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A B S T R A C T   

Elemental impurities may occur in pharmaceutical products under different conditions. Impurity composition 
includes many types of species: metals and non-metals, which can be essentially toxic, due to their direct health 
damage potential, and those essential elements or compounds, which play a physiological role in the human 
body in defined levels. The essential ones may develop an illness profile or a non-desirable situation, since their 
concentrations exceed permitted and tolerable limits. Inorganic contamination in pharmaceuticals has been 
observed in several countries. A high number of reports on metal contamination in natural products, traditional 
eastern medicines, herbal medicines and medicinal plants have been presented, especially with lead, cadmium, 
mercury and arsenic. A simple explanation to this fact is mainly related to metal deposition in the soil, water 
contamination, fertilizer and pesticide poisoning. Synthetic products are faced to catalyst deposition, water 
contamination, glassware impurities, contaminated raw materials and excipients, as well as uncontrolled 
manufacturing processes. Several analytical methods have been developed and improved for years, allowing the 
application of better strategies to evaluate metal contamination in pharmaceutical products. Spectroscopy 
techniques are used by industries in routine investigations, and can also be improved to attend different types of 
matrices and materials. In Brazil, the Brazilian Pharmacopeia and National Health Surveillance Agency are the 
available guide and institution, respectively, onto which the investigation of elemental impurities is based. In the 
international scenario, The United States Pharmacopeia (USP), The European Pharmacopeia (EU), The European 
Medicine Agency (EMA) Guideline and The International Council for Harmonisation of Technical Requirements 
for Pharmaceuticals for Human Use(ICH) Guideline are the four most important and complete manuals for the 
evaluation of impurities in pharmaceutical products, active pharmaceutical ingredients (APIs), raw materials and 
intermediates in the present days. A great amount of scientific research about inorganic impurities in pharma
ceuticals has been conducted in recent years, but it still remains below the strategies of analytical applications 
due to the many possibilities of contamination. The continuous work on this theme, regulated by international 
agencies, is the best way to improve the quality of pharmaceutical products and to ensure safety in their use. The 
objective of this paper is to summarize spectroscopy techniques applied to inorganic evaluation in pharma
ceuticals, considering the limits of element exposure to human beings reported by national and international 
references.   

1. Introduction 

Chemical elements can occur at different concentrations in biological 

systems. These levels are directly related to the corresponding functions 
of each element or group of elements. Some major essential ones as Ca, 
Fe, Mg, P and S are found at concentrations above 10 mg L− 1 in body 
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fluids or above 100 μg g− 1 in tissues. Essential trace elements are also 
required for a normal and healthy body functioning, and whose defi
ciency induces adverse health effects. These trace elements occur 
instead at concentrations of 10 μg L− 1 up to 104 μg L− 1 in body fluids or 
0.01–100 μg g− 1 in tissues and play important and rather specific bio
logical roles as components of enzyme systems (Cu, Mn, Mo, Se and Zn), 
vitamins (Co) and hormones (I) [1,2]. Some chemical elements can be 
used as therapeutic agents acting, as many other possibilities, to control 
symptoms, to block an illness or to enhance a well state of health. Li, B, 
Mg, Ti, Fe, Co, Sb, Au, Ga, as well as other elements, are used either in 
atomic form or in compound structures in different kinds of pharma
ceuticals [3]. Elements are toxic when they have the capacity to cause 
negative health effects. These species act in the metabolic human pro
cess to cause illness or to make a disorder with physiological functions 
and some of these disorders may be irreversible. The toxicity of an 
element depends on its solubility and bioavailability and, therefore, can 
bioaccumulate in human body, causing hazardous chronic health con
ditions, as illustrated in Fig. 1 [4,5]. 

Some metals traditionally toxic, in different samples, are serious and 
widely dangerous due to their high bioavailability, potential toxicity and 
ease of accumulation by various plant and animal organisms, and 
environmental [6]. Not only can these elements be harmful; some 
essential ones at very low concentrations generally need to be present in 
the human diet to guarantee normal physiological functions. For 
example, Cu and Zn are necessary at low levels as catalysts for enzyme 
activities, but high levels of these essential metals may be hazardous to 
human health. It was demonstrated that some potentially toxic and 
essential (macro and micro) elements can cause bad health conditions in 
people who have their intake significantly higher than the recom
mended amount, when they consume some certain pharmaceutical 
products [7]. Leitão et al. [8] studied the relationship between the 
bioaccumulation and toxicity from the mapping of the distribution of Hg 

(II) and other trace elements in zebrafish (Danio rerio). The results 
showed that the high levels of Hg measured in zebrafish tissues indicated 
bioaccumulation in some organs (visceral mass and gills) and that 
physiological accumulation is dose-dependent. In addition, other trace 
elements (Fe, Cu and Zn) did not show changes in concentration after the 
exposure of zebrafish to Hg (II), indicating that the latter is not able to 
reduce or increase accumulation of other metals. 

Several analytical techniques can be applied for element evaluation 
in pharmaceuticals and cosmetics, from spectrophotometric and atomic 
absorption to mass spectrometry, which can be coupled to other in
struments in order to enhance the quality of analysis or with other 
sample preparation techniques. Choosing the best technique for 
elemental determination in one product involves studying the matrix, 
the possible content and the chemical relationship among them. The 
Brazilian Pharmacopeia points UV-VIS spectrophotometry and atomic 
absorption spectrometry (flame, FAAS; graphite furnace, GF AAS; hy
dride generation, HG AAS; cold vapor, CV AAS) as analytical approaches 
for the analysis of pharmaceutical products. It also includes optical 
emission spectrometry and mass spectrometry, both with inductively 
coupled plasma (ICP OES and ICP-MS, respectively), besides fluores
cence spectrometry [9]. 

Therefore, the Brazilian Pharmacopeia, the United States Pharma
copeia, the European Pharmacopeia, the European Medicine Agency 
Guideline and the International Conference on Harmonisation Guideline 
have to be constantly updated with the development of science and 
technology, as international reference textbooks for pharmaceutical- 
medical topics. Thus, the purpose of this review is to summarize spec
troscopy techniques applied to inorganic evaluation in pharmaceutical 
products from different sources, considering the limits of element 
exposure to human beings reported by national and international ref
erences. The perspectives of future analytical strategies for element 
determination were also discussed. 

Fig. 1. Exposure profile of essential and non-essential chemical elements as a function of their bioavailability and bioaccumulation in the human body (The authors, 
2023). Legend: REE - Rare earth elements; PGE - Platinum group of elements. 
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The strategic word combinations used for the research of these ar
ticles were: pharmaceutical AND AAS; pharmaceutical AND ICP; phar
maceutical AND inorganic contamination; pharmaceutical AND 
impurities; pharmaceutical AND metals; pharmaceutical AND ICP AND 
metals; metal AND contamination AND medicines; pharmaceutical for
mulations AND ICP OR pharmaceutical formulations AND AAS. These 
words were entered in Web of Science and in Science Direct to access the 
articles. Scientific papers and books published over the past thirty three 
years about pharmaceutical impurities and analytical methods were 
considered. The discussion was made considering data on impurity 
determination related to reference parameters established in national 
and international guidelines. The discussion also considered the novelty 
of the analytical approaches and their suitableness to the main objective 
of the research. 

2. Elemental impurities: ocurrence and importance 

The health effects of chemical contaminants in medicines are a major 
health concern today. A very vulnerable and sensitive time in human 
development is in the womb and during the first five years of childhood. 
Unfortunately, it is during this time that we take between 70 and 80% of 
the toxicants accumulated by the body during our lifetime [10]. 

Some metals may be just one of the several contaminants in pediatric 
syrups either produced or imported into Nigeria. In Nigeria, it is a 
common practice for doctors to recommend some drugs known to cure 
specific ailments (such as indigestion, headache, malaria, cough, mea
sles, cold, catarrh, anaemia, stomach upset etc) to pregnant women and 
lactating mothers and children. A possible route of these metals into 
these drugs may be during processing such as lead solder, use of 
contaminated water, poor assaying of raw materials, packaging, poor 
hygiene and storage facilities. Another contamination route is focused 
on the excipients. These compounds are considered as inert ingredients 
and are generally safe. However, some adverse effects have been 
attributed to excipients used in the preparation of multivitamins, which 
are widely prescribed for infants and children [11]. Even if the first five 
years of childhood are a critical period for toxicants to accumulate in the 
body, it is also known that these impurities may cause health problems 
to humans in any period of life. 

