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Abstract

The first inductively coupled plasma optical emission spectroscopy (ICP-OES) instrument became commercially available more than 

50  years ago, in 1974. Over recent decades, it has emerged as a key spectroscopic technique for analyzing numerous elements, 

offering a powerful tool for elemental analysis at milliparticle (ppm) and parts-per-billion (ppb) levels. This comprehensive review 

highlights the applications of ICP-OES across various scientific disciplines, with a particular focus on pharmaceutical technology, 

illustrated through a practical solution.

Keywords

dissolution, ICP-OES, ICP-based technologies, coupled technologies, dosage forms

1 Introduction
In today's world, one of the most significant challenges is 
ensuring the quality of medicines. Because of this, many 
analytical methods have been reviewed or updated due 
to the requirements for the maximum tolerable limit of 
drugs [1]. In order to increase the safety of drug therapy, 
it is important that the concentration of impurities is con-
stantly monitored and kept at a low level [2, 3].

Various regulatory authorities, such as the International 
Council for Harmonization of Technical Requirements for 
Pharmaceuticals for Human Use (ICH), the United States 
Food and Drug Administration (US FDA), and the Canadian 
Drug and Health Agency have established comprehensive 
guidelines to address the control of impurities in pharma-
ceutical substances [4]. These guidelines are applicable to 
both new drug substances and products [5], as well as resid-
ual solvents [6] that may remain after the manufacturing 
process. To ensure the safety and efficacy of pharmaceuti-
cal formulations, the permissible limit values for impurities 
present in either the active pharmaceutical ingredients (APIs) 
or the final drug products are gradually being adopted into 

standard references, like the British Pharmacopoeia  (BP) 
and the United States Pharmacopoeia  (USP) [7]. These 
incorporation efforts aim to harmonize global standards and 
ensure consistency in drug quality. Furthermore, experts 
such as Ahuja [8] and Görög [9] have compiled a wealth 
of knowledge in their books, where they summarize the 
governmental regulations and provide detailed guidelines 
concerning the identification, quantification, and control of 
impurities in pharmaceuticals.

The composition of elements in (mostly water-dissolved) 
samples can be determined using inductively coupled plasma 
– optical/atomic emission spectrometry  (ICP-OES/ICP-
AES). The origins of plasma-based spectroscopy can be 
traced back to 1956, when Eugen Bădărău first attempted to 
utilize plasma emissions as a source for spectroscopic analy-
sis. However, it wasn't until nearly two decades later, in 1974, 
that the first commercially available instrument was intro-
duced by an analytical instrument sales engineering com-
pany (Kontron) [10]. This technique has gained widespread 
application across various industries, primarily because of its 
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ability to effectively handle diverse sample types. In addi-
tion to analyzing liquid samples, it is equally effective for 
gas and solid samples, making it an invaluable tool in fields 
such as pharmaceuticals, environmental analysis, metallurgy, 
and materials science. This adaptability allows it to address 
diverse analytical challenges, further solidifying its role as 
a cornerstone method in modern spectroscopic analysis [11]. 
The unique photophysical signals of the individual elements 
are utilized for the successful detection by the technique, 
during which the type and relative amount of the individual 
elements within a complex sample can be determined [12].

Elemental contamination in pharmaceuticals refers to 
the presence of impurities that can originate at various 
stages of the drug development and manufacturing pro-
cess. These contaminants may arise from several sources, 
including catalyst residues left over from chemical synthe-
sis, inadvertent introduction of particles during production, 
and degradation or wear of storage and production equip-
ment over time. Addressing such contamination is critical, 
as it can impact the safety, efficacy, and the overall qual-
ity of the pharmaceutical products [13–16]. These pharma-
ceutical impurities are unwanted chemical substances and 
these traces of impurities can create significant problems in 
a preparation [7, 8, 17]. They can reduce their stability at the 
same time they can change their shelf life. They can catalyze 
the degradation of the APIs and they can also cause toxicity, 
which can be dangerous to human health [7, 18]. In the liter-
ature many researchers have utilized ICP-OES to measure 
metal content in various substances, including APIs  [19], 
antibiotic tablets and various dosage forms [20–23]. 
Nowadays, modern separation methods play a crucial role 
in research, as they can efficiently separate and quantify 
individual impurities simultaneously [1]. Currently, ICP-
OES is used as the most powerful tool in pharmaceutical 
analysis due to its high accuracy and sensitivity [24]. ICP-
OES is a sensitive technique for elemental analysis. For this 
reason, ICP-OES can detect elements at levels as low as ppb 
or ppt, depending on the specific element and instrument 
configuration. The Limit of Detection (LOD) and Limit of 
Quantification (LOQ) values depend on the type of element, 
composition of the matrix and the instrument configuration. 
Smichowski et al. [25] measured the LOD values of differ-
ent elements in solution (As 4.3 ng/mL, Cd 0.6 μg/mL, Cr, 
9.8 ng/mL, Cu 1.8 ng/mL, Pb 3.0 ng/mL by ICP-OES. In other 
literatures it was observed that slightly different values were 
obtained using different parameters and material of different 
compositions. For example, LOD values was 0.034 mg/kg 
and LOQ is 0.043 mg/kg of Cd [26], but in other experi-
ment LOD values were the following: As 0.00712 μg/kg, 

Cd 0.00896 μg/kg, Cr 0.00847 μg/mL, Cu 0.00845 μg/kg, 
Pb 0.00939 μg/mL and the LOQ values of As 0.02136 μg/kg, 
Cd 0.00896 μg/kg, Cr 0.02567, Cu  0.02535 μg/kg, 
Pb 0.02847 μg/kg [27].

This article highlights the applications of ICP-OES 
across various scientific disciplines, with a particular 
focus on pharmaceutical technology. Notably, many of 
the elements that can be determined by ICP-OES are cru-
cial for the salt formation of the active ingredients. For 
instance, in pharmaceutical formulations containing ibu-
profen, the sodium salt form is commonly found. In our 
manuscript, we aimed to demonstrate that for pharmaceu-
tical dosage forms containing the sodium salt of ibuprofen, 
in addition to determining ibuprofen, the release of sodium 
can also be detected. This makes the ICP-OES technique 
potentially suitable for in vitro dissolution studies.

2 Fundamental principles of ICP-OES
The ICP-OES/ICP-AES employs an ICP source for sample 
atomization and thermal excitation. The argon [28], or nitro-
gen gas [29] used in the ICP plasma generates a high elec-
tron density and temperature (5726.85 °C–9726.85 °C) [30] 
which is ideal for analyzing gas, liquid, or finely powdered 
solid samples. This capability has led to the development 
of various sample introduction systems over the years to 
accommodate different types of samples [12].

