ-
ent from a zero-intercept line; moreover, the applicability of the 
linear model is confirmed by Mandel test at 0.05 significance 
level (F* < F0.05,1,3). These results confirm the effectiveness of 
the LVD method in achieving homogeneous distribution and a 
proportional response in the XRD signal, even in a complex or-
ganic matrix. Furthermore, the high sensitivity implied by the 
steep slope suggests the method's potential for detecting even 
minor mass fractions: according to Eurachem [40], a first esti-
mation of the limit of quantification (LOQ) from the calibration 
line is 0.06% (w/w) of quartz. Since the mass fraction regulatory 
limit is set at 0.1% for RCS, recovery tests were performed in a 
close region, by measuring in triplicate two samples obtained by 
spiking S1 with 0.11% and 0.14% of quartz. The resulting recov-
ery values were not significantly different from 100% (104 ± 8)% 
and (96 ± 6)%, respectively, where the uncertainty was calcu-
lated by taking into account the quartz crystallinity, the cali-
bration uncertainty and the standard deviation of the triplicate 
measurements [41]. For the sake of completeness, the recovery 
was also calculated for a mass fraction closer to the middle of the 
investigated range (0.98%), where the calibration uncertainty is 
at minimum. A sample spiked with 0.78% of quartz provided a 
recovery value of (95 ± 4)%.

After the first characterization, the original unspiked S1 sample 
diffraction pattern was collected with the low-power benchtop 
D2 diffractometer to assess its suitability for the task. Despite 
a slightly more pronounced SDE and peak width, which were 
expected due to the smaller goniometer radius with respect to 

Explorer (141 mm vs. 240 mm), larger Soller slits and detector 
active area, the angular resolution and diffraction signal inten-
sity were fine, as can be seen in Figure 5, where the comparison 
between Explorer and D2 is reported.

The absolute counts are larger for D2, mainly as a consequence 
of the larger detector active region and Soller slits. By normaliz-
ing both diffraction patterns with respect to the maximum in-
tensity, i.e., the corundum (104) peak (Figure 5b–d), it is possible 
to appreciate the resemblance between the outcomes of the two 
instruments. Thus, both the high and low-power instruments 
are compliant with the angular resolution and peak position ac-
curacy needs for the detection of crystalline quartz.

3.3   |   Initial Estimation of Crystalline Silica

In the previous section, the linear response of the quartz signal 
as a function of its mass fraction was assessed in a range up to 
2.5%, providing a calibration for the analysis of unknown sam-
ples. However, any departure of their matrix composition from 
the investigated one may affect the accuracy of the estimation, 
which is already characterized by a larger uncertainty at the 
edges of the calibration curve. Thus, a versatile quantitative 
approach, tailored to each unknown sample and more focused 
on a limited range close to the expected value, was selected: 
the standard additions method (EN 17289). In order to establish 
the range, a first estimation of the expected value must be first 
provided. Thus, sample S1 spiked with 0.073% of quartz was 
investigated as a positive test sample, in order to evaluate the 
possible bias of the proposed method. For an initial estimation 
of the CS content, two established normative methods, as ref-
erenced by EN 17289, were employed: the Rietveld refinement 
method and the RIR single peak method. For both approaches, 
ZnO was chosen as the internal standard due to its well-defined 
diffraction pattern, limited overlapping with the reflections of 
interest and chemical inertness within the sample matrix. Its 
characteristic reflections at approximately 2θ = 31.76° (100), 
2θ = 34.42° (002), and 2θ = 36.25° (101) provide clear and dis-
tinct peaks for quantification. Figure 6a illustrates a represen-
tative diffractogram following the addition of the ZnO internal 
standard (6.24%), clearly showing the region for quartz and 
ZnO main peaks, whose single-ROI acquisitions are reported 
in Figure 6b,c, respectively.

The Rietveld method offers a comprehensive approach to 
quantitative phase analysis by fitting the entire acquired 
diffraction pattern, allowing handling of complex mixtures 
and peak overlaps, accounting for various instrumental and 
structural parameters, thus providing more accurate results. 
In order to collect an adequate number of reflections and to 
discriminate the small quartz (101) peak, a diffractogram was 
collected in continuous scan mode from 2θ = 15° to 2θ = 75° 
at 1°/min, thus requiring about 1 h (Figure 6a). The collected 
data were then processed with the Rietveld algorithm of 
Profex: in principle, for each identified phase a description of 
its structure is required to proceed with the parameter refine-
ment and full profile fit. The paraffinic matrix, which is only 
partially crystalline, has no suitable structural information 
available: fortunately, its few crystalline peaks and amorphous 
hump are distinguishable from corundum, quartz, and zincite 
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peaks, thus allowing the discarding of it and proceeding with 
the fit and quantification of the crystalline phases relative 
to the known zincite internal standard. The quantitative re-
sults were: (31.35 ± 0.17)% for corundum, (0.071 ± 0.012)% for 
quartz, and (68.58 ± 0.17)% for the remaining phases (paraffin 
and potentially undetected phases). Interestingly, the result for 
quartz is close to the nominal value (0.073 ± 0.002)%; the rel-
ative uncertainty of the estimation, 17%, is mainly due to the 
small quartz signal.