Studies have shown that the inert nature of excipients is question
able, and the impairment of drug transport functions may be attributed 
to them. Soodvilai et al. [12] investigated whether excipients frequently 
used in the production of dosage forms are capable of interfering with 
organic cation transporters (OCT). These transporters play a crucial role 
in the excretion of a wide variety of organic cations, including endog
enous compounds and therapeutic agents, such as: quinidine, cisplatin, 
morphine, metformin, phenoxybenzamine, prasozine, procainamide 
and cimetidine. It was evidenced that solubilizing agents such as 
“Tweens” are capable of inhibiting the transport function of the medi
ators OCT1 and OCT2, and these have a crucial role in the hepatic and 
renal clearance of cationic drugs. The results showed that Tweens 
exhibited greater potency in inhibiting OCT1 and OCT2 transport 
compared to Cremophor RH40. Compromising the function of these 
mediators by excipients can result in alterations in pharmacokinetics, 
drug-drug interactions and deposition of these drugs in tissues, which 
may cause toxicity and compromise drug efficacy. Studies such as this 
show the need to develop methodologies that can elucidate the contri
bution of excipients in medicines both from the point of view of efficacy 
and the assessment of toxicity as a function of the presence of metallic 
impurities. 

Still in Nigeria, Nduka et al. [13] developed a recent study to eval
uate the risk assessment of heavy metals from adult consumption of 
locally manufactured painkillers, drugs with analgesic, antipyretic and 
anti-inflammatory effects. The contents of As, Cd, Cr, Ni, Pb and Hg were 
determined, using an atomic absorption spectrometer with acid diges
tion pretreatment. Due to the frequent medicine intake, especially in 
overdose cases or prolonged use, individuals could be continuously 

exposed to toxic metals, highlighting the need to monitor these products 
and impurities. In a similar study carried out by Li et al. [14], in the 
United States, the concentrations of impurities in various excipients 
present in pharmaceutical products were determined. The samples were 
subjected to acid digestion in microwaves and subsequently measured 
by ICP-MS. Of the total of 190 analyzed samples, with 31 different types 
of excipients, the results showed that, with the exception of Pb, the el
ements Cd, As and Hg, exhibited low concentrations in the analyzed 
samples. Cd and Hg levels were < 1 μg mL− 1 for all excipients. Titanium 
dioxide showed relatively high concentrations for Pb (2.15 ± 1.81 μg 
mL− 1). Excipients of synthetic origin and cellulose-based drugs achieved 
levels below LOD or in the range of 1 to 10 μg L− 1. Four excipients 
exceeded the limits recommended by European Agencies for oral con
centrations in 1 or more elemental impurities: titanium dioxide and zinc 
stearate exceeded the concentration for Pb, and granular magnesium 
hydroxide and calcium carbonate exceeded the concentration for Cd. In 
general, excipients showed low concentrations of impurities in relation 
to the safety limits established for finished drugs. However, in the case of 
drugs produced with one or more of the excipients that contain a high 
amount of impurities, final concentrations higher than the permitted 
daily intake (PDE) may be observed. 

Increasing cases of As poisoning were reported, induced by Niuhuang 
Jiedu (NHJDT), a patented traditional chinese medicine used for the 
treatment of hyperactivity of stagnated fire, aphthae, swelling and 
gingiva, throat and eye ache [15]. As2S2 is the main constituent of 
realgar, a mineral used in the pharmaceutical preparation of this prod
uct. As species were determined, separated by High Performance Liquid 
Chromatography (HPLC), including inorganic As, which is the most 
toxic for humans. Therefore, the determination of As and other mineral 
elements in NHJDT is critical for clinical safety [16]. 

Traditional medicines (TM) have been in use since ages. People 
around the globe use TM due to their historical behavior and according 
to their cultural creeds. Since the beginning of the 90’s, according to the 
World Health Organization (WHO), about 70% of the world population 
still depended on TM to fulfill their health needs [17]. As traditional 
medicines (TM) are from natural source, it is a misconception that TM 
are comparatively safer than synthetic drugs produced using chemical 
compounds [18]. TM are also contaminated with environmental pol
lutants, specially metals, which can lead to serious health issues in the 
long term [19]. These metals could be toxic and essential: toxic metals, 
mainly Pb, Cd, Hg and As can cause metal poisoning to the patients. 
Some metals such as Fe, Cu and Zn are essential and required by the 
human body in trace amounts. However, they become toxic when their 
levels in the blood increase. They may cause damage to vital organs, as 
heart, liver, kidneys and brain [18]. For example, Hg was found as a 
major pollutant and health concern in populations using Malaysian Drug 
Product (a marketed herbal drug available in markets of Malaysia, used 
as antidiabetic agents). The Hg content (1.33 μg mL− 1) was out of the 
permissible limit (0.1 μg mL− 1) [20] in this product [21]. 

Recently, Hg was determined in Traditional Chinese Medicines 
(TCMs), which have been widely consumed in many eastern countries 
[22]. Metals, such as Hg, Pb, As and Cd, have been previously reported 
to be present in TCMs [23,24]. Both total and bioaccessible fractions of 
Hg were measured in 16 products. One sample showed exceeded values 
compared to the acceptable Hg intake by the Food and Agriculture Or
ganization/World Health Organization (FAO/WHO) [22]. TCMs had 
also been analyzed by Yao et al. [25] for Cd accumulation in plants. It 
was shown that Cd could be deposited in different parts of a plant and 
the distribution significantly varied from species, habitat and soil 
pollution among TCM materials. This is a point of concern regarding the 
use of these materials for medical purposes. 

The risk of chemical contamination due to the use of natural products 
can be quite higher than that of using synthetic products. A study 
demonstrated that while pharmaceuticals appear to have low concen
trations of toxic elements, a small percentage of Natural Health Products 
(NHPs) have noteworthy concentrations, potentially exposing 
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consumers to adverse health sequelae associated with metal and 
metalloid bioaccumulation. This is particularly evident in certain NHPs 
from Chinese herbal sources [26,27]. Even though the low risk is clear, it 
is not possible to deny the possibility of toxic metal exposure by non- 
natural products. 

In the case of natural products, a batch of plant material can be used 
for the preparation of traditional medicines and herbal infusions only if 
the content of toxic metals is below a certain threshold. When the herbs 
are used in the treatment of certain illnesses, it should be known that, 
besides their pharmacological effect, medicinal plants could be toxic if 
the content of some metals is high [28–30]. Therefore, controlling these 
elemental concentrations in both medicinal plants and their products is 
necessary to ensure safety and effectiveness of herbal products [31,32]. 
Plants can be easily contaminated by metals in the course of cultivation 
or during processing [33]. Along with other pollutants, metals can be 
added into the environment through industrial activities, municipal 
waste, automobile exhaust, pesticides and fertilizers used in agriculture 
[34]. 

In an Asian study involving natural products, in Korea, the toxic 
metal content was investigated in 52 frequently prescribed ayurveda, 
identifying herbal medicines with the possibility of exceeding The 
Korean Food and Drug Administration (KFDA) maximum limit for toxic 
metals. The KFDA established maximum limits for lead (Pb), arsenic 
(As), cadmium (Cd) and mercury (Hg), which were reported to act as 
endocrine disruptors. Nineteen samples of five kinds of herbal medicines 
exceeded the KFDA’s maximum limit for Pb (5 mg kg− 1), no sample 
exceeded the maximum limit of 3 mg kg− 1 for As, thirty samples of 14 
types of herbal products exceeded the KFDA’s range of 0.3–1.0 mg kg− 1 

for Cd and no sample exceeded the maximum Hg limit of 0.2 mg kg− 1 

[35]. 
One positive point of natural products is related to their pharma

ceutical form and to the preparation steps before consumption that can 
be applied. Some medicinal products come in globular, granular and 
liquid dosage forms, but decoction is the most common dosage form in 
Korea. It was shown that the use of herbal medicines in decoction form is 
useful for minimization of risks associated with toxic metals (As, Pb, Cd 
and Hg) in herbal medicines, since these metal contents were reduced 
after decoction. It can be explained by the reaction among the elements 
with tannins and other organic compounds resulting in water-insoluble 
substances, which were not released in final decoction [36]. In a study 
carried out in Iran by Habibollahi, Sharafi and Omer [37], an evaluation 
of the accumulation of toxic elements and risk were associated with 
human health. It was evidenced that many brands had detectable 
amounts of the investigated elements, but much lower than the 
maximum limits established by the World Health Organization (WHO). 
In addition, the lifetime cancer risk (RCLV) for each carcinogenic metal 
and the total carcinogenic risk (RCT) for all carcinogenic metals were 
also below the acceptable threshold (RCLV and RCT = 10− 4). 15 brands 
of health products of natural origin (PSON) purchased in pharmacies 
were selected, totaling 225 samples, 11 elements, 9 (Cd, Pb, Ni, Cr, Cu, 
Fe, Zn, Mn and Al) of which were evaluated using ICP OES and the others 
(As and Hg), using ICP-MS. This study showed that there are products 
available in the market capable of meeting official regulations, offering 
greater safety to the population. 

