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Abstract

The increasing use of nanomaterials in modern industries and consumer products has
led to the release of various contaminants into wastewater streams and the surrounding
environment. However, nanoparticle detection and characterisation in wastewater remain
analytically challenging due to the presence of dissolved metals, suspended solids, natural
colloids, and heterogeneous particulate matter. In this study, we demonstrate an integrated
analytical workflow combining single-particle inductively coupled plasma mass spectrom-
etry (SP-ICP-MS) with transmission electron microscopy (TEM) and ImageJ version 1.54g
image analysis for the comprehensive characterisation of engineered nanoparticles (ENPs)
in industrial wastewater. In contrast to earlier research on well-defined manufactured
nanoparticles in controlled laboratory suspensions, this work uses complementary analyti-
cal techniques to analyse real industrial wastewater, allowing for quantitative elemental
analysis, particle sizing, and morphological confirmation in South Africa. Additionally, a
supporting bibliometric analysis serves as supporting evidence to identify research trends
and knowledge gaps, revealing limited application of integrated analytical workflows to
complex industrial wastewater matrices. Analytical conditions were optimised according to
the recommendations of previous publications, with a dwell period of 3 µs to limit particle
coincidence and enable reliable single-particle detection. The combined approach was
effectively applied to characterise silver (AgENPs) and gold (AuENPs) nanoparticles with
median particle sizes of 14 nm and 8 nm, respectively. The particle number concentrations
ranged from 3.00 × 107 to 3.60 × 108 particles L−1 for AgENPs and 3.80 × 108 particles L−1

for AuENPs. Comparing dissolved metal concentrations with particle mass concentrations
gave some insight into the partitioning of metals between the dissolved and nanoparticulate
fractions. Moreover, bibliometric analysis has shown that despite the exponential growth
of research on SP-ICP-MS, very few studies have simultaneously employed analytical
techniques to describe nanoparticles in complicated industrial wastewater matrices. These
results show the utility of integrating complementary analytical approaches for the reliable
characterisation of particulate pollutants in environmentally relevant samples and promote
improved environmental monitoring and risk assessment of manufactured nanoparticles.

Keywords: industrial wastewater; single-particle ICP-MS; engineered nanoparticles;
nanoparticle characterisation; environmental monitoring
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1. Introduction
The increasing complexity of industrial activity has led to the introduction of various

contaminants, notably engineered nanoparticles (ENPs), into aquatic systems through
industrial effluents and wastewater streams [1,2]. ENPs are widely used in healthcare,
energy, food, construction, and consumer products owing to their unique physicochemical
properties, including their high surface area-to-volume ratio, enhanced catalytic activity,
and size-dependent optical properties such as surface plasmon resonance in gold nanopar-
ticles [3–6]. Additionally, the surface reactivity that allows them to bind or absorb more
effectively is due to their wide surface, making them excellent for applications such as
medication administration and photocatalysis. Consequently, growing concerns have
emerged regarding the unintended release of ENPs into the environment, particularly
through industrial effluent streams [5,6].

Accurate detection and characterisation of ENPs in environmental systems continue
to present significant analytical challenges owing to the heterogeneous nature of these sys-
tems. Industrial wastewater contains dissolved metals, suspended solids, natural colloids,
and heterogeneous particulate matter that may interfere with nanoparticle detection and
quantification. Single-particle inductively coupled plasma mass spectrometry (SP-ICP-MS)
is now known as a powerful analytical tool for determining particle size, particle number
concentration, and dissolved metal concentrations in aqueous samples [7–9]. Consequently,
complementary analytical techniques are required to validate particle size, morphology, and
concentration measurements and improve confidence in nanoparticle characterisation [8].

In order to provide the scientific background of this work, a bibliometric analysis was
conducted to assess research trends and identify knowledge gaps concerning the application
of SP-ICP-MS for nanoparticle characterisation. The analysis showed a significant increase
in research related to SP-ICP-MS in the last decade, but a relatively low application of
integrated analytical approaches for real industrial wastewater matrices. The majority of
the published studies have focused on well-characterised ENPs in laboratory-prepared
suspensions or simple aqueous systems, whereas a relatively limited number of studies
have been conducted on nanoparticles in complex industrial wastewater [10–12].