In scenarios where time of analysis is a critical factor, the RIR 
single peak method offers a faster alternative. Instead of record-
ing a large 2θ range, this method focuses on scanning only the 
regions of the primary reflections of quartz (101) and ZnO (101), 
with a total measurement time of 20 min (Figure 6b,c). The in-
tensity ratio of these selected peaks and their relative scattering 
factors (I/IC) values, tabulated in the available databases, are 
then used for quantification. Despite its poor accuracy with re-
spect to a full-profile method, RIR is effective in providing an 
initial fair estimation (0.098 ± 0.010)% for the following quanti-
fication with the standard addition method. The Rietveld and 
RIR estimations provided consistent results for the initial esti-
mation of CS content, as depicted in Figure 6d. The consistency 
between these two methods, despite their differing data acquisi-
tion and analysis approaches, further proves the effectiveness of 
the LVD pretreatment.

Beyond quartz, this method holds potential for the quantifica-
tion of other crystalline silica polymorphs, notably cristobalite. 
The proximity and possible overlap of the crystalline paraffin 
reflections with the primary peak of cristobalite, which typi-
cally appears at approximately 2θ = 21.95° (101), might lead to 
misinterpretation.

Thus, sample S1 was spiked with a known amount, 0.097%, of 
cristobalite (SRM 1879b) to assess the capability of the diffrac-
tometers to distinguish its main peak, whenever it might be 
present. Figure 7 reports the diffraction patterns collected with 
Explorer of sample S1 with and without the cristobalite spike: 
it is apparent that the angular resolution achieved with the de-
scribed setup is sufficient to discriminate between the primary 
peaks of cristobalite and any potential interfering peaks from or-
ganic components, such as paraffin, that might be present in the 
paste matrix. According to Section 3.2 and Figure 5a, D2 qual-
ifies as well. As mentioned, these results are a promising start-
ing point for the possible evaluation of the outlined approach for 
cristobalite too.

In case secondary peaks of quartz (2θ = 20.85°) or cristobalite 
(2θ = 31.49°) are required, e.g., for possible interfering phase 
check according to EN 17289-1 and ISO 24095, two additional 
ROIs must be collected with an extended counting time because 
of their lower scattering factor with respect to primary peaks.

FIGURE 5    |    Comparison of the diffraction pattern of sample S1 collected with Explorer (red) and D2 (black dashed) diffractometers. (a): Absolute 
intensity values; pattern normalized with respect to corundum (104) peak in the region of paraffin peaks (b), corundum (104) (c), and corundum (214) 
and (300) (d). The different angular resolution is apparent, as the similar peak-to-background ratio. Patterns were corrected for SDE. [Colour figure 
can be viewed at wiley​onlin​elibr​ary.​com]
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3.4   |   Application of the Standard Addition Method 
With LVD

Once a first estimation (we) of the quartz mass fraction is avail-
able, it is possible to proceed with the method of standard addi-
tions (Section 4 in S1) for a more accurate analysis, according 

to EN 17289-1. Sample S1 with 0.073% of quartz was spiked 
with amounts of quartz following the LVD method outlined in 
Section 2.2 for each of them. In the end, four different S1 por-
tions with different quartz content were available for deposition 
in the sample holder. The crystallinity of the added quartz is con-
sidered either from the beginning or after the analysis. Figure 8a 
shows the increase of quartz (101) peak with the spiking level: it 
is possible to see that, despite the large and variable background, 
the peaks are clearly distinguishable and grow with the spiking 
level. Each spiked S1 portion was deposited in three different 
sample holders and measured.

The average values and their standard deviations were used for a 
weighted linear regression (WLR) versus the added quartz mass 
fraction (Figure  8d). The resulting slope and intercept are re-
ported in Table 2: the intercept with the x-axis (Equation 22 in S1) 
provides an estimated quartz mass fraction of (0.071 ± 0.004)%, 
which is close to the nominal one, i.e. (0.073 ± 0.002)%. Linearity 
is confirmed by the cumulative probability function for χ2 [42] 
and Lack of Fit test (ISO 11095) (Section 5 in S1).