Medicinal plants and other natural products are critical when it 
comes to inorganic impurities. There are many possibilities of metal 
deposition in these products. Effective strategies to minimize or elimi
nate metal and metalloid deposition risk in complementary medicines 
are challenging for policy makers, but critical for optimizing health 
benefits. The quality and safety of these medicines have now become a 
serious issue as a function of element contamination and, therefore, 
information about their elemental content should be provided for 
practitioners and consumers to make right decisions [7,29,30,38]. 

Cannabis, the plant source of cannabinoids (CB), has two molecules 
of great chemical and pharmacological interest: cannabidiol (CBD) and 
tetrahydrocannabidiol (THC). Besides the already known effects on pain 

reduction, recent studies highlight a reduction in mortality from opioid 
overdose in places where medical cannabis is already legalized, 
reducing opioid doses in chronic pain patients. However, there is a 
difference between CBD and THC: the latter is a psychogenic molecule 
responsible for promoting arousal in recreational use, while the former 
does not lead to intoxication and offers a better safety profile when 
compared to THC. In a study conducted by Capano et al. [39], the impact 
of cannabidiol extract (CBD) on both opioid use and life quality in pa
tients with chronic pain was investigated. A total of 131 patients, aged 
18 to 65 years, who had chronic pain for at least 1 year, were accom
panied over 8 weeks. The results showed that cannabidiol-rich hemp can 
reduce opioid use and improve life quality, especially in pain and sleep 
management in patients with chronic pain, with significant improve
ments. More than half of the patients taking the substance experienced 
reduction or elimination of opioids over 8 weeks. 

Poli et al. [40] conducted a study aimed at evaluating the effects of 
cannabis use and associated benefits in patients diagnosed with chronic 
pain, affected by fibromyalgia, radiculopathy, headache, arthritis, 
various forms of neuropathic pain and other chronic conditions. A total 
of 338 patients at different stages of chronic pain treated with a 
decoction of Cannabis Flos over a 12-month period, in combination with 
established pharmacological therapy, were accompanied. The research 
demonstrated that Cannabis therapy, as an adjunct to traditional anal
gesic treatments, reduces pain intensity, improves daily functionality 
and allows for a reduction in anxiety and depression symptoms. How
ever, Cannabis is not the answer to everyone’s pain. Negatively, diffi
culty in accessing Cannabis, regulatory barriers and miraculous popular 
beliefs about the results of Cannabis use were observed throughout the 
study, culminating in patients being temporarily or permanently dis
continued from therapy. The study also points out that it is only a trial; 
therefore, randomized controlled trials and further analysis are needed 
to demonstrate whether cannabis therapy is more effective than tradi
tional analgesic therapy and for what reasons. 

Studies in industrialized hemp show that the Cannabis plant can 
bioaccumulate potentially toxic metals from the soil, being used as a 
“metal scavenger”, as well as in phytoremediation of contaminated soils 
and adulteration, from the addition of potentially toxic metals to in
crease its weight and, consequently, its market value. Due to regulations 
imposed by the USP and ICH, the minimum acceptable limits have been 
reduced in order to protect human health from risks associated with 
consumption. In the study proposed by Viviers et al. [41], metal de
terminations were performed on 310 samples of cannabis products 
purchased on the South African market. The results showed that, when 
comparing individual metal residues (Cd, Pb, As and Ni) against the oral 
limit, with the exception of Cd, all others showed concentrations higher 
than the oral limits set by the USP/ICH. Regarding the inhalation use 
presentations, when considering USP/ICH inhalation limits, the three 
metals responsible for most failures were mercury (Hg), nickel (Ni) and 
lead (Pb). Of all the samples evaluated in this study, 15% (48 of 310) 
failed the specified USP/ICH oral ingestion limits. This analysis included 
a wide variety of product types: drops, capsules, drinks, edibles and 
suppositories. The high failure rate to meet USP/ICH limits is of most 
concern, particularly for class 1 and class 2A impurities. Despite the 
published standards and the existence of safety limits, the application 
and control of these limits need to be strictly monitored in cannabis 
products. 

Cannabis products have been widely consumed all around the world, 
even in countries where they are prohibited, but the chemical element 
composition was still not completely investigated. The inorganic content 
of these products was evaluated by Menezes et al. [42], in a very recent 
study, using an ICP OES. Samples were obtained from different sources, 
as Romania, United Kingdom, Canada and Brazil, where the study was 
conducted. It is important to notice that concentrations of inorganic 
species were related to the manufacturing processes used for the 
different hemp products and the use of organic solvents for cannabinoid 
extraction resulted in extracts with low inorganic contents. The authors 
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also show the need for further studies and monitoring inorganic content 
due to the increasing use of cannabis-based materials in the pharma
ceutical industry for therapeutical purposes, besides the possibility of 
soil contamination by metals, where cannabis species are cultivated. 

In recent years, another plant has been used as a drug of abuse, 
especially due to its relaxing, analgesic and psychoactive properties. The 
plant Kratom (Mitragyna speciosa) is registered as a food ingredient with 
the FDA and the US Drug Enforcement Administration Policies. It 
remained legal in many states in the USA until 2020. However, many 
states, such as Alabama, Florida, Indiana, Arkansas, Wisconsin and 
Tennessee, have passed laws prohibiting the local sale and possession of 
kratom. It is a plant native to the Southeast Asian region, belongs to the 
Rubiaceae family and can reach over 25 m in height. It has stimulating, 
dose-dependent properties, which have aroused the interest of scientists 
and researchers due to its pharmacological profile of acting on opioid, 
adrenergic and serotoninergic receptors, as well as other neurotrans
mitter systems [43]. 

In a survey by Tobacyka et al. [44], from 106 independent FDA 
registrations, the following were established as the main popular uses 
for kratom: mental health, pain improvement, substance use disorder, 
focus improvement, insomnia and fatigue reduction. These data 
corroborate the findings of Grundmann et al. [43], who point out an 
increase in the number of cases involving Kratom in the United States, at 
the American poison center. Among them, the case of a 30-year-old man 
who, within one hour of using this plant, presented agitation, mental 
confusion and convulsion. Upon admission to the emergency room, signs 
of tachycardia, hypertension and absence of responsiveness were 
recorded. In another report, a 56-year-old man with the intention of 
bringing relief for chronic pain, associated Kratom with high doses of the 
drug Oxycontin and, when he abruptly discontinued the use of the plant, 
he manifested nausea, vomiting, anxiety, rhinorrhea and irritability. In 
another case, a 68-year-old man on chronic use of buproprion, fluoxe
tine, fentanyl and Kratom for pain control, attended the emergency 
room with signs of mental confusion and difficulty walking. Upon ex
amination, signs of tachycardia, hypertension, diaphoresis and hyper
reflexivity were recorded, and he was diagnosed with serotoninergic 
syndrome due to drug interaction with Kratom. 

In a study by Fleming et al. [45], 27 Kratom products were obtained 
from tobacco stores in Richmond, Virginia, USA. These products 
included 9 powders, 5 teas, 12 extracts and 1 carbonated beverage. In an 
analysis performed using ICP OES, Al, As, Cu, Fe, Mg, Mn, Ni and Pb 
were found. Of all the elements analyzed, only Mn presented a risk to 
users. Three tea samples exceeded the tolerable upper intake level for 
Mn by 5 to 20 times, with samples ranging from 95.04 to 284.79 mg per 
day. Mn toxicity can lead to manganism, a neurodegenerative condition 
that manifests symptoms of dystonia, muscle spasms and difficulty 
walking. The findings of these researchers highlight the need for regu
lation of Kratom products, not only for consumers, but also reaching out 
to producers. 

Prozialecket al. [46] conducted a research with the FDA and the US 
Centers for Disease Control, to increase surveillance of Kratom products 
for toxic metals (such as Pb and Ni) and microorganisms such as Sal
monella. Eight Kratom products purchased from tobacco stores in the 
western suburbs of Chicago were evaluated and tested from both a 
microbiological and toxicological standpoint. Concentrations of the 
chemical elements Ni, Pb, Cr, As, Hg and Cd, as well as levels of 
mitragynine alkaloids, were determined. All analyzed samples con
tained significant amounts of mitragynine (3.9 to 62.1 mg g− 1), indi
cating that the analyzed products were from Kratom. In metal 
evaluation, seven products presented significant amounts of Ni (0.73 to 
7.4 μg g− 1), Pb (0.16 to 1.6 μg g− 1) and Cr (0.21 to 5.7 μg g− 1), while the 
other analyzed elements were not detected. 