Based on this identified research gap, in this study, we demonstrate an integrated
analytical workflow combining SP-ICP-MS with TEM and ImageJ image analysis for the
comprehensive characterisation of ENPs in industrial wastewater. The complementary
application of these established analytical techniques enables quantitative determination of
particle size distributions, particle number concentrations, and ionic metal concentrations in
environmentally relevant samples. The bibliometric analysis serves as supporting evidence
to identify research trends and motivate the experimental investigation rather than as a
primary objective of the study.

Overview of Research Activity in SP-ICP-MS

The methodology consisted of multiple stages: identifying research, evaluating its
relevance to our objectives, collecting data, and employing data analysis methods. Figure 1
provides a summary of our methodology. Using the Scopus Database, the data collection
was carried out, and publications were extracted depending on the relevancy of the various
searches. In addition, the data acquired was further characterised by year, document type,
publication by country, and authors [11,13].

https://doi.org/10.3390/pr14142323

https://doi.org/10.3390/pr14142323


Processes 2026, 14, 2323 3 of 17

Figure 1. Flow diagram based on PRISMA guidelines outlining the research framework for single-
particle ICP-MS (SP-ICP-MS) characterisation. Records were screened using predefined inclusion
criteria, including publication year (2015–2026), document type, subject category, language, and
nanoparticle relevance. Red boxes indicate records excluded at each screening stage. Colours
and icons are used only to visually distinguish the four PRISMA phases (Identification, Screening,
Eligibility, and Inclusion) and do not represent additional methodological categories.

Bibliometric analysis was performed to provide a comprehensive overview of the
development and progression of SP-ICP-MS, highlighting its origins, methodological
advancements, and expanding applications across various scientific disciplines [13]. Using
publication patterns and citation networks, the study underscores the maturation of SP-ICP-
MS, tracing its journey from a niche analytical technique to a broadly adopted approach for
nanoparticle characterisation across diverse scientific fields [14].

The literature on SP-ICP-MS has indeed experienced significant growth over the past
decade, reflecting its increasing recognition and application in scientific research [15,16].
This rise is evidenced by the expanding number of publications, advancements in instru-
mentation, and the broadening scope of applications, particularly in environmental analysis
(Figure 2). The apparent reduction in publications in 2023–2025 may be due to the incom-
plete database indexing of recent years. In addition, the results of bibliometric analysis
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are influenced by the search method that was used and the database coverage that was
utilised [17]. Importantly, such a dip highlights the need to focus on addressing outstanding
issues and finding new applications, ensuring that SP-ICP-MS remains a valuable tool in
nanoparticle research [18].

 
Figure 2. Bibliometric overview of published literature showing (a) the number of published docu-
ments by each year from 2012 to January 2026; (b) the distribution of document types, showing the
relative proportions of journal articles, conference papers, reviews, articles, and book chapters.

Figure 3a presents the word-cloud visualisation of the most frequently occurring
keywords in the titles and abstracts on nanoparticle measurement [19]. In this visualisation,
the relative size of each word corresponds directly to its frequency of occurrence, providing
a clear and intuitive summary of dominant research themes [20,21]. Larger words such as
“mass spectrometry,” “metal nanoparticle,” “particle size,” “single particle,” “chemistry,”
and “article” stand out prominently, reflecting their central role in the discourse and
their repeated citation across the literature. The results emphasise the advancement of
SP-ICP-MS, which is a powerful tool for characterising nanoparticles.
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Figure 3. Bibliometric overview of published literature showing (a) the word cloud of keywords and
(b) the co-occurrence network for nanoparticle quantification.