The method was finally applied to two pastes with similar paraf-
fin matrix and corundum abrasive powder, S2 and S3, for which 
a tiny (101) quartz peak was present. The measurements were 
performed with D2 diffractometer, to substantiate further the 
suitability of low-power diffractometers to the task of crystalline 

FIGURE 6    |    Diffraction pattern for sample S1 spiked with quartz at 0.073% and zincite as internal standard (a). The shaded rectangles highlight 
the region of interest for the single peak acquisitions for quartz (101) (b) and ZnO (101) (c), both collected with an increased counting time with re-
spect to (a); results of the first quantitative analysis of quartz with both Rietveld and RIR method (d). Measurements were performed with Explorer. 
[Colour figure can be viewed at wiley​onlin​elibr​ary.​com]

FIGURE 7    |    Diffraction pattern of sample S1 before (red) and after 
(black) spiking with cristobalite. [Colour figure can be viewed at wiley​
onlin​elibr​ary.​com]

 10974539, 0, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/xrs.70128 by C

ochraneItalia, W
iley O

nline L
ibrary on [28/09/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/


10 X-Ray Spectrometry, 2026

quartz detection. The first quantitative estimation was carried 
out with the RIR method, as outlined in Section 3.3, providing 
0.122% and 0.153% for S2 and S3, respectively. Then, based on 
these results, the standard addition method was performed 
(Figure 8b,c) by taking an aliquot from each spiked sample and 
measuring it (single series). The last two steps were repeated to 
have three single series of incremental spiking level, to evalu-
ate the repeatability of their estimations. In fact, for the sake 
of analysis time minimization, the procedure might not be al-
ways performed in triplicate in the lab, thus an assessment of 
the spread of the results for single measurements in comparison 
with the averaged ones (Figure 8e,f) may be useful. Both single 
and averaged measurement results for S2 and S3 are reported 
in Table  2, where the uncertainty for mass fraction is calcu-
lated according to Eurachem [41]. The linearity of the model is 

substantiated by the cumulative probability function for χ2 and 
lack of fit test for the regression with repeated measurement 
spikes, while by the Mandel test for the regression of single mea-
surement spikes (p > 0.05). The single measurement results are 
compatible with each other and the average measurement val-
ues, considering their uncertainty. Moreover, for sample aver-
age (av) S3 the relative uncertainty is larger (16%) than the other 
two (6% and 5%). The compliance with a set limit value, e.g., 
0.1%, can be assessed through the implementation of decision 
rules and acceptance levels determined through guard bands, 
based on the expanded uncertainties of the results, according 
to Williams and Magnusson [43]. With the aim of maximizing 
the confidence of correct acceptance, the decision rule may state 
that there should be at least a 95% probability that the value of 
the measurand is less than the limit. For instance, the average 

FIGURE 8    |    Quartz (101) peaks at different standard addition values for spiked (0.073%) S1 (a), S2 (b), and S3 (c). Weighted linear regression (WLR) 
of quartz (101) peak area versus the quartz mass fraction for spiked S1 (d), S2 (e), and S3 (f). [Colour figure can be viewed at wiley​onlin​elibr​ary.​com]

TABLE 2    |    Results of the least squares for the standard additions procedure for single (from a to f) and averaged (av) spiked values.

Sample
Slope 

(counts°/%)
Intercept 
(counts°) R2 P(χ2 > χmin

2)
Lack of fit|mandel 

test P(F > Fcalc)
Mass 

fraction (%)

S1 av 2765 ± 92 196 ± 5 0.9978 0.015 0.07 0.071 ± 0.004

S2 av 12221 ± 172 822 ± 17 0.9996 0.28 0.21 0.059 ± 0.003

a 11900 ± 291 801 ± 45 0.9988 — 0.72 0.059 ± 0.005

b 12113 ± 348 872 ± 54 0.9984 — 0.51 0.063 ± 0.006

c 11918 ± 895 1000 ± 140 0.9888 — 0.50 0.073 ± 0.015

S3 av 8117 ± 649 1022 ± 81 0.9874 0.05 0.42 0.109 ± 0.017

d 9324 ± 711 880 ± 125 0.9885 — 0.95 0.082 ± 0.017

e 7582 ± 780 996 ± 137 0.9792 — 0.12 0.124 ± 0.010

f 7467 ± 262 1068 ± 46 0.9975 — 0.27 0.114 ± 0.026
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S1 and S2 have an acceptance limit set at about 0.09%, given by 
the difference between the upper permitted limit (0.1%) and the 
guard band (0.01%), which makes the results compliant. On the 
other hand, S3 is clearly non-compliant, being larger than 0.1%. 
The compliance dependence on measurement uncertainty calls 
for the establishment of a target value of the latter, which could 
be calculated by setting the maximum mass fraction deemed 
acceptable for the sample to be declared compliant [44]. This 
is important for minimizing the risk of wrong rejection for val-
ues just below the set limit. Considering the type of matrix and 
the threshold level at 0.1%, a target relative uncertainty up to 
10%, resulting in a maximum acceptance limit of 0.077%, may 
be sound at this stage of the methodology [15]. In case the mea-
surement uncertainty is larger than the target value, it may be 
reduced with additional replicate measurements and, possibly, 
a material for spiking with a smaller crystallinity uncertainty, 
e.g., NIST 1878. Of course, the trade-off between the cost of the 
measurements and the cost of wrong decisions must be evalu-
ated when establishing target uncertainty values [44].