For sample introduction of liquids or suspensions, neb-
ulizers are the most commonly used for liquids or suspen-
sions, with various types available [31], such as concen-
tric, V-groove, ultrasonic nebulizer. For powdered solid 
samples, graphite tube furnaces and laser are typically 
employed [32]. Since only very small droplets of the aero-
sol can be injected into the plasma, a spray chamber is 
placed between the nebulizer and the torch to ensure the 
proper droplet size. Gases can be introduced directly into 
the plasma by mixing them with argon [12, 33, 34].

The draining system (which can include a loop, trap, 
U-tube, etc.) is responsible for carrying excess samples 
from the spray chamber to a waste container. This system 
plays a critical role in maintaining the performance of the 
ICP instrument by removing the excess sample and ensur-
ing proper back pressure. If the drainage system does not 
flow smoothly or allows bubbles to pass through, it can 
disrupt the injection of the sample into the plasma, leading 
to unstable and noisy emission signals [12].

Corrosion-resistant ceramic injectors are commonly used 
for sample introduction, while narrow-bore injectors are pre-
ferred for analyses involving organic solvents. On the other 
hand, wide-bore injectors are more suitable for introducing 
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samples with a high dissolved solid content, as they can 
accommodate larger particles without clogging [12].

Emission from thermally excited sample components, 
which travel upward through the central channel of the ver-
tically oriented plasma torch, is typically observed from the 
side, known as radial observation. The emitted radiation is 
typically collected using focusing optics, such as a convex 
lens or a concave mirror, which direct the light to the detec-
tor for analysis [35] after separating the light into its com-
ponent wavelengths. The detected radiation is then mea-
sured by a variety of detectors, typically a photomultiplier 
tube (PMT), array detectors, charge-injection device (CID), 
or more recently, a charge-coupled device  (CCD), which 
captures the signals for further analysis [36]. Currently, 
in  ICP-OES CID and CCD devices are used widespread 
to detect the light emitted by the plasma. These detectors 
have mainly replaced traditional PMTs. Although both CIDs 
and CCDs use a two-dimensional pixel array to convert 
light into electrical signals, they differ in how the data is 
extracted. CCDs are favored for their excellent sensitivity 
and minimal signal noise, whereas CIDs provide enhanced 
control over the detection process and allow for non-de-
structive signal readout. In some instruments, the emitted 
light is observed axially [37], or by using a dual observation 
approach [38]. However, these methods are less common due 
to technical challenges, such as the need to protect the photon 
analyzer from the upward-moving, high-temperature gases in 
the plasma. The operational wavelength range typically falls 
between 180–800 nm, although in more advanced instru-
ments, this range can extend from 130–800 nm. To achieve 
wavelengths below approximately 180 nm, vacuum or argon-
purged monochromators/polychromators are required [37].

The ICP-OES/ICP-AES method is a quantitative ele-
mental analysis technique that can accurately determine 
the total concentration of an element in a sample. Due to 
the high temperature of the plasma, all compounds are 
thoroughly atomized, which makes the chemical form of 
the element in the sample irrelevant. This allows for the 
precise measurement of the elemental content, regard-
less of the sample's initial chemical composition. Another 
advantageous effect of the high plasma temperature is the 
highly efficient thermal excitation of atoms, which results 
in significant excitation and ionization of many elements. 
As a result, the emission spectrum peaks from the ICP 
plasma are very intense, enabling low detection limits. 
However, the spectrum is complex, containing both atomic 
and ionic lines. In fact, a spectrum from a complex sample 
can include up to 800,000 peaks, making the analysis of 
such spectra challenging but highly informative [20].

During detection, the electrical current measured at the 
PMT anode is converted into a usable signal for the com-
puter. Nowadays, PMT has been partially or completely 
replaced by more modern detector systems, for example 
CID or CCD detectors. The first step is to transform the 
anode current (which represents the emission intensity) 
into a voltage signal. This voltage signal is then processed 
using digital signal processing techniques. Next, the volt-
age is converted into digital data by an analog-to-digital 
or A/D converter. The resulting digital information is sub-
sequently used by the computer for further analysis, ulti-
mately providing the final processed data to the user [12].

3 ICP-based measurement techniques
Numerous articles have reported the development of ele-
mental analysis methods based on ICP [39, 40]. For ICP-
OES, the detection limit typically reaches micrograms 
per liter, while for inductively coupled plasma mass spec-
trometry (ICP-MS), it can reach nanograms per liter. This 
high sensitivity makes ICP-based methods ideal for detect-
ing trace elements in complex samples [41, 42]. The  use 
of ICP-MS instruments for trace element analysis and iso-
tope analysis became widespread in laboratories starting 
in the 1980s [43]. ICP-MS is also widely used to main-
tain pharmaceutical safety by detecting trace elements and 
impurities in drug formulations [44]. It is primarily used as 
a measuring instrument for solution samples  [45, 46] and 
a standalone ICP-OES or ICP-MS is generally suitable only 
for determining the total concentration of the elements. 
These techniques are effective for measuring the overall 
elemental content in a sample, but they may not provide 
detailed information about the chemical form or speciation 
of the elements present. Therefore, ICP techniques, espe-
cially ICP-MS, are often coupled with a separation tech-
nique to obtain detailed information on the concentration of 
individual species within a mixture. Chemical vapor gener-
ation (CVG), or collision/reaction cell with gas is another 
alternative for introduction analytes into ICP-based instru-
ments, effectively allowing the separation of analytes from 
the matrix. This often leads to reduced interferences and 
improved the LODs. For example, the application of CVG-
ICP-MS systems has been successfully used for the determi-
nation of mercury by Muller et al. [47] and Antes et al. [45] 
in the pharmaceutical industry. Furthermore, microwave-as-
sisted (MIC-ICP-MS) measurements have been performed 
for various pharmaceutical products, such as acetylsali-
cylic acid tablets  [48], Abidol  [49], Carbamazepine [50], 
Enalapril, Ramipril tablets [51] and Levodopa [47]. This 
technique enhances the sample digestion process, allowing 
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for more efficient and thorough analysis of trace elements 
and impurities in complex pharmaceutical formulations. 
In addition to these, other techniques, such as electrothermal 
vaporization (ETV-ICP-OES) [52], electrothermal vapor-
ization dynamic reaction cell (ETV-DRC-ICP-MS  [53], 
DRC-ICP-MS [45, 47, 53], flow injection (FI-ICP-MS) and 
double focusing (electric and magnetic), also called sector 
field (FI-ICP/SF-MS) [54, 55] are also highly useful.