The co-occurrence network map in Figure 3b reveals four distinct clusters: (i) red, at-
tributed to nanoparticles; (ii) green, assigned to single-particle mass spectrometry; (iii) blue,
linked to articles and controlled studies; (iv) yellow, associated with metal nanoparticles.
SP-ICP-MS research is organised into theme clusters, with methodological development
and application domains being interconnected. Importantly, the node sizes in the visuali-
sation are proportional to the frequency of keyword occurrence in the literature. Larger
nodes, such as “inductively coupled plasma mass spectrometry,” “nanoparticles,” “single
particle,” and “chemistry,” dominate the map, indicating their importance and high citation
frequency in the subject. Medium-sized nodes, such as “particle size analysis,” “field flow
fractionation,” and “liquid chromatography,” suggest specialised but recurring themes,
while smaller nodes, such as “bioaccumulation,” “titanium,” and “water pollutant,” might
represent a developing field.

This distribution demonstrates how nanoparticles and metal nanoparticles are closely
related to analytical methods like SP-ICP-MS, indicating methodological and application
overlap. Large nodes emphasise the maturity of key principles, whereas smaller, peripheral
nodes indicate potential research frontiers in environmental nanotechnology and biomed-
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ical applications. The map suggests that SP-ICP-MS is becoming an important global
method for monitoring nanoparticles, combining analytical chemistry with environmental
and toxicological investigations.

2. Experimental Section (Materials and Methods)
2.1. Materials and Chemicals

The single-particle method was validated using certified reference materials (RMs)
from the NIST, specifically the gold nanoparticle (AuNPs) NIST reference materials
(RM) 8011 (nominal 10 nm diameter; National Institute of Standards and Technology,
Gaithersburg, MD, USA). Gold nanoparticles (20 nm diameter, OD 1, suspension in citrate
buffer; Sigma-Aldrich, St. Louis, MO, USA) and silver nanoparticles (60 nm particle size,
0.02 mg/mL in aqueous buffer containing sodium citrate as a stabiliser; Sigma-Aldrich,
St. Louis, MO, USA) were used as reference nanoparticle suspensions. Millipore water
obtained from Sigma-Aldrich, Burlington, MA, USA, was used for all aqueous prepa-
rations. Nitric acid (65% w/w) and hydrochloric acid (37% w/w) were purchased from
Sigma-Aldrich South Africa, Modderfontein, Johannesburg, South Africa, and were used
to prepare dilute samples and standards to obtain high precision. Gold, silver, and multi-
element ionic calibration standards prepared in a 5% nitric acid (HNO3) matrix were ob-
tained from LGC Standards (Kyalami, Johannesburg, South Africa) and Inorganic Ventures
(Christiansburg, VA, USA) and were used for instrument calibration and quality control.

2.2. Sample Collection and Preparation

The wastewater samples were collected from a South African mining and mineral
processing company where silver- and gold-based ENPs are routinely used for analytical,
sensing, and environmental applications. Therefore, AgENPs and AuENPs were identified
as the most relevant target nanoparticles for this study. Wastewater samples were collected
as grab samples in polyethene bottles. Sampling was conducted at four-month intervals.
Wastewater samples were collected in pre-cleaned polyethene bottles, stored at 4 ◦C, and
analysed within 24 h of collection to minimise alterations in nanoparticle characteristics.
Samples were prepared by acidifying with 2% HNO3 and diluting the wastewater 10-fold
to ensure that particle events accounted for less than 10% of the total reading. All sample
dilutions were carried out on the day of analysis to minimise sample degradation and
maintain particle integrity. Additionally, gold and silver ionic solutions were diluted to
1 µg/L to calibrate the analytical system’s sensitivity for each element.

2.3. Instrumentation and Operating Conditions

An Agilent 7800 ICP-MS (Agilent Technologies Inc., Santa Clara, CA, USA) was
employed to perform measurements of both nanomaterials and conventional elemental
analyses. The operating parameters applied during the analyses are summarised in Table 1.
To ensure sample integrity and prevent cross-contamination between successive measure-
ments, a rinse solution containing 2% nitric acid was used between analyses to effectively
remove residual material from the sample introduction system. Analytical measurements
were performed using the Single-Element/Isotope Analysis mode of the Agilent ICP-MS
Mass-Hunter software (version D.01.01, SI 637). Elemental data were obtained by the use
of time-resolved analysis (TRA) software, and the dwell duration for each point was 3 µs,
as a result of the optimisation strategy reported by Yang et al. [22].
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Table 1. The operating conditions for the Agilent 7800 ICP-MS instrument.