In view of the method optimization, in case of D2 the acquisition 
time may be reduced by either limiting the size of the scanning 
region or performing a static measurement as for Explorer, to 
have signal from the peak of interest for the whole measure-
ment time.

It is worth pointing out that the quantifications performed with 
each instrument relied on the quartz and ZnO peak-area ratio 
and the standard additions approach, thus no absolute inten-
sities were compared across the two systems, nor calibrations 
were used. Importantly, the dual-instrument dataset is intended 
to demonstrate method transferability rather than a bias-free 
inter-instrument comparison.

4   |   Conclusions

This work presents a pragmatic analytical approach to deter-
mine quartz, the most common crystalline silica polymorph, in 
paraffin-rich and corundum-bearing polishing pastes by XRD. 
The focus is on all crystalline quartz size fractions in these 
pastes, because under some work processes larger size fractions 
may be converted in the harmful respirable one. The promising 
outcomes pave the way for the potential applicability of stan-
dards, e.g., EN 17289, EN 13925, to these complex, viscous and 
partially amorphous organic matrices. The sample preparation 
method, optimized to homogenize crystalline powders within a 
reduced viscosity matrix, allowed to realize a calibration curve 
for quartz spikes and assess its linearity, providing quantifica-
tion capabilities below 0.1% for crystalline quartz mass fraction, 
thus complying with the EU REGULATION (EC) No. 1272/2008 
for estimations below the set limit. Moreover, the application 
of the internal standard method and standard additions to one 
known spiked sample showed a negligible bias in the quantifi-
cation, which was thus performed for two similar pastes hav-
ing tiny quartz peaks in their diffractograms. The repeatability 
of measurements and the linearity of linear regressions proved 
the effectiveness of the proposed analytical approach, which 
can be further refined and validated in the framework of inter-
laboratory comparisons.

With the aim of making the proposed approach as convenient 
as possible for laboratories, commercially available powders 
were characterized by means of certified reference materials 
from NIST, to use them as internal standards (zincite) or spikes 
(quartz), without the need of necessarily depending on sup-
plies of scarce certified reference materials. Similarly, both 
floor-standing and benchtop diffractometers from two different 
manufacturers were assessed, to consider the variability in in-
strumentation settings and possibly tune them with the aim of 
reaching the required detection capabilities for crystalline silica.

The potential of the method for the other main crystalline sil-
ica polymorph, cristobalite, was checked briefly by showing its 
capability to detect it at levels below 0.1% (w/w) in this kind of 
matrices. Being the cristobalite and quartz scattering factors 
quite similar, the same spiking procedures outlined in this study 
might be tested for the former in future, when a suitable and 
commercially available cristobalite powder is identified and 
characterized, as done for quartz and zincite.

In addition to inter-laboratory comparisons, the envisaged de-
velopments of this work may focus on the possible separation 
of the organic matrix from the mineral powders by means of 
organic solvents to concentrate the latter. Then, particle sed-
imentation procedures may be attempted to determine the 
size-weighted fine fraction of crystalline silica according to 
EN17289-3, in order to have the actual RCS fraction. However, 
a silica-free approach should be pursued because particle size 
reduction may occur during processing of materials, thus in-
creasing the chance of a respirable fraction larger than pre-
viously estimated. Moreover, the possible extension of the 
proposed methodology to other industrial products consisting 
of similar complex organic matrices should be investigated in 
the light of increasing attention to both occupational health 
risks and high-quality products.

Acknowledgments

Minerali Industriali S.r.l. is acknowledged for providing quartz P3 pow-
ders. The International Centre for Diffraction Data is acknowledged for 
providing PDF-5+ for demo/educational purposes. Open access pub-
lishing facilitated by Universita Ca' Foscari, as part of the Wiley - CRUI-
CARE agreement.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available from the 
corresponding author upon reasonable request.

References

1. NIOSH, Health Effects of Occupational Exposure to Respirable Crys-
talline Silica. NIOSH Hazard Review (NIOSH, 2002), 145.