Pb is one of the most common toxic elements found among the 
medicines studied. The actual exposure level of some metals, including 
Pb to individuals, is of extreme importance from a clinical and public 
health perspective [38]. The daily intake of any element can be 

calculated using the highest recommended daily intake of the medicine, 
which provides the “worst case” scenario. The element intake is then 
dependent on the dose of the medication taken, whose information is 
provided by the product manufacturer. There are maximum concen
tration limits to many chemical elements, which are the parameter for 
industries in manufacturing quality control. The Brazilian Pharmaco
peia [9], the United States Pharmacopeia [47,48], and the ICH Q3D 
Guideline [49] permitted concentrations of elemental impurities, based 
on a maximum 10-g dose of product per day, are shown in Table 1. The 
Pharmacopeial Forum (PF) 48 (6) updates were also considered in USP 
values [50]. The European Medicines Agency (EMA) has already adop
ted the ICH Q3D Guideline about elemental impurities in pharmaceu
tical products since March 2019, when it was published on the EMA 
website. 

In USP and ICH Q3D, the elements were classified according to their 
toxicity and the likelihood of occurrence in drug products: class 1 (Cd, 
Pb, As and Hg), class 2A (Co, V and Ni), class 2B (Tl, Au, Pd, Ir, Os, Rh, 
Ru, Se, Ag and Pt) and class 3 (Li, Sb, Ba, Mo, Cu, Sn and Cr). This 
classification reflects the increase in acceptable values for the elements 
from class 1 (lowest values, since Cd, Pb, As and Hg are the most toxic 
elements) up to class 3 (highest values, since these elements have rela
tively low toxicities by the oral route). It is important to notice that 
manganese is neither considered by USP nor by ICH Q3D, only by the 
Brazilian Pharmacopeia. Meanwhile, the Brazilian compendium does 
not consider inhalation and cutaneous concentrations for elemental 
impurities. 

For most elements, the maximum concentrations established for the 
dermal route are derived from their respective permissible daily expo
sure limits (PDE); however, for some elements, such as Ni and Co, an 
additional concentration can cause skin reactions in already sensitized 
individuals. This additional value is called the cutaneous and trans
cutaneous concentration limit (CTCL). Thus, even if the maximum 
cutaneous concentration values in drug products are 5 μg g− 1 for Co and 
20 μg g− 1 for Ni, the CTCL for both is considered to be 35 μg g− 1. It is 
important to note that this CTCL value is lower than PDE values for Co 
(50 μg/day) and Ni (200 μg/day), requiring the need for monitoring 
these elements, since product risk assessment must be confirmed by 
considering the total value of Co and Ni to be less than or equal to the 
PDE, without exceeding the CTCL value in the drug product concen
tration [47,49,50]. 

The United States Pharmacopeia also considers elemental impurity 
limits for dietary supplements, as presented in chapter 2232. The total 
concentration of each element (only As, Cd, Pb and Hg are presented) in 
finished products should not be higher than the PDE, and each compo
nent used to prepare the finished dietary supplement should meet the 
limits (Table 2), considering the maximum daily intake of 10 g of a di
etary product [51]. 

USP and ICH guidelines are the major references of chemical impu
rities used worldwide. Almost all scientific research pointed in this re
view had these two textbooks as a principle reference. Furthermore, they 
also used national guidelines from their countries, as observed in Brazil 
with the Brazilian Pharmacopeia, whose metal and non-metal parame
ters in pharmaceuticals are very close to those mentioned in USP and 
ICH. Despite the fact that developing countries could have poor infor
mation from their technical manuals, the Brazilian Pharmacopeia can 
provide great subjects to support national and international chemical 
research involving medicines. It is important to notice that both the 
Brazilian and the United States Pharmacopeias are not complete 
regarding elemental impurity limits, once there are other chemical el
ements in the periodic table that can be a significant impurity in man
ufactured and natural products; thus, these compendiums must be 
continuously upgraded. 

The evaluation of elemental impurities in pharmaceuticals also in
cludes the concept of bioaccessibility and bioavailability. Bio
accessibility is defined as the total amount of an element or other 
chemical compound (a nutrient, for example) that is not linked to its 

A.C.M. Aleluia et al.                                                                                                                                                                                                                           



Spectrochimica Acta Part B: Atomic Spectroscopy 205 (2023) 106689

6

matrix and that is ready to be absorbed into the gastrointestinal system 
[52]. Bioavailability can be defined as the total amount of an element, 
drug, nutrient or other chemical compound that is available in blood 
fluids after any possibility of elimination by liver first-pass metabolism 
[53]. Therefore, research in pharmaceutical field has been incorporating 
bioaccessibility and bioavailability studies in order to provide infor
mation about the right concentration of chemical elements distributed in 
human organism. 

A study was conducted [54] to evaluate the bioaccessibility of As, Cr, 
Cu, Hg, Mn and Pb in nine ayurvedic medicines purchased in India. The 
results showed that As, Cr, Cu and Hg from some products exceeded the 
tolerable intake levels, considering the bioaccessible fraction. It is 
important to notice how dangerous some natural products can be to 
human health and the importance of analytical chemistry application. In 
a study carried out in China by Yang et al. [55], significant associations 
were found between high concentrations of urinary As or low concen
trations of dimethylarsinous acid (DMA) and increased risk of Alz
heimer’s Disease (AD). Levels of urinary As and DMA were associated 
with changes in Mini Mental Examination (MMSE) status scores. In
dividuals with low Se and high As levels were 2–3 times more likely to 
develop AD. Leko et al. [56] obtained similar results when evidencing, in 

a study conducted with 193 participants, that the levels of toxic metals 
(As, Cd, Hg, Ni, Pb and Ti), essential elements (Ca, Co, Cu, Fe, Mg, Mn, 
Mo, Na, K and Zn) and essential non-metals (P, S and Se) have a strong 
association with phosphorylated tau isoforms (VILIP-1, S100B, NFL and 
YKL-40) in the cerebrospinal fluid (CSF). 

Devipriya et al. [57] published a review with meta-analysis about 
ayurvedic treatment protocols and its relation to analytical chemistry. 
Among others determinations, the elemental composition of herbs was 
evaluated using classical and important techniques in chemistry, as 
atomic absorption spectrometry (AAS), inductively coupled plasma 
mass spectrometry (ICP-MS), inductively coupled plasma atomic emis
sion spectrometry (ICP AES) and laser induced-breakdown spectroscopy 
(LIBS). It was proved that the stability, therapeutic potency and stan
dardization of an ayurvedic formulation can only be authenticated using 
analytical chemistry procedures. 

Not only can medicines and natural products be contaminated by 
elemental impurities. Many types of pharmaceutical supplements can 
also be a threat to human health, as these items are made through 
different manufacturing processes. It is common to find Ca supplements 
in international health markets, but also other dietary elements, whose 
composition may diversify due to the main goal of the product [53]. 
Since many pharmaceutical supplements are over-the-counter (OTC) 
medicines, they are sold with no medical requirements, and this can be a 
public health problem if these supplements are contaminated by a 
dangerous chemical impurity. 

Pharmaceuticals and dietary supplements can be a potential source 
of Hg ingested orally by consumers. In recent years, particularly in 
developed countries such as the United States, Canada and European 
countries, an increase in the consumption of drugs and dietary supple
ments has been observed [26,58–63]. Nonetheless, a positive result was 
found in Poland: a recent study demonstrated that pharmaceuticals 
available in the market, analyzed in this study, do not pose a threat to 
human health, once their amount of Hg is far lower than the value 

Table 1 
Permitted limits of metal and non-metal impurities (drug product maximum dose of 10 g per day).  