Category Parameter Operating Condition

ICP-MS system configuration Instrument Agilent 7800 ICP-MS

Nebuliser Standard Micro Mist concentric nebuliser

Spray chamber Double-pass quartz spray chamber

ICP-MS operating conditions Carrier gas flow rate 1.05 L min−1

RF power 1550 W

Sample uptake rate 0.346 mL min−1

Spray chamber temperature 20 ◦C

Monitored isotope 197Au or 107Ag

Single-particle (TRA) operating conditions Transport efficiency 2–5%

Acquisition time 60 s

Dwell time 3 µs

2.4. Transport Efficiency Determination

An RM, NIST-8011 with 10 nm Au NPs and the particle frequency method were used
to measure transport efficiency. The sample suspensions were diluted to allow for single-
particle detection, and the dwell time was kept the same for all analyses to make sure the
data were consistent and particles could be reliably distinguished. Transport efficiency was
assessed using the particle frequency method and applied for the calculation of particle size
and particle number concentration. Particle number concentration was calculated based on
the frequency of detected particle events, sample flow rate, acquisition time, dilution factor,
and transport efficiency [22].

2.5. Data Processing

Time-resolved data were analysed using Agilent 7800 ICP-MS Musshunter workstation
software (v4.6; Agilent Technologies Inc., Santa Clara, CA, USA), for distinguishing particle
events from dissolved background signals through an auto-calculated threshold based
on mean background intensity and standard deviation. Particle mass was derived from
signal intensity, factoring in instrument sensitivity and transport efficiency, while particle
diameters were calculated under the assumptions of spherical geometry and bulk metal
density [23].

The software automatically calculated particle number concentrations and size distri-
butions by converting signal intensities into equivalent spherical diameters. This conversion
assumed complete ionisation of the particles, spherical geometry, and known material
densities (10.49 g/cm3 for Ag and 19.3 g/cm3 for Au) [24]. The background equivalent
diameter (BED), representing the theoretically smallest detectable particle size, was also
calculated automatically by the instrument software [25]. This value reflects the influence
of the baseline signal on detection limits and was used to define the minimum particle
size reliably distinguished from the dissolved background. Number concentrations were
expressed in particles per litre, and size distributions were reported as median diameters.
Dissolved and particulate fractions were differentiated by comparing continuous back-
ground signals with discrete particle events. All calculations followed the manufacturer’s
protocols, ensuring consistency with the published SP-ICP-MS methodology [26].

3. Method Optimisation and Performance Evaluation
Instrumental Optimisation and Method

A dwell time of 3 µs was selected for all SP-ICP-MS measurements, following the
optimisation strategy reported by Yang et al. (2016), which demonstrated reduced particle
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coincidence at short dwell times [22]. This dwell time was suitable for the nanoparticle
concentrations examined in this study and was determined based on Poisson statistical
principles regarding random particle arrival at the plasma. Mass calibration curves were
produced by measuring ionic standard solutions. To guarantee the consistency and re-
peatability of the results of the RM recovery, each and every analysis was carried out in
duplicate. The BED is the smallest theoretical particle size that can be detected in the
background signal. It comes from changing the baseline noise level into a particle diameter
that is the same [27]. Therefore, the BED directly reflects the influence of background signal
intensity on the lower detection limit of single-particle mode. All datasets were exported in
CSV format.

The SP-ICP-MS method was assessed in terms of detection limits, transport efficiency,
accuracy, and precision. The Agilent 7800 ICP-MS software’s single-particle analysis mod-
ule automatically determined the size and particle number concentration detection limits
based on the calibration data, transport efficiency, and optimised instrument parameters
determined during method optimisation [28]. The detection thresholds were established
based on the background signal, statistical discrimination of particle events, and element
density according to established SP-ICP-MS principles [28]. The minimum detectable parti-
cle size BED was automatically calculated by the Agilent 7800 SP-ICP-MS software [29].
Depending on the matrix composition and background signal strength, the usual detec-
tion limits for AgENPs are approximately 14–20 nm, and for AuENPs, they are around
10–15 nm, according to the literature findings [18,30]. Our instrument-calculated values
were within the reported range for AuENPs, confirming consistency with published bench-
marks. However, for AgENPs, we managed to detect 10 nm, which suggests that the
Agilent was sensitive towards AgENPs.