2. V. Marques Da Silva, M. Benjdir, P. Montagne, J. C. Pairon, S. Lanone, 
and P. Andujar, “Pulmonary Toxicity of Silica Linked to Its Micro- or 
Nanometric Particle Size and Crystal Structure: A Review,” Nanomate-
rials 12 (2022): 1–31, https://​doi.​org/​10.​3390/​nano1​2142392.

 10974539, 0, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/xrs.70128 by C

ochraneItalia, W
iley O

nline L
ibrary on [28/09/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.3390/nano12142392


12 X-Ray Spectrometry, 2026

3. K. A. Mundt, W. J. Thompson, G. Dhawan, H. Checkoway, and P. 
Boffetta, “Systematic Review of the Epidemiological Evidence of As-
sociations Between Quantified Occupational Exposure to Respirable 
Crystalline Silica and the Risk of Silicosis and Lung Cancer,” Frontiers 
in Public Health 13, no. February (2025): 1–22, https://​doi.​org/​10.​3389/​
fpubh.​2025.​1554006.

4. S. Siahidouzazar, T. Sharmba, M. Rezaee, G. Rubasinghege, B. J. Ar-
nold, and P. Roghanchi, “A Review of Respirable Crystalline Silica Dust 
Concentration, Characteristics, Toxicity, and Regulation in US Metal 
and Nonmetal Mines,” Journal of Hazardous Materials 497 (2025): 
139733, https://​doi.​org/​10.​1016/j.​jhazm​at.​2025.​139733.

5. J. Y. Liu and C. M. Sayes, “A Toxicological Profile of Silica Nanopar-
ticles,” Toxicology Research 11, no. 4 (2022): 565–582, https://​doi.​org/​10.​
1093/​toxres/​tfac038.

6. V. Schlünssen, D. Mandrioli, F. Pega, et  al., “The Prevalences and 
Levels of Occupational Exposure to Dusts and/or Fibres (Silica, Asbes-
tos and Coal): A Systematic Review and Meta-Analysis From the WHO/
ILO Joint Estimates of the Work-Related Burden of Disease and Injury,” 
Environment International 178, no. May (2023): 107980, https://​doi.​org/​
10.​1016/j.​envint.​2023.​107980.

7. M. R. Kahn, C. Klinhom, W. D. Wallace, S. Edminster, T. M. Maher, 
and L. E. Huerta, “Managing Silicosis in the United States: How I Do 
It,” CHEST Pulmonary 2, no. 4 (2024): 100103, https://​doi.​org/​10.​1016/j.​
chpulm.​2024.​100103.

8. S. Misra, A. L. Sussell, S. E. Wilson, and G. S. Poplin, “Occupational 
Exposure to Respirable Crystalline Silica Among US Metal and Non-
metal Miners, 2000–2019,” American Journal of Industrial Medicine 66, 
no. 3 (2023): 199–212, https://​doi.​org/​10.​1002/​ajim.​23451​.

9. Z. M. Yusoff, S. N. Abdul, A. Solehin, A. Haddi, and S. Amran, “A 
Study on Respirable Dust and Crystalline Silica Among Construction 
Workers,” Journal of Occupational Safety and Health 18, no. 1 (2021): 
11–22.

10. B. C. Doney, W. E. Miller, J. M. Hale, and G. Syamlal, “Estimation 
of the Number of Workers Exposed to Respirable Crystalline Silica by 
Industry: Analysis of OSHA Compliance Data (1979–2015),” American 
Journal of Industrial Medicine 63, no. 6 (2020): 465–477, https://​doi.​org/​
10.​1002/​ajim.​23109​.

11. S. E. Kleinschmidt, K. L. Andres, B. M. Holen, et  al., “Mortality 
Among Mine and Mill Workers Exposed to Respirable Crystalline Sil-
ica,” PLoS One 17, no. 10 October (2022): e0274103, https://​doi.​org/​10.​
1371/​journ​al.​pone.​0274103.

12. D. Gbondo, Y. Zhao, M. Pham, and K. Rumchev, “Trends in Expo-
sure to Respirable Dust and Respirable Crystalline Silica Among Lith-
ium Mine Workers in Western Australia,” Safety and Health at Work 15, 
no. 4 (2024): 481–490, https://​doi.​org/​10.​1016/j.​shaw.​2024.​08.​005.

13. R. Carey and C. Ramkissoon, Engineered Stone Is Now Banned. But 
How Safe Are the Alternatives? (Conversation, 2024), https://​doi.​org/​10.​
64628/​​AA.​knhqe​wqq3.

14. D. S. Patel, S. Jain, and R. K. Nayak, “Development and Optimiza-
tion of Silica-Free Green Mold Based on Marble Waste,” International 
Journal of Metalcasting 20 (2025): 2066–2079, https://​doi.​org/​10.​1007/​
s4096​2-​025-​01713​-​5.