4 Application of ICP-OES in various disciplines
ICP-OES is a versatile analytical technique used across 
various industries due to its ability to detect and quantify 
trace elements in different types of samples [56, 57]. Recent 
reviews have demonstrated that this technique has already 
been applied in a wide range of settings, including food 
analysis, agricultural testing, geological testing, drug/metab-
olism analysis and environmental science (Fig. 1) [58, 59]. 
These applications are summarized in Table 1 [58–93].

4.1 Geology, environment
The definition and measurement of rare earth elements 
(REE) in geological materials are critical for geochemi-
cal research, requiring precise concentration analysis [56].

Trace element profiling is essential for understand-
ing the formation and evolution of rocks and minerals. 
The  ICP-OES is commonly used to analyze soil, rock 
and sediment samples to locate and assess ore deposits, 

including precious metals (gold, silver) base metals (cop-
per, lead, zinc), and REE [57]. It is also employed to eval-
uate soil contamination by measuring concentrations of 
heavy metals, providing valuable data for environmen-
tal remediation. Additionally, ICP-OES is used to analyze 
groundwater and surface water samples for trace metals, 
supporting water quality monitoring and management, 
particularly in mining regions and other geological envi-
ronments. By  measuring isotopic ratios and elemental 
concentrations, ICP-OES offers insights into the age and 
history of rocks and minerals [58].

By analyzing the elemental composition of igneous, 
metamorphic and sedimentary rocks, ICP-OES plays 
a key role in understanding the processes involved in their 
formation and transformation. It helps in identifying and 
characterizing minerals based on their elemental makeup, 
supporting mineralogical studies and classifications.

In this field, ICP-OES is used to analyze the composi-
tion of volcanic lava and ash, providing valuable informa-
tion on volcanic activity, magma evolution and potential 
hazards. It can be also applied to study volcanic gas emis-
sions by analyzing trace metals and other elements, con-
tributing to a deeper understanding of volcanic processes 
and their environmental impact [59].

To determine the heavy metal content and concentration 
in water, an interesting study [60] observed the diversity of 
plankton, as plankton play a crucial role in the transport of 
heavy metals in aquatic environments. Plankton has a sig-
nificant ability to accumulate heavy metals, making them 
an important factor in understanding the distribution and 
movement of contaminants in water systems. This study 
highlights the potential of plankton as bioindicators for 
monitoring water quality and heavy metal pollution [57].

A journal has reported on the determination of cad-
mium, mercury, nickel and lead content in fish, crusta-
ceans, sediments and living waters by ICP-OES [94]. 
Another study examined the accumulation of copper, 
zinc, manganese, iron, magnesium, nickel, chromium, 
cobalt and boron in a variety of bream and mullet [95]. 
These studies help to understand the bioaccumulation of 
heavy metals in aquatic organisms and the potential envi-
ronmental and health risks associated with contaminated 
water bodies. These studies often utilize microwave diges-
tion for efficient sample preparation, but in this industry 
acid digestion is frequently required for solid samples, 
such as soil and sediments. Strong acids (e.g., nitric acid, 
hydrochloric acid) are used to break down the matrix and 
release the elements into solutions. This method is also 
employed for the extraction of elements from water, soil, Fig. 1 Applications of ICP-OES in different scientific fields, industries
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and air particles, ensuring accurate elemental analysis by 
ICP-OES. It is common for water samples to be filtered or 
diluted when dealing with high concentrations of analytes. 
ICP-OES is widely used for water quality monitoring, as 
the levels of lead, mercury, arsenic, and cadmium are crit-
ical indicators of water safety and environmental health. 
This technique is also valuable for determining the con-
centration of heavy metals and nutrients in soils and sedi-
ments, which is essential for agricultural management and 
ensuring the health of ecosystems. By accurately measur-
ing these elements, ICP-OES helps in managing contami-
nation risks and improving soil and water quality. ICP-OES 
can be used not only to determine water and soil pollution, 
but also to measure air quality by quantifying pollutants 
in the air. Suzuki [96] analyzed airborne particles and 
trace metals deposited on tree bark using ICP-OES. In this 
experiment, the accumulated particles were prepared by 

microwave-assisted HNO3 digestion. Additionally, other 
researchers have used a natural herb  (Struthanthus flex-
icaulis) to detect air pollution. Their experiment proved 
successful, as higher levels of lead and copper were 
detected in polluted areas, demonstrating that this herb 
can be used as a biomonitor for air pollution [97].

4.2 Agriculture and food industry
Metal contamination in groundwater and air is a serious 
concern for public health, environmental management 
and food safety. Therefore, metal analysis in plants and 
animals is essential for ecotoxicological studies [98], as it 
helps to assess the impact of heavy metals on ecosys-
tems and the potential risks to human health through the 
food chain. ICP-OES plays an important role in agricul-
ture, particularly in the analysis of fertilizers, plant tis-
sue, pesticides, herbicides, irrigation water or even food. 

Table 1 The most common domains of applications for ICP-OES and ICP-based techniques

Application Samples Elements Coupled techniques Ref.

Metal industry 
and geology

Textile materials toxic, coal, slags Sb, Cu, As, Cd, Cr, Co, Pd, 
Hg, Ni, Zn ICP-OES, LIBS [61–63]

Low alloy steels As, B, Bi, Ce, La, P, Sn, Ta

ICP-OES, ICP-MS [59, 60, 64–66]

Vulcano ashes, rocks, soils, sediments, related materials Metals

Ore grade material U

River sediments Several metals

Plankton Several metals

Environment 
and waters

Sewage sludge, domestic or industrial refuge, coal, coal 
fly ash, dust, other airborne particulates, nuclear waste Fe, Cd, Cu, Mo, Ni, V, Zn

ICP-OES, ICP-MS [67–72]Seawater P

Municipal wastewater Heavy metals

Inner-city dust

Agriculture 
and foods

Soils, fertilizers, plant materials, feedstuffs, foods, 
animal tissues, body fluids, vegetables seeds, milk

Ca, Cu, Fe, Mg, Mn, P, K, Na, 
Zn, Pb, Li

ICP-OES, ICP- MS [58, 73–78]
Beer, wine Metals

Hen egg Al, As, Pb, Cd, Hg, Sb

Biology and 
clinic

Urine, blood, brain tissue, liver, breast milk, bone, 
oyster/tuna tissue, bacteria Cr, Ni, Cu