4. Results and Discussion
4.1. Analysis of Reference Materials and Nanoparticle Standards

The histogram of signal distribution shows a clear difference between the dissolved
background signal and nanoparticle-derived events. Most of the signal intensities were
concentrated at low CPS values, corresponding to the dissolved metal fraction and in-
strumental background [29,30]. In contrast, discrete high-intensity events extending to
approximately 2 × 109 CPS were observed, confirming the presence of nanoparticulate
species, as shown in Figure 4.

 

Figure 4. Signal scan obtained by SP-ICP-MS for (a) commercially purchased gold reference material
(Au RM) and (b) 20 nm gold nanoparticles.

The time-resolved cps signal profile displays a series of discrete peaks above the
continuous baseline. These peaks correspond to individual Au nanoparticle events detected
in the 10 nm gold reference material (RM), while the baseline represents dissolved gold
ions or background noise shown on the left side of Figure 5. The presence of numerous
sharp peaks indicates that particulate gold is present in the solutions, not only in dissolved
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form [15,31,32]. The median particle size is 10 nm, and it is displayed on the right side
of the picture. The results indicate a prevalence of smaller nanoparticles, aligning with
manufacturer specifications, proving that our approach is fully functional.

Figure 5. Time-resolved signal profile and particle size distribution of 10 nm gold RM.

The results for 20 nm Au nanoparticle analysis are shown in Figure 6, revealing that
the time-resolved cps signal profile displays a series of discrete peaks above the continuous
baseline. Additionally, the peaks also indicate that Au nanoparticle events were detected in the
industrial contaminated wastewater sample, while the baseline represents dissolved gold ions
or background noise [16]. The presence of numerous sharp peaks indicates that particulate
gold is present, and the median particle sizes of 8–14 nm align with the manufacturer’s
specifications.

 

Figure 6. Time-resolved intensity profiles and particle size distributions of two commercially pur-
chased 20 nm gold samples: (a,b) sample 1 and (c,d) sample 2.
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4.2. Dissolved Metal Concentrations in Wastewater

Both the dissolved concentrations of silver and gold were determined by ICP-MS; their
results are tabulated in Table 2. Total Ag concentrations were measured at 631.3 µg L−1

and 628.2 µg L−1 for the Ag-containing wastewater. The total Au concentrations resulted in
49.54 µg L−1 and 49.52 µg L−1 for the Au-containing wastewater, confirming the presence
of Au in the contaminated wastewater. The presence of silver and gold in the investigated
water is consistent with the industrial use of these elements. Their occurrence is likely
associated with process effluents and equipment washing during manufacturing and
research activities involving silver- and gold-based materials [33–35].

Table 2. Silver (Ag) and gold (Au) concentrations in industrial wastewater samples measured by
ICP-MS.

Gold (Au)-Containing Wastewater Concentrations µg L−1 Silver (Ag)-Containing Wastewater Concentrations µg L−1

S1 49.54 631.3

S2 49.52 628.2

While TEM and SP-ICP-MS focus on particle-level characterisation, bulk elemental
composition was evaluated using X-ray fluorescence (XRF, XEPOS) to understand the
overall chemical composition affecting nanoparticle behaviour. XRF scans identified major
and trace elements in the wastewater samples, including matrix components that may
influence transport efficiency and particle stability [32]. This compositional overview
offered context for interpreting the nanoparticle data, as shown in Figure 7a,b. For AuENPs,
the XRF scan results indicate a major concentration of sodium (Na) at 14,500 ppm and a
low concentration of silver (Ag) at 12 ppm. For AgENPs containing wastewater, the major
concentration of silica (Si) is 3474 ppm, and the calcium (Ca) and chloride (Cl) are both at
low concentrations of 68 ppm.