Element Maximum oral dosage (μg g− 1) Maximum parenteral dosage (μg g− 1) Maximum inhalation 
dosage (μg g− 1) 

Maximum cutaneous dosage 
(μg g− 1) 

Braz. 
Pharma. 
6ª ed. 2019 

USP 43 
2020 
PF 48(6) 2023 

ICH 
Q3D 
(R2) 
2022 

Braz. 
Pharma. 
6ª ed. 2019 

USP 43 
2020 
PF 48(6) 2023 

ICH 
Q3D 
(R2) 
2022 

USP 43 
2020 
PF 48(6) 
2023 

ICH 
Q3D 
(R2) 
2022 

USP 43 
2020 
PF 48(6) 
2023 

ICH Q3D 
(R2) 
2022 

Cadmium (Cd) 0.5 0.5 0.5 0.05 0.2 0.2 0.3 0.3 2 2 
Lead(Pb) 1.0 0.5 0.5 0.1 0.5 0.5 0.5 0.5 5 5 

Arsenic(As) 1.5 
1.5 
*inorganic 1.5 0.15 

1.5 
*inorganic 1.5 0.2 0.2 3 3 

Mercury(Hg) 1.5 
3 
*inorganic 

3 0.15 
0.3 
*inorganic 

0.3 0.1 0.1 3 3 

Cobalt(Co) – 5 5 – 0.5 0.5 0.3 0.3 5 5 
Vanadium (V) 25 10 10 2.5 1 1 0.1 0.1 10 10 
Nickel(Ni) 25 20 20 2.5 2 2 0.6 0.6 20 20 
Thallium(Tl) – 0.8 0.8 – 0.8 0.8 0.8 0.8 0.8 0.8 
Gold(Au) – 10 30 – 10 30 0.3 0.3 300 300 
Palladium (Pd) 10 10 10 1 1 1 0.1 0.1 10 10 
Iridium(Ir) 10 10 10 10 1 1 0.1 0.1 10 – 
Osmium(Os) 10 10 10 10 1 1 0.1 0.1 10 – 
Manganese (Mn) 250 – – 25 – – – – – – 
Rhodium (Rh) – 10 10 – 1 1 0.1 0.1 10 – 
Ruthenium (Ru) – 10 10 – 1 1 0.1 0.1 10 – 
Selenium (Se) – 15 15 – 8 8 13 13 80 80 
Silver(Ag) – 15 15 – 1 1.5 0.7 0.7 15 15 
Platinum(Pt) 10 10 10 1 1 1 0.1 0.1 10 10 
Lithium(Li) – 55 55 – 25 25 2.5 2.5 250 250 
Antimony (Sb) – 120 120 – 9 9 2 2 90 90 
Barium(Ba) – 140 140 – 70 70 30 30 700 700 
Molybdenum 

(Mo) 25 300 300 2.5 150 150 1 1 1500 1500 

Copper(Cu) 250 300 300 25 30 30 3 3 300 300 
Tin(Sn) – 600 600 – 60 60 6 6 600 600 
Chromium (Cr) 25 1100 1100 2.5 110 110 0.3 0.3 1100 1100  

Table 2 
Permitted individual limits of toxic metal impurities in components of dietary 
supplements (product maximum dose of 10 g per day) by United States 
Pharmacopeia.  

Element Individual component concentration (μg g− 1) 

Cadmium (Cd) 0.5 
Lead(Pb) 1.0 
Arsenic(As)Inorganic 1.5 
Mercury(Hg)Total 1.5 
Methylmercury (as Hg) 0.2  
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recommended by the WHO as the provisional tolerable weekly intake of 
Hg. It should be emphasized that, despite the fact that manufacturers of 
drugs and dietary supplements pay attention to the purity of production, 
it is still necessary to control both the initial production stages and the 
final product which goes to the consumer [64]. 

Ca supplements are consumed worldwide for bone-related problems. 
Osteoporosis is a multi-factorial process; therefore, a good quality sup
plement with not only adequate elemental Ca is required. It is also 
imperative that the supplement has other supporting minerals as part of 
a multivitamin/multi-mineral preparation, since Ca alone is not a very 
effective medicine to mitigate the damage assigned to bone-related 
diseases. These trace minerals are required in small quantities, but are 
essential for the health of bones and joints [65]. Pharmaceutical 
research has created diverse formulae of Ca supplements, where Ca is 
complexed with other minerals for their effective use as a supplement. 
Unfortunately, such products are sold in the markets unchecked for 
impurities by any national regulatory agency. As, Br, Ce, Co, Cr, Fe, K, 
Na, Sb, Sn, Sr and Zn were measured in eleven different national and 
multinational Ca supplements (chelated) by Instrumental Neutron 
Activation Analysis (INAA) and Cd, Cu and Ni by Atomic Absorption 
Spectrometry (AAS). Most of the elements in all supplements were 
detected at minor or trace levels, while Na was quantified as a major 
element. Thus, hypertensive people and those who are advised to take 
limited Na diets should be careful in using these supplements for long 
periods. The presence of these elements in supplements could be due to 
the impurities in basic Ca constituents (chelates), artificial or natural 
colors and sweeteners. According to this study, different trace metals in 
supplements can play a positive or adverse role in human health [66]. 

Sulfur is another element of great importance for human health, 
besides being an ingredient for chemicals and pharmaceutical products. 
However, the content of sulfur in different matrices should be evaluated, 
in order to establish values under acceptable limits. Ozbek and Baysal 
[67] reviewed scientific studies over the past 10 years, on the determi
nation of sulfur using high-resolution continuum source atomic ab
sorption spectrometry (HR-CS AAS). They concluded that sulfur has 
been used in many industries, as a pharmaceutical, petrochemical, food 
and geochemical agent, with a wide variety of applications, showing the 
importance of sulfur use and highlighting the concern about sulfur 
determination. 

The manufacturing process of a medicine, supplement, herbal med
icine and other types of pharmaceuticals include the addition of many 
chemical elements or compounds. This process can also include syn
thesis, depending on the protocols and manufacturing scope of the in
dustry. Active Pharmaceutical Ingredients (APIs), excipients, catalysts 
and other substances are mainly used in manufacturing processes. 

It is already known that some organic compounds from plants, can be 
used as APIs in manufactured drugs or can also be used as excipients in 
these products. Two compounds, dihydroquercetin (DHQ) and arabi
nogalactan (AG), were synthesized, coupled to Mn and Se, respectively, 
and were analyzed by wavelength-dispersive (WDXRF) and total- 
reflection (TXRF) x-ray fluorescence methods to quantify Mn and Se 
elements by Chuparina et al. [68]. It was demonstrated that Mn-DHQ 
and Se-AG complexes exhibit higher healing properties compared to 
the original organic molecules. The authors determined the content of 
Mn and Se in the synthesized products and also the strange content of 
each element (possible contamination) in the same samples. It is 
important to show the use of metal-organic compounds in the pharma
ceutical manufacturing chain and the quality control in these samples. 
The chemical elements used in the synthesis can be above tolerable 
limits and cause harmful effects to final consumers. 

A recent market surveillance study conducted in Germany, with 113 
samples analyzed, shows consistently negative results according to 
current regulatory documents: EMA; USP; The European Pharmacopeia 
and ICH Q3D Guideline. It proves that randomly sampled medicinal 
products from the official German health market, together with their 
corresponding Active Pharmaceutical Ingredients (APIs), have a good 

quality with respect to potential contamination with metals [69]. This 
study is another example of the other side of the scenario, in which 
pharmaceutical products and APIs were free of inorganic impurities. 

Manufacturers of APIs, raw materials and intermediates used in the 
pharmaceutical industry can, in theory, use any element possible on the 
periodic table as part of a synthetic process and, once pharmaceutical 
products and the raw materials used to prepare them can come into 
contact with a variety of materials during manufacture, both extraneous 
elements and those added as part of the synthesis are of interest. A wide 
variety of metals and metalloids are used in the manufacture of phar
maceuticals, and some are also used as API in medicines. Due to the 
potential routes of entry for metals and metalloids into pharmaceutical 
products, the pharmaceutical industry is interested in monitoring ele
ments at all stages of the development process [70]. 

As part of continuing efforts to improve the safety and efficacy of 
drugs, both pharmaceutical companies and regulatory agencies have 
focused on impurity control. Metal impurities can be introduced in API 
from various sources (i.e. raw materials, reagents, solvents, catalysts, 
reaction vessels, plumbing and other equipment used during the syn
thesis of pharmaceuticals) [71]. Due to the potential toxicity of some 
metals, the Food and Drug Administration (FDA) Guidance indicates 
that the control of residual metal contents is critical in pharmaceutical 
manufacturing [58]. This can be partially explained as a function of the 
complexity of a medicinal product. It contains a variety of compounds, 
materials and substances that are not only produced by their manufac
turer, but also imported from other companies all around the globe. 
Quality control seems to be very critical as the medicinal product can be 
formulated with different items from different sources. 

The determination of inorganic contents in different pharmaceutical 
products can be affected by an unusual but not less important contam
ination from the presence of metals in the laboratory glassware. These 
materials may contain part per billion levels of copper and/or iron 
which can impact susceptible compounds by producing new impurities 
as artifacts of sample test solution instability, leading to falsely high 
impurity results. Falsely low results can also be produced by the 
degradation of susceptible impurities in test solutions due to the pres
ence of metals. Thus, robust purity methods can be developed to provide 
an accurate assessment of the quality of pharmaceutical compounds 
[72]. 

Falsified and counterfeit peptide drugs such as anti-obesity peptides, 
neurohormones, insulin, human chorionic gonadotropin, human growth 
hormone (hGH), growth factors and monoclonal anti-cancer antibodies 
constitute another group of pharmaceutical products that can be 
affected by metal contamination. The uncontrolled use and the wide 
commercialization of these items highlight the high risk to human health 
and raise the question about the quality of chemicals used in 
manufacturing and purification steps, since Janvier et al. [73] deter
mined Pb and As in these drugs and the results demonstrated high levels 
of both toxic elements. 