15. M. Mecchia, M. Mattenklott, P. Stacey, et al., “Quantitative X-Ray 
Diffraction Analysis of Quartz in Bulk Samples: Outcomes of an Inter-
national Interlaboratory Test on Three Standardized Methods,” Annals 
of Work Exposures and Health 70, no. 2 (2025): wxaf084, https://​doi.​org/​
10.​1093/​annweh/​wxaf084.

16. IMA-Europe AISBL, REACH Classification and Labelling [Internet] 
(IMA-Europe AISBL, 2022), https://​safes​ilica.​eu/​reach​-​class​ifica​tion-​
and-​label​ling/​.

17. D. D. T. Noi, B. Davies, and V. Gopaldasani, “End-of-Shift Monitor-
ing of Respirable Crystalline Silica: A Critical Review of Measurement 
Techniques and Factors Influencing Accurate Measurements,” Critical 

Reviews in Analytical Chemistry 54, no. 6 (2024): 1492–1501, https://​doi.​
org/​10.​1080/​10408​347.​2022.​2117979.

18. T. Tuomi and J. Lyyränen, “Measuring Respirable Crystalline Silica 
(Quartz) From Powdery Materials Through Sedimentation and X-Ray 
Diffractometry,” Toxics 12, no. 4 (2024): 241, https://​doi.​org/​10.​3390/​
toxic​s1204​0241.

19. N. S. Sanka, “Metal Polishing Compound Market (2022–2032)” Al-
lied Market Research, Report Code A323279 (2024): 305.

20. Z. W. Zhong, “Advanced Polishing, Grinding and Finishing Pro-
cesses for Various Manufacturing Applications: A Review,” Materials 
and Manufacturing Processes 35 (2020): 1279–1303, https://​doi.​org/​10.​
1080/​10426​914.​2020.​1772481.

21. Z. Wang, P. Wang, X. Wei, et  al., “The Influence of the Types of 
Cluster Composite Abrasives on the Performance of Fixed Abrasive 
Pads in Processing Quartz Glass,” Materials Today Communications 39, 
no. February (2024): 108998, https://​doi.​org/​10.​1016/j.​mtcomm.​2024.​
108998.

22. Y. Sahin and K. Özdin, “A Model for the Abrasive Wear Behaviour of 
Aluminium Based Composites,” Materials and Design 29, no. 3 (2008): 
728–733, https://​doi.​org/​10.​1016/j.​matdes.​2007.​02.​013.

23. C. Rim, Q. Sun, and C. Kim, “Experimental and Numerical Study 
on Improving Mechanical Properties of New Polyurethane-Emery Thin 
Polymer Overlay (TPO) Structure Using Three-Point Bending Test,” 
Construction and Building Materials 364 (2023): 129992, https://​doi.​org/​
10.​1016/j.​conbu​ildmat.​2022.​129992.

24. A. L. S. Mohan, “Developments in Alumina Abrasives,” Transac-
tions of the Indian Ceramic Society 54, no. 5 (1995): 197–199, https://​doi.​
org/​10.​1080/​03717​50X.​1995.​10804719.

25. N. V. Syreyshchikova and D. Y. Pimenov, “Quality Assessment of 
Emery Cloth-Based Abrasive Tool Using Elasticity Technological Pa-
rameter,” Procedia Engineering 206 (2017): 1155–1160, https://​doi.​org/​
10.​1016/j.​proeng.​2017.​10.​610.

26. L. Zheng, W. Feng, Z. Huo, J. Li, W. Xuan, and Z. Han, “Critical 
Evaluation of Analytical Methods for Detection of Respirable Crystal-
line Silica in Dust—A Review,” Analytical Methods 17 (2025): 4103–
4123, https://​doi.​org/​10.​1039/​d5ay0​0035a​.

27. European Committee for Standardization, EN 17289-1 Characteriza-
tion of Bulk Materials—Determination of a Size-Weighted Fine Fraction 
and Crystalline Silica Content—Part 1: General Information and Choice 
of Test Methods (CEN-CENELEC Management Centre, 2020).

28. ISO/TC 146/SC 2, ISO 16258-1:2015 Workplace Air—Analysis of Re-
spirable Crystalline Silica by X-Ray Diffraction—Part 1: Direct-on-Filter 
Method (International Organization for Standardization, 2015).

29. ISO/TC 146/SC 2, ISO 24095:2021 Workplace Air—Guidance for the 
Measurement of Respirable Crystalline Silica (International Organiza-
tion for Standardization, 2021).

30. A. Ichikawa, E. Corke, A. M. Moubarak, et al., “Lowering Report-
ing Limit Values for Respirable Crystalline Silica Analysis by X-Ray 
Diffraction in Preparation of the 0.025 mg/m3 Occupational Exposure 
Limit,” Annals of Work Exposures and Health 68, no. 8 (2024): 859–866, 
https://​doi.​org/​10.​1093/​annweh/​wxae066.