ICP-OES, ICP-MS, 
AAS [79–86]

Blood Al

Brain tissue Cu

Liver Se

Breast milk Ni

Bone B, P, S

Oyster, tuna Trace elements
ICP-MS [87–89]

DNA, proteins

Organics

Petroleum products, lubricating oils, gasoline Trace metals 

ICP-MS, ICP-OES [90–93]Cooking oils Cu, Fe, Ni, P, Si, V

Antifreeze Major and trace elements
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In this industry, ICP-OES is used to determine soil con-
centrations of essential nutrients, such as nitrogen, phos-
phorus, potassium and trace elements. This analysis helps 
to assess soil fertility and plan appropriate fertilization 
strategies. As part of quality control, manufacturers use 
ICP-OES to ensure that fertilizers contain nutrients in the 
correct ratio as indicated on the label, ensuring their effec-
tiveness and safety. This process also guarantees the effec-
tiveness and safety of fertilizers used by farmers, and that 
they meet agricultural standards. Furthermore, ICP-OES 
provides detailed information on the elemental composi-
tion of fertilizers, aiding in the development of more effec-
tive and balanced fertilizer formulations [99].

It is also important in plant tissues analysis. In this case, 
the plant nutrient uptake can be determined in order to opti-
mize fertilization strategies. Nutrient uptake determined 
by analyzing plant tissues is crucial for adjusting fertil-
ization practices to optimize crop growth and yield. ICP-
OES helps to understand how well plants absorb nutrients 
from the soil [58]. In addition, it helps diagnose nutrient 
deficiencies or toxicity in plants allowing timely interven-
tion to these problems and prevent yield loss. It can detect 
potentially harmful elements in soil, such as heavy met-
als (lead, cadmium, mercury) that can affect crop health 
and food safety [100]. This technique detects and quanti-
fies residues of pesticides, herbicides and other chemicals 
in agricultural products, ensuring that they remain within 
safe consumption limits [78]. In addition, it analyzes the 
trace element content of crops and food products, which is 
important for nutritional labeling and food quality control. 
It is not only suitable for the analysis of fertilizers, plants 
and food but also for the analysis of irrigation water. ICP-
OES is used to monitor irrigation water quality by detect-
ing elements that can affect soil and crop health, such as 
sodium, chloride, calcium, magnesium and potentially 
toxic metals. It helps measure water salinity and hard-
ness, which are critical factors in maintaining soil health 
and crop yield. It can help in investigating the interactions 
between soil properties and plant nutrient uptake, provid-
ing insights for sustainable agricultural practices [73].

4.3 Applications in the biological, medical and 
pharmaceutical fields
ICP-OES is an essential tool in biological sciences, facili-
tating a wide range of studies from clinical diagnostics to 
environmental biology. Today, humans are exposed to most 
of the toxic and heavy metals that come from many sources, 
namely the burning of coal, natural gas, and petroleum, as 

well as the burning of waste worldwide. ICP-OES is used 
to measure essential minerals and trace elements, such as 
calcium, magnesium, iron, zinc and copper in tissues and 
organs. However, it also detects toxic metals, such as lead, 
mercury, cadmium and arsenic in biological tissues, aiding 
environmental exposure and toxicity studies. Therefore, 
the accurate and precise determination of these elements in 
bodily fluids and tissues is extremely important [101–103]. 
Several diagnostic and therapeutic studies on health issues 
necessitate quantifying the accumulation of trace metals 
in biological tissues. In these issues ICP-OES was used 
for the identification and quantification of elemental bio-
markers associated with various diseases, such as reduced 
immune efficiency, heart diseases, fetal abnormalities, gas-
trointestinal cancer, redox reactions, cellular energy pro-
cesses and abnormal neurological activity patterns [104, 
105]. It is used to monitor metal-based drug treatments, 
such as platinum-based chemotherapy agents, by measur-
ing their levels in tissues and body fluids [40].

By analyzing blood, urine and other biological samples, 
ICP-OES can determine the effect of diet on the body's 
mineral status. This is crucial for studying nutritional defi-
ciencies or excesses. It helps to understand how different 
elements are metabolized and utilized in the body, pro-
viding insight into metabolic pathways and disorders [80].

Determination of the accumulation of metals in var-
ious organisms is an essential information for assessing 
ecological risks and impact of contaminations. The tech-
nique can analyze the elemental composition of cells and 
subcellular components, providing insights into cellular 
functions and elemental homeostasis. Also can be used to 
measure metalloproteins and the role of metal ions in enzy-
matic activities and structural functions within cells [106]. 
The detection and quantification of elemental impurities 
in pharmaceuticals is critical to patient safety. Regulatory 
guidelines, such as ICH Q3D and USP <232>  [107] and 
<233> [108] set strict limits for allowable levels of elemen-
tal contaminants, such as arsenic, lead, cadmium and mer-
cury. ICP-OES is widely used to ensure that pharmaceuti-
cal products meet these regulatory specifications, helping 
to minimize the risk of toxicity and ensuring the safety 
and quality of the medications.

The ICP-OES provides greater sensitivity, lower detec-
tion limits, it causes less chemical interference and is less 
time consuming compared to other spectrometric tech-
niques. ICP provides continuous wavelength coverage and 
gives more accurate results. Robust plasma in ICP-OES 
provides reliable and reproducible results even for the 
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most complex matrix. Simultaneous multielement analy-
sis increases performance and productivity [109].

4.3.1 Raw materials
ICP-OES is used to determine the presence of beneficial or 
required elements in raw materials. For instance, certain 
APIs or excipients might require specific mineral content 
for their stability or efficacy. ICP-OES helps verify that 
these elements are within the desired range. APIs must 
have a precise elemental composition to ensure their  phar-
macological activity and stability.