 

Figure 7. (a) Semi-quantitative results of silver-containing wastewater and (b) gold-containing
wastewater using the X-ray fluorescence (XRF, XEPOS).
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4.3. Nanoparticle Detection of Time-Resolved Signal and Particle Size

The time-resolved cps signal profile shows a series of separate peaks above the steady
baseline. These peaks represent individual AgENP events found in the Ag-containing
wastewater sample, while the baseline shows dissolved silver ions or background noise,
as shown in Figure 8a,c, indicating that particulate silver predominates over dissolved
silver in the wastewater, as indicated by the numerous sharp peaks. The particle size of
AgENPs in the Ag-containing wastewater is shown in Figure 8b,d. The median size is
14 nm. The size distribution is between 10 and 20 nm. Additionally, the size distribution
is right-skewed, meaning that most values are low or moderate, with fewer extremely
high values.

 

Figure 8. Time-resolved intensity profiles and particle size distributions of silver-containing wastew-
ater are shown in panels (a,b) and (c,d), respectively.

The time-resolved intensity results of AuENPs are shown in Figure 9a,c and resemble
those observed for silver. Numerous sharp peaks indicate that the Au-contaminated
wastewater contains predominantly particulate gold rather than dissolved gold. The
particle size of AuENPs in the wastewater is shown in Figure 9b,d. The median size is
8 nm. The size distributions are between 5 and 15 nm. Additionally, the size distribution is
right-skewed, meaning that most values are low, with fewer extremely high values.
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Figure 9. Time-resolved intensity profiles and particle size distributions of gold-containing wastewa-
ter are shown in panels (a,b) and (c,d), respectively.

4.4. Particle Number Concentrations and TEM Results

The particle number concentration analysis by SP-ICP-MS clearly shows the presence
of AgENPs and AuENPs with different particle number concentrations shown in Table 3.
These values are not only quantitatively significant but also qualitatively important, as they
confirm that a substantial fraction of the gold exists in nanoparticulate form rather than
solely as dissolved ionic species. The high number of particle events observed in Table 3
illustrates the high sensitivity of SP-ICP-MS, demonstrating its ability to discriminate
between particulate and ionic forms, a feature that is important for precise nanoparticle
characterisation. These findings demonstrate the effectiveness of SP-ICP-MS for detecting
and characterising ENPs in complex environmental matrices. The technique provides
direct evidence of nanoparticle occurrence while simultaneously determining particle size
distributions, particle number concentrations, and dissolved metal fractions.
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Table 3. The particle number concentration of both silver (Ag) and gold (Au) ENPs in industrial
wastewater samples determined by SP-ICP-MS.

Number Gold-Containing Wastewater
Concentrations (Particles L−1)

Silver-Containing Wastewater
Concentrations (Particles L−1)

S1 9.80 × 107 1.40 × 109

S2 9.40 × 107 1.30 × 109

4.5. TEM Characterisation Images

Figure 10a,b shows TEM images of AgENPs present in industrial wastewater. They
are spherical in shape; some nanoparticles form chain-like aggregates. These observations
confirm the morphology assumed in SP-ICP-MS calculations. Figure 10c,d shows TEM
micrographs of AuENPs present in industrial wastewater. The images show spherical
nanoparticles that are evenly distributed throughout the sample, with a range of particle
sizes visible. This morphological evidence supports the particle size distributions obtained
by SP-ICP-MS, while also providing direct visualisation of nanoparticle dispersion and
uniformity. The presence of size variation highlights the heterogeneity of nanoparticles
in complex wastewater matrices, a crucial factor in understanding their behaviour and
potential environmental impacts.

 

Figure 10. TEM images for both wastewaters of silver nanoparticles (AgENPs) (a,b) and gold
nanoparticles (AuENPs) (c,d).
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The size distributions of ENPs were determined using the SP-ICP-MS technique. To
validate these results, TEM images of the ENPs were analysed with ImageJ software, where
the particle sizes were measured according to the calibrated scale provided in the images,
and its results are shown in Figure 11; ImageJ analysis of the TEM micrographs revealed
narrow particle size distributions, with median particle diameters of 14 nm for AgENPs and
9 nm for AuENPs. These values were in close agreement with the particle sizes determined
by SP-ICP-MS (14 nm for AgENPs and 8 nm for AuENPs), with differences of ≤1 nm
between the two techniques. This close agreement provides independent validation of
the SP-ICP-MS measurements. Minor discrepancies are expected because TEM directly
measures the physical particle diameter, whereas SP-ICP-MS estimates the equivalent
spherical diameter based on the elemental mass of each particle, assuming spherical
geometry and a known particle density [36,37].