31. J. Ø. Halvorsen, P. Stacey, P. Graff, E. L. Folven Gjengedal, and T. K. 
Ervik, “Application of X-Ray Diffraction With Rietveld Refinement to 
Quantify Mineral Composition Including Crystalline Silica in Respira-
ble Dust,” Journal of Occupational and Environmental Hygiene 22, no. 4 
(2025): 248–258, https://​doi.​org/​10.​1080/​15459​624.​2024.​2443206.

32. J. Lipp, R. Banerjee, M. F. Patwary, et al., “Extension of Rietveld Re-
finement for Benchtop Powder XRD Analysis of Ultrasmall Supported 
Nanoparticles,” Chemistry of Materials 34, no. 18 (2022): 8091–8111, 
https://​doi.​org/​10.​1021/​acs.​chemm​ater.​2c00101.

33. I. C. Madsen, N. V. Y. Scarlett, R. Kleeberg, and K. Knorr, “Quan-
titative Phase Analysis,” in International Tables for Crystallography, 

 10974539, 0, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/xrs.70128 by C

ochraneItalia, W
iley O

nline L
ibrary on [28/09/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.3389/fpubh.2025.1554006
https://doi.org/10.3389/fpubh.2025.1554006
https://doi.org/10.1016/j.jhazmat.2025.139733
https://doi.org/10.1093/toxres/tfac038
https://doi.org/10.1093/toxres/tfac038
https://doi.org/10.1016/j.envint.2023.107980
https://doi.org/10.1016/j.envint.2023.107980
https://doi.org/10.1016/j.chpulm.2024.100103
https://doi.org/10.1016/j.chpulm.2024.100103
https://doi.org/10.1002/ajim.23451
https://doi.org/10.1002/ajim.23109
https://doi.org/10.1002/ajim.23109
https://doi.org/10.1371/journal.pone.0274103
https://doi.org/10.1371/journal.pone.0274103
https://doi.org/10.1016/j.shaw.2024.08.005
https://doi.org/10.64628/AA.knhqewqq3
https://doi.org/10.64628/AA.knhqewqq3
https://doi.org/10.1007/s40962-025-01713-5
https://doi.org/10.1007/s40962-025-01713-5
https://doi.org/10.1093/annweh/wxaf084
https://doi.org/10.1093/annweh/wxaf084
https://safesilica.eu/reach-classification-and-labelling/
https://safesilica.eu/reach-classification-and-labelling/
https://doi.org/10.1080/10408347.2022.2117979
https://doi.org/10.1080/10408347.2022.2117979
https://doi.org/10.3390/toxics12040241
https://doi.org/10.3390/toxics12040241
https://doi.org/10.1080/10426914.2020.1772481
https://doi.org/10.1080/10426914.2020.1772481
https://doi.org/10.1016/j.mtcomm.2024.108998
https://doi.org/10.1016/j.mtcomm.2024.108998
https://doi.org/10.1016/j.matdes.2007.02.013
https://doi.org/10.1016/j.conbuildmat.2022.129992
https://doi.org/10.1016/j.conbuildmat.2022.129992
https://doi.org/10.1080/0371750X.1995.10804719
https://doi.org/10.1080/0371750X.1995.10804719
https://doi.org/10.1016/j.proeng.2017.10.610
https://doi.org/10.1016/j.proeng.2017.10.610
https://doi.org/10.1039/d5ay00035a
https://doi.org/10.1093/annweh/wxae066
https://doi.org/10.1080/15459624.2024.2443206
https://doi.org/10.1021/acs.chemmater.2c00101


13X-Ray Spectrometry, 2026

ed. C. J. Gilmore, A. Kaduk, and H. Schenk (John Wiley & Sons, 2019), 
344–373.

34. P. Stacey, E. Kauffer, J. C. Moulut, et  al., “An International Com-
parison of the Crystallinity of Calibration Materials for the Analysis of 
Respirable α-Quartz Using X-Ray Diffraction and a Comparison With 
Results From the Infrared KBr Disc Method,” Annals of Occupational 
Hygiene 53, no. 6 (2009): 639–649, https://​doi.​org/​10.​1093/​annhyg/​
mep038.

35. A. Bernasconi, M. Dapiaggi, and A. F. Gualtieri, “Accuracy in Quan-
titative Phase Analysis of Mixtures With Large Amorphous Contents. 
The Case of Zircon-Rich Sanitary-Ware Glazes,” Journal of Applied 
Crystallography 47, no. 1 (2014): 136–145, https://​doi.​org/​10.​1107/​S1600​
57671​3029270.