This technique provides detailed information on the 
elemental profile of APIs, helping in the characterization 
and quality control of these critical components. During 
the synthesis of APIs, impurities from reagents, catalysts 
or reaction vessels can be introduced [13, 14]. These are 
times when impurities are introduced directly into the 
product, e.g., in the form of a catalyst during the produc-
tion process. In some cases, these elements cannot be com-
pletely removed after synthesis. In many articles, atom-
ics spectrometric methods are used to detect and quantify 
catalysts (osmium, palladium, platinum, rhodium, ruthe-
nium and tungsten) [45–47, 53, 110, 111]. Other contam-
inations are associated with materials during the process 
in equipment and on any surface (usually metal) in direct 
contact with the API or commercial product. Corrosion, 

extraction/leaching or delamination may occur if inappro-
priate materials were used [14, 16]. This could be the case 
for contamination by aluminum from glass [112], zinc 
from plastic [113] and rubber materials [114], and alumi-
num, arsenic and tungsten from glass syringe container 
closure systems [115]. Another source of elemental con-
tamination is associated with the use of inadequate water 
purification systems. It is used in many processes, from 
synthesis to manufacturing, so the product may contain 
some degree of contamination that is sometimes difficult 
to detect. Impurities must be kept below the detection limit 
ensuring that the APIs meet the purity standards [2, 3].

In addition to all this, it should also be taken into account 
that pharmaceutical companies purchase raw materials 
from various suppliers. This technique is also used to 
evaluate and qualify suppliers by analyzing the elemental 
composition of their materials. This ensures consistency 
and quality between different lots and suppliers.

In the pharmaceutical industry, starting samples typ-
ically refer to raw materials such as excipients and 
APIs  (Table 2) [13, 50, 113, 114, 116–123]. These com-
ponents must meet strict purity standards to ensure that 
the final drug products are safe. Contaminants or impuri-
ties in starting samples can lead to adverse health effects, 
reduced drug efficacy, and regulatory non-compliance [1].

Table 2 ICP-based techniques used in pharmaceutical industry*

Sample Elements Coupled technique Ref.

APIs

Choline citrate, betaine and racemethionine

Ag, As, Au, Ba, Cd, Co, Cr, Cu, Hg, Ir, Li, Mo, 
Ni, Pb, Pd, Pt, Rh, Ru, Sb, Se, Sn, Tl, V ICP-OES [116]

Dipyrone monohydrate

Dexchlorpheniramine maleate 

Paracetamol

Amitriptyline hydrochloride

As, Cd, Hg, Pb ICP-OES [50]Carbamazepine

Imipramine hydrochloride

Levothyroxine sodium

As, Cd, Hg, Pb ICP-OES, ICP-MS [117]

Gestodene and ethinylestradiol

Sodium dipyrone

Orphenadrine citrate

Monohydrated dipyrone

Caffeine anhydrous

Diclofenac sodium

Paracetamol

Carisoprodol

Metformin hydrochloride

Losartan potassium

Ibuprofen (gel, tablet, suspension) Cd, Pb, Hg, As, Co, V, Ni ICP-OES [118]
* See the resolution of method acronyms in the Nomenclature
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4.3.2 Dosage forms
Solid dosage forms
Solid samples in the pharmaceutical industry include 
a variety of forms, such as powders, dry powder inhalers, 
tablets, capsules and granules, pellets, nanofibers, films. 
These samples must be thoroughly analyzed to detect and 
quantify elemental impurities and ensure compliance with 
regulatory standards. Contaminants in solid samples can 
affect the quality and performance of the final product, 
potentially leading to adverse health effects and regula-
tory noncompliance. One of the key steps in analyzing 
solid samples is proper sample preparation. Any sample 
must be converted into a form that can be introduced into 
the plasma. Solid samples typically require extraction 

or digestion before injection [124]. Different digestion 
processes are used, such as tube dry ashing, wet ash-
ing, microwave assisted digestion (MAD), high pressure 
asher (HPA) digestion. Samples are prepared in a closed 
vessel, as this shortens the digestion time and releases less 
caustic material than in an open vessel [125–127]. During 
dry ashing the sample is heated to a high temperature to 
convert it into ash, which can result in the decomposition 
of organic components of the sample. This can sometimes 
lead to the loss of volatile elements (Hg, As, Se, Cd, etc.) 
which can cause inaccurate results [128, 129]. In addition, 
using this method there is a potential for contamination 
from crucible or furnace, environment, tubes or during 
transfer [128]. This can affect the accuracy of trace metal 

Sample Elements Coupled technique Ref.

Intravenous 
solutions Zn, Cu, Se AES [114]

Enantiomeric 
impurities

Levofloxacin S-isomeric form

NMR, Raman, 
LC-MS, LC-NMR, 

LC-NMRMS, 
GC-MS, LC-MS, 

ICP-OES

[13, 113]

Ofloxacin R-isomeric form

Esomeprazole S-omeprazole

Levalbuterol R-albuterol

Organic 
impurities

Oxidative degradation

Decarboxylation

Hydrolysis

Inorganic 
impurities

Reagents, ligands, catalysis

Heavy metals

Filter aids, charcoal

In-process 
production 
impurities

Crystallization related impurities

Stereochemistry related impurities

Solvents remain after processing

Synthetic intermediates and by-products

Impurities from storage

Metal impurities

Leachables/extractables (plastic tubing process)

Excipients

Modified cellulose

Cl ICP-OES, ICP-MS [117, 119]Calcium carbonate

Maltodextrin

Herbal 
medicines

Hypericum perforatum leaves and flowers, 
their teas, tinctures and tablets

Cd, Co, Pb ETAAS
[120]

Al, Cr, Fe, V ICP-OES-USN

Cosmetics

Shampoo, shampoo and conditioner, 
sunscreen, anti-wrinkle day cream, day 

cream, facial serum, night cream, toothpaste, 
lip balm 

Ti, Al, Zn, Fe, Si, Ca, K, P ICP-MS, ICP-
OES, SP-ICP-MS, [121]

Lipstick Al, Cd, Cr, Co, Cu, Ni, Pb, Fe, Sb, Mn, Zn ICP-OES [122]

Soaps
Al, As, Bi, Cd, Co, Cr, Cs, Hg, Li, Mo, Sb, Sc, 

Se, V, B, Cu, Ni, Pb, Sr, Ba, Na, Ti, Fe, Ca, Mg, 
Mn, K, P

ICP-OES [123]

* See the resolution of method acronyms in the Nomenclature

Table 2 ICP-based techniques used in pharmaceutical industry (continued)*
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analysis, especially when dealing with very low levels of 
contamination in pharmaceutical samples. Furthermore, 
this method can be time-consuming because of the heat-
ing [129] and this can be disadvantage in pharmaceutical 
industry where rapid testing is crucial. Because of these 
reasons the use of dry ashing method in the pharmaceu-
tical industry is limited and therefore this method is less 
commonly used. Many APIs or sensitive products are 
very hard to digest even under extreme temperature and 
pressure conditions. It is important to consider the vessels 
capacity, since in closed vessels the sample mass is gener-
ally limited to approximately 500 mg, in contrast to open 
vessels which can hold even 1 g or more [130]. Treatment 
of the substances with oxidizing reagents by conventional 
heating or microwave radiation is the most common way to 
digest the matrix. This approach is known as wet digestion 
and has been applied to almost all matrices. Wet digestion 
of organic matrices is mainly done with oxidizing acids. 
Nitric acid is the most commonly used, because of its ade-
quate oxidizing capacity. A mixture of HNO3 with HCl, 
HF, HClO4 , H3PO4 and H2SO3 are also used depending on 
the matrix, analytes and/or digestion system [130].