Some metals, such as Al, As, Cu, Cd, Cr, Hg, Ni, Pb, Se and U get into 
the human body through the ingestion of food, medicines and drinking 
water, as already known. These metals, responsible for many health 
problems, can also be introduced into human organs by the air. Envi
ronmental scientists worked on the ill-effects of toxic trace elements 
suchas Cr, Cu, Ni, Cd, As, Hg, Pb and U in the past [74–76]. However, 
many other elements, which were not commonly used in the past, e.g., 
the rare earth elements (REEs) and the platinum group of elements 
(PGEs), have been increasingly used in modern industries for the pro
duction of numerous new materials, finished products including drugs 
and pharmaceuticals, and for several technological applications. 
Consequently, a new group of elements (REEs and PGEs) has been added 
to those already existing, depending on their function in the environ
ment and their toxicity in terms of human health [77]. Technological 
innovations in medical and pharmaceutical sciences and healthcare, in 
addition to modern living conditions, have enhanced the intake of sig
nificant quantities of these toxic elements into the human body, leading 
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to health problems [78]. 
Rare earth elements could also be presented in compounds used as 

contrast agents during diagnosis with magnetic resonance images (MRI), 
for example. Gadolinium-based contrast agents (GBCAs) are a type of 
medicine injected into millions of patients before MRI exams. Salem and 
Barrat [79] determined REEs, Y, Ba and Pb in five GBCAs samples 
currently used in France by ICP-MS. They concluded that GBCAs solu
tions contain significant and important amounts of non-Gd REEs and Y, 
which can be considered as impurities. The mode of action of such el
ements in the human body, especially in the skin, bone and brain tissues, 
should be deeply considered and continuously studied. 

In their research, Reddy et al. [75] determined several elements in 
some commercial pharmaceutical preparations by ICP-MS, after the 
samples were digested by open acid digestion. Sc, V, Cr, Co, Ni, Cu, Zn, 
Ga, Rb, Sr, Y, Zr, Nb, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, 
Tm, Yb, Lu, Hf, Ta, Pb, Th and U were determined and the concentration 
values were compared with permitted daily exposure (PDE) limits from 
the United States Pharmacopeia [47]. There were only established limits 
for V, Cr, Co, Ni, Cu, Ba and Pb. Since there were not existing limits in 
this chapter for the rest of the elements, it was not possible to evaluate 
the metal content of these commercial products, whose quality is totally 
questionable. 

Impurities such as As, Cd, Cu, Sn, Sb, Pb, Bi, Ag, Hg, Mo, In, Os, Pd, 
Pt, Rh, Ru, Cr, Ni and V in pharmaceutical products or drug substances 
may originate from various sources, as metal catalysts and metal re
agents used during the synthesis of an active pharmaceutical substance 
(e.g., from naturally derived plant or mineral sources) and excipients (e. 
g., stabilizers, fillers, binders, release agents, flavors, colors and coat
ings), impurities from manufacturing equipment (e.g., leaching from 
pipes), water and the container closure system. In spite of exercising 
maximum care, pharmaceutical raw materials may be contaminated by 
factors such as environmental conditions, selective use, or as a conse
quence of natural processes. Moreover, any product or raw material can 
come into contact with a wide range of materials during manufacture 
and processing. Sometimes, storage conditions can impact leaching 
(heat, UV radiation and storage time) [78]. In addition, metal ions can 
also affect the stability and expiration date of the formulation, catalyze 
the degradation of APIs, leading to the formation of unqualified degra
dates, or pose a toxicity threat on their own [80]. 

Table 3 summarizes the concentration of the main impurities found 
in pharmaceutical samples, highlighting the highest concentration 
values, the type of sample analyzed in each scientific research, as well as 
the analytical technique used in the determinations. 

Inorganic impurities should be monitored in pharmaceutical prepa
rations due to the possibility of toxic effects to human health. Control 
has to occur during the entire manufacturing process, starting from the 
raw material up to the finished products, including items that are im
ported from other places. Thus, metals and metalloid impurities are 
gaining an increasing focus for pharmaceutical regulators, anticipating 
high standards of quality control/quality assurance (QC/QA) for phar
maceuticals with regard to efficacy and patient safety. The recent 
changes in the Brazilian Pharmacopeia, the European Medicines Agency 
(EMA), the United States Pharmacopeia (USP) and in the International 
Council for Harmonisation of Technical Requirements for Pharmaceu
ticals for Human Use (ICH) regarding regulations for inorganic impu
rities, require companies to adopt new strategies for metal analysis [81]. 

3. Analytical strategies for the determination of inorganic 
species 

Inorganic impurities can be evaluated by different kinds of analytical 
techniques according to the matrix and the characteristics of the sample. 
The methods proposed to determine elemental concentration have to 
show high sensitivity and satisfactory limits of detection and quantifi
cation. Furthermore, some direct methods have been developed in order 
to attend the current requirements of Green Chemistry about the lowest 

Table 3 
Highest concentration values of the main impurities in pharmaceutical samples, 
found in literature.  

Impurities Highest 
concentration 
values 

Sample Technique Ref. 

Cr, Mn and 
Ni 

Cr: 0.58 mg L− 1; 
Mn: 28,23 mg 
L− 1; Ni: 4.13 
mg L− 1 

Pediatric syrups AAS 11 

As, Cd, Cr, 
Hg, Ni 
and Pb 

As: 0.350 mg 
kg− 1; Cd: 0.144 
mg kg− 1; Cr: 
6.637 mg kg− 1; 
Hg: 0.470 mg 
kg− 1; Ni: 0.448 
mg kg− 1; Pb: 
2.47 mg kg− 1 

NSAIDs AAS 13 

As,Ag, Au, 
Cd, Co, 
Hg, Ir, Ni, 
Pb, Pd, 
Pt,Rh, Se, 
Tl andV 

As: 0.80 mg 
kg− 1; Ag: 0.08 
mg kg− 1; Au: 
0.04 mg kg− 1; 
Cd: 0.77 mg 
kg− 1; Co: 123.5 
mg kg− 1; Hg: 
0.04 mg kg− 1; 
Ni: 154.4 mg 
kg− 1Os: 0.01 
mg kg− 1; Pb: 
2.15 mg kg− 1; 
Pd: 0.13 mg 
kg− 1; Pt: 6.39 
mg kg− 1; Rh: 
0.01 mg kg− 1; 
Se: 0.14 mg 
kg− 1; Tl: 0.04 
mg kg− 1; V: 
436 mg kg− 1; 

Excipients ICP-MS 14 

As, Ba, Ca, 
Cd,Co, 
Cr, Cu, 
Fe, Hg, K, 
Mg, Mn, 
Mo, Na, 
Ni, Pb, 
Se,Sr, V, 
and Zn 

As: 86.45 μg 
g− 1; Ba: 64.78 
μg g− 1; Ca: 
18.95 μg g− 1; 
Cd: 0.092 μg 
g− 1; Co: 0.363 
μg g− 1; Cr: 
5.656 μg g− 1; 
Cu: 3.385 μg 
g− 1; Fe: 1.439 
μg g− 1; Hg: 
1.168 μg g− 1; K: 
12.97 μg g− 1; 
Mg: 3.526 μg 
g− 1; Mn: 22.52 
μg g− 1; Mo: 
1.400 μg g− 1; 
Na: 1.182 μg 
g− 1; Ni: 4.524 
μg g− 1; Pb: 
1.795 μg g− 1; 
Se: 23.61 μg 
g− 1; Sr: 104.3 
μg g− 1; V: 
1.321 μg g− 1; 
Zn: 43.34 μg 
g− 1 

Niuhuang Jiedu 
tablets (TCM) 

ICP-MS and HPLC- 
ICP-MS 16 

Cd, Co, Cr, 
Cu, Fe, Ni 
Pb, and 
Zn 

Cd: 4.91 μg g− 1; 
Co: 77.97 μg 
g− 1; Cr: 186.75 
μg g− 1; Cu: 
120.21 μg g− 1; 
Fe: 1652.89 μg 
g− 1; Ni: 76.97 
μg g− 1;Pb: 
30.46 μg g− 1; 
Zn: 433.76 μg 
g− 1 

Herbal drugs AAS 19 

(continued on next page) 
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Table 3 (continued ) 

Impurities Highest 
concentration 
values 

Sample Technique Ref. 