36. N. Doebelin and R. Kleeberg, “Profex: A Graphical User Interface 
for the Rietveld Refinement Program,” Journal of Applied Crystallog-
raphy 48, no. 5 (2015): 1573–1580, https://​doi.​org/​10.​1107/​S1600​57671​
5014685.

37. S. Gražulis, D. Chateigner, R. T. Downs, et  al., “Crystallography 
Open Database: An Open-Access Collection of Crystal Structures,” 
Journal of Applied Crystallography 42, no. 4 (2009): 726–729, https://​doi.​
org/​10.​1107/​S0021​88980​9016690.

38. J. P. Cline, M. H. Mendenhall, D. Black, D. Windover, and A. Henins, 
“The Optics and Alignment of the Divergent Beam Laboratory X-Ray 
Powder Diffractometer and Its Calibration Using Nist Standard Refer-
ence Materials,” Journal of Research of the National Institute of Stan-
dards and Technology 120 (2015): 173–222, https://​doi.​org/​10.​6028/​jres.​
120.​013.

39. M. G. Broadhurst, “An Analysis of the Solid Phase Behavior of the 
Normal Paraffins,” Journal of Research of the National Bureau of Stan-
dards. Section A, Physics and Chemistry 66A, no. 3 (1962): 241, https://​
doi.​org/​10.​6028/​jres.​066a.​024.

40. B. Magnusson and U. Örnemark, “The Fitness for Purpose of Ana-
lytical Methods,” A Laboratory Guide to Method Validation and Related 
Topics (Eurachem Guide, 2014), 183–189, http://​www.​eurac​hem.​org.

41. S. L. R. Ellison and A. Williams, Eurachem/CITAC Guide: Quanti-
fying Uncertainty in Analytical Measurement [Internet], 3rd ed. (Eura-
chem, 2012), www.​eurac​hem.​org.

42. I. G. Hughes and T. P. A. Hase, Measurements and Their Uncertain-
ties—A Practical Guide to Modern Error Analysis (Oxford University 
Press, 2010).

43. A. Williams and B. Magnusson, Eurachem/CITAC Guide: Use of 
Uncertainty Information in Compliance Assessment [Internet], 2nd ed. 
(Eurachem, 2021), www.​eurac​hem.​org.

44. R. Bettencourt da Silva and A. Williams, Eurachem/CITAC Guide: 
Setting and Using Target Uncertainty in Chemical Measurement [Inter-
net] (Eurachem/CITAC, 2015), www.​eurac​hem.​org.

Supporting Information

Additional supporting information can be found online in the Supporting 
Information section. Figure SM-1: (A) Simplified visualization of the 
inflammatory diseases and the silicosis caused by the exposure to RCS 
and (B) the main sectors involved in silica market inspired by the data 
reported in silica market (2024), ID: GVR-3-68038-064-4, https://​www.​
grand​viewr​esear​ch.​com/​indus​try-​analy​sis/​silic​a-​market (consulted 
the 22/11/2025 at 3.00 p.m.). Table SM-1: xrs70128-sup-0001-Supinfo.
docx. Table SM-2: xrs70128-sup-0001-Supinfo.docx. 

 10974539, 0, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/xrs.70128 by C

ochraneItalia, W
iley O

nline L
ibrary on [28/09/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1093/annhyg/mep038
https://doi.org/10.1093/annhyg/mep038
https://doi.org/10.1107/S1600576713029270
https://doi.org/10.1107/S1600576713029270
https://doi.org/10.1107/S1600576715014685
https://doi.org/10.1107/S1600576715014685
https://doi.org/10.1107/S0021889809016690
https://doi.org/10.1107/S0021889809016690
https://doi.org/10.6028/jres.120.013
https://doi.org/10.6028/jres.120.013
https://doi.org/10.6028/jres.066a.024
https://doi.org/10.6028/jres.066a.024
http://www.eurachem.org
http://www.eurachem.org
http://www.eurachem.org
http://www.eurachem.org
https://www.grandviewresearch.com/industry-analysis/silica-market
https://www.grandviewresearch.com/industry-analysis/silica-market

	Toward Silica-Free Compliance: A Low-Viscosity Sample Pretreatment Methodology for Crystalline Quartz Quantification in Viscous Pastes
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Reagents and Samples
	2.2   |   LVD
	2.3   |   Instrumentation

	3   |   Results and Discussion
	3.1   |   Determination of Quartz and Zincite Crystallinity: The Internal Standard Method
	3.2   |   Characterization of the Polishing Pastes
	3.3   |   Initial Estimation of Crystalline Silica
	3.4   |   Application of the Standard Addition Method With LVD

	4   |   Conclusions
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	References