In 1975, Abu-Samra et al. described the use of micro-
wave energy to rapidly complete acid-assisted wet diges-
tion [131]. Since then, microwave heating has become 
a  well-established technique for sample digestion [132]. 
Microwave digestion is an advanced sample prepara-
tion technique used to rapidly and efficiently break down 
complex samples, especially for the determination of 
trace elements by analytical methods such as ICP-OES 
and ICP-MS. This method uses microwave energy to 
heat and digest samples in an open/closed vessel system, 
often using concentrated acids at high pressure and tem-
perature. The  process is widely used in industries such 
as pharmaceuticals  [63], environmental analysis [133], 
food testing  [134] and biotechnology [135]. The prin-
ciple behind this method is based on the interaction of 
microwave energy with polar molecules, primarily water 
and acid solutions in the samples. The polar molecules 
absorb microwave energy, causing them to vibrate which 
generates heat. The heat is then transferred to the sam-
ple, leading to the decomposition of organic matter and 
the breakdown of chemical bonds. Although open-ves-
sel microwave wet digestion is popular, they have several 
disadvantages like dry ashing. In particular, the  diges-
tion temperature is restricted to the boiling point of 
the acids used, which can limit the effectiveness of the 
process [136, 137]. In contrast, the higher temperatures 
achievable in closed-vessel systems enhance the oxidative 

strength of mineral acids, enabling more effective break-
down of matrix components [132]. This method is capa-
ble of complete digestion of complex matrices with mini-
mal contamination and low analyte loss. In closed-vessel 
microwave digestion a small amount of sample is placed 
in a high-pressure vessel (also known as a "bomb" or 
autoclave) with concentrated acids (typically nitric acid, 
sometimes mixed with hydrochloric acid, hydroflu-
oric acid or perchloric acid) which are then heated with 
microwave energy. The pressure and temperature can 
reach 100 bar  (1450 psi) and 200–300  °C, allowing the 
digestion of very tough organic compounds, pharmaceu-
ticals and plant/animal tissues. The vessels are made of 
teflon  (PTFE), perfluoro- and polyfluoroalkyl (PFA) or 
quartz, housed in a strong outer casing (usually stainless 
steel or ceramic) [132, 138], which can withstand the ele-
vated temperatures and pressures during the digestion 
process. After the digestion the vessels are rapidly cooled 
to bring the temperature and pressure back to safe lev-
els, preventing samples loss or contamination. The closed 
system prevents the loss of volatile element (As, Hg, Se 
etc.) unlike the previously mentioned dry ashing. All in 
addition it has a lower risk of contamination because of 
the closed vessel. It is a quick method (20–60 min) and 
it is safer and more environmentally friendly due to low 
acid requirement [139]. Widely accepted by pharmaco-
poeias (e.g., USP <233> [108], ICH Q3D [140]) for ele-
mental impurity analysis [141].

The fusion technique can be used for inorganic solid 
forms, and a molten mixture can be formed by heating. 
Once cooled, the solidified melt is dissolved in dilute 
acid to produce a solution suitable for ICP-OES analysis. 
Although less common, some ICP-OES instruments are 
equipped with accessories for direct solid sampling, which 
can analyze the solid material without the need for com-
plete dissolution. However, this method may be limited by 
sensitivity and matrix effects [142].

Semisolid dosage forms
Semisolid formulations, like ointments and creams are 
an  essential class of pharmaceutical products, providing 
targeted delivery of medications for a variety of therapeu-
tic purposes. Various analytical techniques are employed in 
the pharmaceutical industry to assess the quality and safety 
of semisolid formulations. One important technique is ICP-
OES, which is used to detect and quantify elemental impuri-
ties in this type of material. Other techniques, such as chro-
matography, spectroscopy, and rheology testing, are  also 
used to assess the chemical composition, stability, and 
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physical properties. ICP-OES is also a powerful method for 
detecting trace elements in these dosage forms. Since these 
products can be more challenging to analyze than liquids, 
sample preparation techniques, like microwave digestion or 
acid digestion are often required to break down the sam-
ple matrix to release the elements into solution. Musazzi 
et  al. [143] investigated the effect on skin penetration of 
a semisolid preparation containing iron oxide nanoparticles. 
Samples collected from a Franz diffusion cell were analyzed 
and quantified for nanoparticles using ICP-OES. A similar 
Vertical Franz diffusion cell was used by Berenguer et al. to 
investigate the semisolid dosage form of meglumine anti-
moniate, where the toxic effect of the preparation on cell 
line was investigated by ICP-OES [144].

Liquid formulations
Liquid dosage forms are commonly used due to their ease 
of administration and rapid absorption. As the presence of 
elemental impurities can affect their safety and effective-
ness, rigorous testing of these forms is crucial to prevent 
adverse health effects and to ensure regulatory compli-
ance. Raw materials used in liquid formulations, including 
solvents and excipients, must be of high purity. ICP-OES is 
used to analyze these materials to ensure they do not intro-
duce harmful elemental impurities into the final product. 
Jancevska et al. [118] used microwave-assisted digestion 
tablets, gel) of Ibuprofen and analyzed with ICP-OES.

For liquid dosage forms the most common sample 
preparation procedure is the dilution, which helps to 
adjust the appropriate concentration level, thus minimiz-
ing matrix effects. It is important to use high-purity deion-
ized water or other appropriate solvents to dilute the sam-
ple. If the sample has very high concentrations of certain 
elements, serial dilution can also be performed. It can be 

important to use acids (usually nitric acid or hydrochloric 
acid) to stabilize the elements in the solution and improve 
the atomization process.

Since most APIs are organic substances, combustion 
methods can be very convenient for digesting samples, 
considering that they practically allow for the complete 
destruction of the matrix, reducing carbon effects in ICP-
based analyses. The reaction mainly produces CO2 and 
H2O, along with the inorganic residue (ash), which is typ-
ically solubilized with diluted reagents before analysis. 
Moreover, since oxygen is usually the only necessary oxi-
dizing reagent, the interferences associated with the use 
of concentrated acids are significantly reduced [145]. This 
method is very simple and used for the preparation of high 
sample mass (max. 10 g) of organic samples, and it does 
not require vessels [146].