 

Figure 11. Size distributions of silver nanoparticles (AgENPs) (a,b) and gold nanoparticles (AuENPs)
(c,d) obtained from ImageJ and Origin for both categorised wastewaters.

Table 4 compares the particle sizes and concentrations of AgENPs and AuENPs
obtained in the present study with those reported in previous investigations. The AgENP
particle sizes measured in this study were comparable to those reported by study 2 and
study 3, whereas the AuENP particle sizes were smaller compared to the other studies.
Differences in particle size distributions and concentrations among studies are expected
due to variations in industrial processes, wastewater composition, nanoparticle sources,
sampling strategies, and analytical methodologies. The dissolved metal concentrations
also varied between studies, with high concentrations in the present study, reflecting
differences in wastewater characteristics and treatment processes. The overall consistency
of the present results with the published literature confirms the reliability of the integrated
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SP-ICP-MS and TEM approach for the characterisation of ENPs in complex industrial
wastewater matrices.

Table 4. Comparison of silver (Ag) and gold (Au) ENP characteristics reported in previous studies
and the present study.

Study Matrix AgENPs Size
(nm)

AuENPs Size
(nm)

Dissolved Ag
[µg/L]

Dissolved Au
[µg/L]

Yuan Yang et al.,
2016 [22] Natural water 20 19 - -

Yuxiong Huang
et al., 2021 [25] Wastewater 17.7 47 0.09 -

Gajec et al., 2020
[27] Sewage 16.2–33.3 - 0.0402–5.112 -

Mavro Lučić
et al. [37] Sewage sludge 21.8 19.6 3.21 0.003

This study Industrial
wastewater 14–15 8–10 631.3 49.54

5. Conclusions
The increasing use of ENMs in industrial applications highlights the need for reliable

analytical methods to monitor their occurrence in complex environmental matrices. In
this study, an integrated analytical approach combining ICP-MS, single-particle ICP-MS
(SP-ICP-MS), and transmission electron microscopy (TEM) with ImageJ image analysis was
successfully applied to characterise silver and gold nanoparticles in industrial wastewater.
The complementary use of these techniques enabled the determination of dissolved metal
concentrations, particle size distributions, and particle number concentrations, thereby
providing a comprehensive assessment of ENMs in a complex wastewater matrix.

The results showed that the dissolved gold was approximately 49.54 µg L−1 in the
Au-containing wastewater, whereas SP-ICP-MS revealed the presence of AuENPs ranging
from 5 to 15 nm, with a median size of 9 nm. The dissolved silver concentration was
approximately 631.3 µg L−1. The median particle size of the silver nanoparticles was
14 nm, with a size distribution ranging from 5 to 20 nm. The particle size distributions
were validated by TEM, demonstrating a strong correlation between the values recorded
by ImageJ and SP-ICP-MS, thereby providing independent confirmation of the analytical
results. Furthermore, the measured particle sizes and concentrations were found to be in
agreement with published studies on similar wastewater matrices, thereby confirming the
reliability of the integrated analytical approach.

The supporting bibliometric study showed a growing interest in the use of SP-ICP-MS
for the characterisation of nanoparticles while highlighting the limited number of studies
that have applied integrated analytical techniques to characterise engineered nanoparticles
in real industrial wastewater matrices. This identified knowledge gap provided the moti-
vation for the present study. Overall, this study reveals that the combined use of ICP-MS,
SP-ICP-MS and TEM offers a solid basis for the characterisation of manufactured nanopar-
ticles in industrial wastewater and contributes to improving environmental monitoring of
emerging particulate pollutants. Future work should apply this approach to other environ-
mentally relevant nanoparticles such as titanium dioxide, zinc oxide, and platinum-based
nanoparticles and study their transformation and fate during wastewater treatment and
their occurrence across different industrial sectors in order to inform environmental risk
assessment and the development of standardised monitoring protocols.
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