Cd, Cr, Cu, 
Fe, Mn, 
Ni, Pb 
and Zn 

Cd: 1.55 mg 
kg− 1; Cr: 6.58 
mg kg− 1; Cu: 
15.55 mg kg− 1; 
Fe: 48.76 mg 
kg− 1; Mn: 
21.03 mg kg− 1; 
Ni: 9.15 mg 
kg− 1; Pb: 8.79 
mg kg− 1; Zn: 
31.38 mg kg− 1 

Medicinal plants AAS 20 

Ca, Cd, Cu, 
Fe, Hg, 
Mg, Mn, 
Na, Ni 
and Zn 

Ca: 15.63 mg 
kg− 1; Cd: 0.04 
mg kg− 1; Cu: 
0.10 mg kg− 1; 
Fe: 3.16 mg 
kg− 1;Hg: 1.33 
mg kg− 1; Mg: 
2.03 mg kg− 1; 
Mn: 0.54 mg 
kg− 1; Na: 9.17 
mg kg− 1; Ni: 
0.02 mg kg− 1; 
Zn: 0.29 mg 
kg− 1 

Medicinal plants AAS 21 

Hg Hg: 11.89 mg 
g− 1 

Chinese patent 
medicines 

ICP-MS 22 

Cd, Mn 
Cd: 0.314 mg 
L− 1;Mn: 18.545 
mg L− 1 

Chinese herbal 
medicines AAS 23 

As, Cd, Hg 
and Pb 

As: 33.7 μg 
kg− 1; Cd: 2.32 
μg kg− 1;Hg: 
97.7 μg kg− 1; 
Pb: 73.8 μg kg− 1 

Chinese herbal 
medicines 

ICP-MS 24 

As, Cd, Cu, 
Hg and 
Pb 

As: 9.9 mg kg− 1; 
Cd: 5.2 mg 
kg− 1; Cu: 23.8 
mg kg− 1; Hg: 
406.3 μg kg− 1; 
Pb: 40.3 mg 
kg− 1 

Roots and 
rhizomes of 
Chinese herbal 
medicines 

ICP-MS 27 

As, Cd, Co, 
Cr, Cu, 
Fe, Mn, 
Mo, Ni, 
Pb and 
Zn 

As: 0.118 mg 
kg− 1; Cd: 0.071 
mg kg− 1; Co: 
0.090 mg kg− 1; 
Cr: 0.007 mg 
kg− 1; Cu: 1.685 
mg kg− 1; Fe: 
34.103 mg 
kg− 1;Mn: 
26.250 mg 
kg− 1; Mo: 
0.002 mg kg− 1; 
Ni: 2.764 mg 
kg− 1; Pb: 1.520 
mg kg− 1; Zn: 
1.014 mg kg− 1 

Medicinal plants ICP OES 28 

Al, Ba, Ca, 
Cr, Cu, 
Fe, K, 
Mg, Mn, 
Na, Ni, P, 
Se, Sn, Sr, 
V and Zn 

Al: 1261.64 μg 
g− 1; Ba: 63.18 
μg g− 1;Ca: 
19,957.40 μg 
g− 1; Cr: 1.38 μg 
g− 1; Cu: 21.99 
μg g− 1; Fe: 
627.49 μg g− 1; 
K: 32,297.19 μg 
g− 1; Mg: 
6174.52 μg g− 1; 
Mn: 205.64 μg 
g− 1; Na: 
18,596.45 μg 
g− 1; Ni: 0.99 μg 
g− 1; P: 2899.91 

Medicinal plants 
and herbal 
medicines 

ICP OES 30  

Table 3 (continued ) 

Impurities Highest 
concentration 
values 

Sample Technique Ref. 

μg g− 1; Se: 3.71 
μg g− 1; Sn: 
12.43 μg g− 1; 
Sr: 84.31 μg 
g− 1;V: 0.24 μg 
g− 1; Zn: 30.56 
μg g− 1 

Al, As, Ba, 
Ca, Cd, 
Co,Cr, 
Cu, Fe, 
Hg,Mg, 
Mn, Ni, 
Pb, Sb, 
Se, Sr, V 
and Zn 

Al: 6130 mg 
kg− 1; As: 0.750 
mg kg− 1; Ba: 
180.6 mg kg− 1; 
Ca: 34070 mg 
kg− 1; Cd: 4.772 
mg kg− 1; Co: 
1.061 mg kg− 1; 
Cr: 12.42 mg 
kg− 1; Cu: 22.42 
mg kg− 1; Fe: 
2321 mg kg− 1; 
Hg: 0.041 mg 
kg− 1;Mg: 7739 
mg kg− 1; Mn: 
352.7 mg kg− 1; 
Ni: 9.194 mg 
kg− 1; Pb: 64.40 
mg kg− 1; Sb: 
0.102 mg kg− 1; 
Se: 0.508 mg 
kg− 1; Sr: 212.1 
mg kg− 1; V: 
7.721 mg kg− 1; 
Zn: 61.95 mg 
kg− 1 

Herbal tea 
products 

ICP-MS 31 

As, Cd, Co, 
Cu, Fe, 
Mn, Ni, 
P, Pb, V 
and Zn 

As: 0.23 μg g− 1; 
Cd: 0.03 μg g− 1; 
Co: 0.05 μg g− 1; 
Cu: 0.05 μg g− 1; 
Fe: 15 μg g− 1; 
Mn: 46.8 μg 
g− 1;Ni: 0.52 μg 
g− 1; P: 314 μg 
g− 1; Pb: 0.2 μg 
g− 1; V: 0.12 μg 
g− 1; Zn: 24.6 μg 
g− 1 

Herbal 
preparations 
derived by the 
lichen 
Cetrariaislandica 

ICP OES 32 

Ca, Cd, Co, 
Cr, Cu, 
Fe, K, 
Mg,Mn, 
Na, Ni, 
Pb and 
Zn 

Ca: 41,210.94 
mg kg− 1; Cd: 
1.66 mg kg− 1; 
Co: 11.26 mg 
kg− 1; Cr: 29.49 
mg kg− 1; Cu: 
19.19 mg kg− 1; 
Fe: 6796.88 mg 
kg− 1; K: 
17,786.25 mg 
kg− 1; Mg: 
6350.63 mg 
kg− 1; Mn: 
105.56 mg 
kg− 1; Na: 
2174.38 mg 
kg− 1; Ni: 15.80 
mg kg− 1; Pb: 
10.63 mg kg− 1; 
Zn: 65.85 mg 
kg− 1; 

Medicinal plants AAS 33 

As, Cd, Hg, 
and Pb 

As: 0.81 mg 
kg− 1; Cd: 0.31 
mg kg− 1; Hg: 
0.04 mg kg− 1; 
Pb: 3.18 mg 
kg− 1 

Herbal medicines ICP-MS 35 

Al, As, Cd, 
Cr, Cu, 

Al: 2640 μg 
kg− 1; As: 1.65 

Herbal medicines ICP OES and AAS 37 

(continued on next page) 
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Table 3 (continued ) 

Impurities Highest 
concentration 
values 

Sample Technique Ref. 

Fe, Hg, 
Mn, Ni, 
Pb and 
Zn 

μg kg− 1; Cd: 
0.78 μg kg− 1; 
Cr: 188.3 μg 
kg− 1; Cu: 354.5 
μg kg− 1; Fe: 
3423 μg kg− 1; 
Hg: 0.35 μg 
kg− 1;Mn: 230.2 
μg kg− 1; Ni: 
44.14 μg kg− 1; 
Pb: 7.65 μg 
kg− 1;Zn: 1253 
μg kg− 1 

As, Cd, Cu, 
Fe,Hg, Pb 
and Zn 

As: 36.71 mg 
kg− 1; Cd: 
363.25 mg 
kg− 1; Cu: 560 
mg kg− 1; Hg: 
58.95 mg kg− 1; 
Fe: 5570 mg 
kg− 1; Pb: 
11,750 mg 
kg− 1; Zn: 1134 
mg kg− 1 

Complementary 
medicines ICP-MS 38 

Ba, Ca, Cr, 
Cu, Fe, K, 
Mg, Mn, 
Mo, Na, 
Ni, P, Sr 
and Zn 

Ba: 11.0 mg 
kg− 1; Ca: 1780 
mg kg− 1; Cr: 
1.9 mg kg− 1; 
Cu: 24.0 mg 
kg− 1; Fe: 168 
mg kg− 1; K: 
14,000 mg 
kg− 1; Mg: 8000 
mg kg− 1; Mn: 
152 mg kg− 1; 
Mo: 1.3 mg 
kg− 1; Na: 87.0 
mg kg− 1; Ni: 
3.7 mg kg− 1;P: 
17,500 mg 
kg− 1; Sr: 22.0 
mg kg− 1; Zn: 96 
mg kg− 1 