Another option is to dissolve the samples directly in 
a solvent before injecting them. By using this approach, 
treatment time can be reduced, which reduces the chance 
of cross-contamination. The samples are usually dissolved 
in an aqueous medium with dilute acid solution (HCl or 
HNO3 solutions). To minimize the interference, the sam-
ple mass is limited to a few milligrams (10–100 mg). 
This limit gives better LOD but reduces the input organic 
matter content the plasma [54, 55]. However, many APIs 
are insoluble in water, so this method cannot be used, 
but the dissolution in organic solvents can be considered 
a complementary approach. Before the sample is injected, 
a  syringe filter or membrane filter with the appropriate 
pore size can be useful to remove particles that could clog 
the nebulizer or interfere with the analysis. Table 3 shows 
the applications of ICP-based techniques for different dos-
age form [20, 116, 118, 147–163].

Table 3 ICP-based techniques used in pharmaceutical industry*

Formulation Ingredient/analyte ICP technique Reason Ref.

Titan based dental implants Titan ICP-OES, 
ICP-MS

Titanium found in peri-implant tissues has been 
shown to be located alongside elements regarded as 

impurities in biomedical alloys.
[147]

Ibuprofen 200 mg/5mL oral 
suspension Ibuprofen

ICP-OES Quantitative analysis of multi-element solutions in 
different pharmaceutical dosage forms of ibuprofen [118]Ibuprofen 400 mg film coated tablets Ibuprofen

Ibuprofen 50 mg/g gel Ibuprofen

Parenteral drugs

Metamizole 
magnesium DES-based 

DLLME-ICP 
OES

Eco-friendly, sensitive method meeting the green 
analytical principle [148]Diclofenac sodium

Dexketoprofen

Children's cough syrup MIP OES SDA-MIP OES is an efficient alternative tool for the 
accurate analysis of pharmaceuticals. [149]

* See the resolution of method acronyms in the Nomenclature
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Formulation Ingredient/analyte ICP technique Reason Ref.

Selenium Sulfide Topical Suspension Selenium sulfide MIP OES This method can be applied to numerous matrices for 
a finished dosage of selenium sulfide formulations. [150]

Moisturizing creams Silver SP-ICP-MS
ICP-MS instrumentation has allowed the 

determination of Ag NPs of small size (lower than 
40 nm) in complex samples

[151]

Natural cough syrup for infants Plant extracts

ICP-OES Both products and medicinal herbs are currently 
prescribed by pediatricians [152]Natural cough elixir for infants Plant extracts

Natural flu drops for infants Plant extracts

Escitalopram Oxalate drug Escitalopram oxalate ICP-OES
Method was developed and validated for the 

estimation of Co, Mg and Zn in escitalopram oxalate 
drug and in other drug substance

[153]

Multivitamin tablets (Supradyn, 
Pharma-ton) Fe, Cu, Mn and Zn ICP-OES Compare them with the reference values given in their 

prospectus [154]

Liquid pharmaceutical samples

Choline citrate, 
betaine and 

racemethionine

ICP-OES

The dilute-and-shoot method is a straightforward, 
cost-effective, and faster alternative to traditional 

sample preparation techniques, such as microwave-
assisted digestion. This approach can be readily 

applied in pharmaceutical laboratories for monitoring 
elemental impurities in liquid medications.

[116]
Dipyrone 

monohydrate

Dexchlorphenir-
amine maleate

Paracetamol

Cleaning validation swabs Lithium ICP-AES

Certain analytes can be more efficiently monitored 
using atomic spectroscopy. The lithium concentration 

on equipment can be quickly, easily and accurately 
measured using ICP-AES, with filter flags as an 

alternative to cotton swabs.

[155]

Bulk drug substance and 
intermediates Tungsten ICP-MS, ICP-

AES
Determination of tungsten in bulk drug substance and 

intermediates, precisely, accurately and rapidly [156]

Antibiotics (solution for injection)

Clarithromycin

ICP-AES
No sample pretreatment is needed, thus the method 
is convenient for routine and quantitative analysis of 

antibiotics in powder forms.
[20]

Cefadroxil

Cefaclor

Amoxicillin

Pharmaceutical Neusilin-based 
tablets

LA-ICP-MS and 
LA-ICP-AES

The relative standard deviation is better with ratios 
signals and with continuous scanning [157]

Drug samples in tablet form Miscellaneous ICP-OES, 
ICP-MS

Compare the analyte concentration by different 
digestion procedure by ICP-OES and ICP-MS [158]

Captopril-HCT 25/12.5 mg tablets Captopril and 
hydrochloro-thiazide ICP-MS, ICP-

OES, GFAAS, 
CVAAS, 
HGAAS

They check that the impurities present in the products 
on the market meet the requirements [159]

Captopril 50 mg tablet

Benazepril-HCT 20/25 mg tablet Benazepril HCl and 
hydrochloro- thyazide

Quinapril 20 mg tablet Quinapril HCl

Silver-based nanomedicines Silver ICP-MS Little is known about the stability of nanoparticles in 
relation to particle surface charge. [160]

Suppositories

Hydroalcoholic 
extract-based 

Lawsonia inermis L. 
(henna) leaves

ICP-OES

Henna leaf extract suppositories may be proposed 
as a superior alternative to various conventional 

antimicrobial vaginal products currently available on 
the market.

[161]

Green nanoemulsions Erythromycin ICP-OES
Effluent released into an aquatic system negatively 
impacts the health of both the flora and fauna in the 

ecosystem, as well as human health.
[162]

AF-NP composite gel Auranofin ICP-OES Topical treatment offers potential benefits [163]
* See the resolution of method acronyms in the Nomenclature

Table 3 ICP-based techniques used in pharmaceutical industry (continued)*

5 Case study
Our aim was to use the applicability of ICP-OES in in vitro 
drug release studies where sodium acts as the salt form of 

the active substance in the dosage form (pellets or med-
icated straw). Unfortunately, there was no opportunity 
to utilize the best feature of ICP-OES, namely that it can 
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measure multiple components simultaneously, instead ibu-
profen sodium was selected as a model compound. For this 
purpose, ibuprofen sodium (Sigma Aldrich, Bangalore, 
India) was coated onto inert pellet cores (Hanns G. Werner 
GmbH+Co.KG, Tornesch, Germany) through a fluidiza-
tion process with 2% hypromellose as the binder. 

The release profile of the ibuprofen sodium-containing 
pellets was investigated in a Hanson Vision Elite 8 appa-
ratus (Hanson Research, Chatsworth, CA, USA) using the 
basket method. A dissolution medium of 900 mL purified 
water at 37 °C was used. Pion Rainbow, a fiber optic spec-
trophotometer (Pion Inc., Billerica, MA, USA), was used to 
determine the concentration of the dissolved drug in situ. 
For this purpose, a head fitted with a 5 mm probe was used. 
The absorbance was detected at 273 nm [6]. To determine 
the sodium concentration in situ, Spectro Genesis ICP-OES 
(Spectro Anal. Ins. GmbH, Kleve, Germany) was employed 
using the parameters outlined in Table 4. The  results 
showed that the two measurement methods yielded similar 
results for immediate release pellets (Fig. 2).

Table 4 ICP-OES settings

Parameters Settings

Radio frequency power 1350 W

Auxiliary Ar flow rate 0.80 l/min

Pneumatic nebulizer Ar flow rate 0.85 l/min

Pump speed 2 step

Wavelengths 589.59 nm

Coolant flow 0.80 l/min

Light tube 0.90 l/min

Optic flush 1.00 l/min

Optic temperature 29.91 °C (29.0–31.0 °C)

Osc. exhaust 222.2 imp/s (min 170.0)

Osc. impedance 5875 Ohms

HVPS current 583 mA

HVPS voltage 3425 V

Flow optic flush 1.00 L/min

Flow light tube 0.90 L/min (0.8–1.8)

Nebulizer pressure 2.48 bar (2.0–4.0)

Main Ar pressure 7.01 bar (6.0–8.0)

Fig. 2 Schematic drawing of in situ UV fiber optics and ICP-OES methods for dissolution testing measurements of pellets (a) sodium ion (b) and 
propionic acid derivate (c) release profile of layered pellets (n = 3)
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Straws were produced as a dosage form using small 
spherical particles. The pharmacopoeia does not provide 
a specific method for investigating pharmaceutical straws; 
however, several research groups have studied these drug 
forms [164, 165]. Accurately measured 1000 mg of pellets 
were filled into transparent PP-based straws (19 cm height, 
0.9 cm diameter; VitaSip Kft., Cegléd, Hungary) and 
sealed using a custom-made straw-closing machine. Fig. 3 
illustrates the measurement setup used to simulate straw 
usage. The medicated straw was placed in 250 mL of puri-
fied water, and the liquid was aspirated through the straw 
by a peristaltic pump (Locost Kft., Tiszaalpár, Hungary) 
into 250 mL of hydrochloric acid medium (pH 1.2, 37 °C), 
simulating stomach conditions. The concentrations of 
ibuprofen and sodium were determined using the same 
instruments and settings as those used for analyzing pel-
let release in this medium. Our results demonstrate that 

ICP-OES with in situ sample probing, alongside the in situ 
Fiber Optic UV System, is an equally effective method for 
in vitro dissolution studies and the investigation of innova-
tive drug forms such as medicated straws.

6 Conclusion
Over the last 50 years, ICP-OES became a key analytical 
technique with a wide range of applications across vari-
ous scientific fields. Owing to its sensitivity, the elemen-
tal components can be detected even at ppm and ppb lev-
els. This article primarily focuses on the pharmaceutical 
industry, where elements determined by IPC-OES may 
occur as impurities or as salts of active substances. Their 
qualitative and quantitative analysis in raw materials and 
dosage forms plays a crucial role in ensuring the safety 
and efficacy of pharmaceutical products.

Fig. 3 Schematic drawing of the apparatus for simulating the sipping of liquid through the medicined straw (a) sodium ion (b) and propionic acid 
derivate (c) release profile from medicated straw (n = 3)
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Nomenclature
AAS: Atomic Absorption Spectropho- 

tometry
AF-NP: Auranofin-nanoparticle

CVAAS: Cold Vapor Atomic Absorption 
Spectrometry

CVG-ICP-MS: Chemical vapor generation 
inductively coupled plasma mass 
spectrometry

DES: Deep Eutectic Solvent

DLLME-ICP-OES: Dispersive Liquid-Liquid 
Microextraction Inductively 
Coupled Plasma Optical 
Emission Spectrometry

DRC-ICP-MS: Dynamic Reaction Cell 
Inductively Coupled Plasma 
Mass Spectrometry

ETAAS: Electrothermal Atomic 
Absorption Spectrometry

ETV-ICP-OES: Electrothermal Vaporization 
Inductively Coupled Plasma 
Optical Emission Spectrometry

FI-ICP-MS: Flow Injection Inductively 
Coupled Plasma Mass 
Spectrometry

FI-ICP/SF-MS: Flow Injection Inductively 
Coupled Plasma/Sector Field 
Mass Spectrometry

GC: Gas chromatography

GC-ICP-MS: Gas Chromatography Inductively 
Coupled Plasma Mass 
Spectrometry

GC-MS: Gas Chromatography Mass 
Spectrometry

GFAAS: Graphite Furnace Atomic 
Absorption Spectrometry

HGAAS: Hydride Generation Atomic 
Absorption Spectrometry

HPLC: High Performance Liquid 
Chromatography

HPLC-ICP-MS: High Performance Liquid 
Chromatography Inductively 
Coupled Plasma Mass 
Spectrometry

HVPS: High Voltage Power Supply

ICP-OES-USN: Inductively Coupled Plasma 
Optical Emission Spectrometry 
Ultrasonic Nebulizer

LA-ICP-MS: Laser Ablation Inductively 
Coupled Plasma Mass 
Spectrometry

LA-ICP-AES: Laser Ablation Inductively 
Coupled Plasma Atomic 
Emission Spectrometry

LC-MS: Liquid Chromatography Mass 
Spectrometry

LC-NMR: Liquid Chromatography Nuclear 
Magnetic Resonance

LC-NMR-MS: Liquid Chromatography Nuclear 
Magnetic Resonance Mass 
Spectrometry

LIBS: Laser-induced breakdown 
spectroscopy

MIP OES: Microwave-induced Plasma 
Optical Emission Spectrometry

NMR: Nuclear magnetic resonance

PTFE: Polytetrafluoroethylene (teflon)

SF-MS: Sector Field Mass Spectrometry

SP-ICP-MS: Single Particle Inductively 
Coupled Plasma Mass 
Spectrometry
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