Cannabis 
products ICP OES 42 

Al, As, Cu, 
Fe, Mg, 
Mn, Ni 
and Pb 

Al: 66.0 mg 
kg− 1; As: 0.28 
mg kg− 1; Cu: 
5.6 mg kg− 1;Fe: 
897.7 mg kg− 1; 
Mg: 32,271 mg 
kg− 1; Mn: 863 
mg kg− 1;Ni: 28 
mg kg− 1; Pb: 3 
mg kg− 1 

Kratom products ICP OES 45 

As, Cd, Cr, 
Fe, Hg, 
Ni and Pb 

As: 0.36 μg g− 1; 
Cd: 0.063 μg 
g− 1; Cr: 5.7 μg 
g− 1;Fe: 850 μg 
g− 1; Hg: 0.025 
μg g− 1; Ni: 7.4 
μg g− 1;Pb: 1.6 
μg g− 1 

Kratom products ICP-MS 46 

As, Cr, Cu, 
Hg, Mn 
and Pb 

As: 479,000 mg 
kg− 1; Cr: 643 
mg kg− 1; Cu: 
675,000 mg 
kg− 1; Hg: 
15,600 mg 
kg− 1; Mn: 243 
mg kg− 1; Pb: 
248 mg kg− 1; 

Ayurvedic 
formulations 

ICP OES and 
GFAAS 54 

As, Cd, Hg 
and Pb 

As: 3770 μg 
kg− 1; Cd: 368 
μg kg− 1; Hg: 
16,800 μg kg− 1; 

Dietary 
supplements 

ICP-MS 60  

Table 3 (continued ) 

Impurities Highest 
concentration 
values 

Sample Technique Ref. 

Pb: 48,600 μg 
kg− 1 

Hg Hg: 2.35 mg 
kg− 1 

Herbal 
preparation 

AAS 61 

As As: 531 ng g− 1 
Prenatal and 
children’s dietary 
supplements 

IC-ICP-MS 63 

Hg Hg: 476.1 ng 
g− 1 

Prescription, non- 
prescription 
medicines and 
dietary 
supplements 

CV-AFS 64 

As, Br, Cd, 
Ce, Co, 
Cr, Cu, 
Fe, K, Na, 
Ni, Sb, 
Sn, Sr 
and Zn 

As: 2.27 μg g− 1; 
Br: 6.63 μg g− 1; 
Cd: 0.520 μg 
g− 1;Ce: 0.610 
μg g− 1; Co: 
0.835 μg g− 1; 
Cr: 0.890 μg 
g− 1;Cu: 2.56 μg 
g− 1; Fe: 55.3 μg 
g− 1; K: 1573 μg 
g− 1;Na: 3.73%; 
Ni: 6.78 μg g− 1; 
Sb: 2.15 μg g− 1; 
Sn: 2.26 μg g− 1; 
Sr: 57.7 μg g− 1; 
Zn: 0.230 μg 
g− 1; 

Calcium 
supplements INAA and AAS 66 

Mn and Se 
Mn: 18.2%; Se: 
13.6%; 

Synthesized 
compounds WDXRF and TXRF 68 

Ba, Ce, Dy, 
Er, Eu, 
Gd, Ho, 
La, Nd, 
Pb, Pr, 
Sm, Tb 
and Y 

Ba: 102 ng g− 1; 
Ce: 36 ng g− 1; 
Dy: 205 ng g− 1; 
Er: 55 ng g− 1; 
Eu: 444 ng g− 1; 
Gd: 1.21x108ng 
g− 1;Ho: 49 ng 
g− 1; La: 161 ng 
g− 1;Nd: 220 ng 
g− 1; Pb: 26 ng 
g− 1;Pr: 98 ng 
g− 1; Sm: 355 ng 
g− 1; Tb: 618 ng 
g− 1; Y: 264 ng 
g− 1 

Gadolinium- 
based contrast 
agents 

ICP-MS 79 

Fe and Pt 
Fe: 182.8 μg 
g− 1; Pt: 2.8 μg 
g− 1 

Tablets ICP OES 81 

Hg 
Hg: 0.65 μg 
mL− 1 

Commercial 
cosmetics and 
Thailand 
traditional 
medicines 

Flow injection 
spectrophotometry 93 

Cd and Pb 
Cd: 1.57 mg 
kg− 1; Pb: 5.45 
mg kg− 1 

Thailand herbal 
medicines 

FAAS 100 

Pb Pb: 943 μg g− 1 Antacids GF AAS 101 

Cd and Pb 
Cd: 9.9 ng g− 1; 
Pb: 43.9 ng g− 1 

Anaesthetics for 
teething (gels) 
based on herbs 

ET AAS 102 

Pb Pb: 7.068 μg g− 1 Iron supplements ET AAS 103 

Cd and Pb 
Cd: 51 ng g− 1; 
Pb: 318 ng g− 1 

Pharmaceutical 
formulations HR CS GF AAS 106 

Cr Cr: 1.92 mg 
kg− 1 

Pharmaceutical 
products 

HR CS GF AAS 107 

Cr, Cu and 
Ni 

Cr: 0.09 μg/ 
tablet; Cu: 0.04 
μg/tablet; Ni: 
0.15 μg/tablet 

Pharmaceutical 
products HR CS GF AAS 108 

Cd, Cr and 
Pb 

Cd: 121 μg 
kg− 1; Cr: 320 
μg kg− 1; Pb: 
563 μg kg− 1 

Herbal medicines USAEME-GF AAS 109 

(continued on next page) 
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chemical waste possible. 
In the pharmaceutical scenario, there is a demand for analytical 

methods to possibly identify and quantify all known and unknown im
purities during the manufacturing process of a chemical compound with 
pharmaceutical properties. Analytical methods are necessary for clinical 
assays, therapeutic drug monitoring, individual dosage scheme adjust
ment, and also for monitoring of pharmaceutical residues in the envi
ronment. These methods are based on well defined techniques and 
should considerer different approaches during manufacture [82]. One 
statistical consideration has to be pointed: the measurement uncertainty 
evaluation from data obtained in the methods should occur indepen
dently of the validation strategy used. This allows reliable results and 
more accurate information from the developed analytical methods [83]. 

Several techniques that encompass the field of atomic spectroscopy 
such as flame atomic absorption spectrometry (FAAS), graphite furnace 
atomic absorption spectrometry (GFAAS), inductively coupled plasma 
optical emission spectroscopy (ICP OES) and inductively coupled plasma 
mass spectrometry (ICP-MS) have been used, for many years, for the 
analysis of metals and metalloids in a variety of sample types, including 
pharmaceutical compounds [84,85]. Other techniques and the associa
tion of the existing ones have been recently described. Therefore, 
methods should provide chemical information about the medicine, but 
they also should support a good quality control of these products when it 
comes to health problems related to elemental impurities. 

Another topic of concern regarding analytical techniques is the 
validation step of a method. At this time, scientists should first guarantee 
accuracy and reproducibility for the developing strategy. Data gener
ated from validation steps reveals the quality of the study, which justify 
the reason for performing an efficient scientific method validation. The 
principal goal of an analytical method is to ensure future determinations 
chemically and statistically supported in order to obtain reliable results 
[86]. 

The Brazilian Pharmacopeia (volume I) [9] and the United States 
Pharmacopeia (chapters 232 and 233) [47,48] show an important dis
cussion about analytical techniques and parameters when it comes to 
elemental impurity determination. Although these references have 
already great information, they remain incomplete to cover all analyt
ical possibilities and strategies applying to pharmaceutical matrix 
analysis. Besides, elemental impurity limits are not yet completely 
established. 

Chapter 233 describes suitable analytical procedures for evaluating 

Table 3 (continued ) 

Impurities Highest 
concentration 
values 

Sample Technique Ref. 

Cd Cd: 54.5 ng g− 1 Omega-3 dietary 
supplements TS-FF-AAS 110 

Cr, Cu, Fe, 
Ni and Zn 

Cr: 1.09 mg L− 1; 
Cu: 2.22 mg 
L− 1; Fe: 4.68 
mg L− 1; Ni: 5.3 
mg L− 1; Zn: 
2.15 mg L− 1 

Pharmaceutical 
products 

TXRF 113 

Cr, Mn, Mo, 
Os and 
Ru 

Cr: 63.12 μg 
g− 1; Mn: 
896.08 μg g− 1; 
Mo: 10.44 μg 
g− 1; Os: 3.39 μg 
g− 1; Ru: 23.27 
μg g− 1 

Pharmaceutical 
products and 
dietary 
supplements 

WDXRF 114 

Ca, Cl, Fe, 
K, Mg, 
Na, P, S, 
Si and Ti 

Ca: 9.33%; Cl: 
6.25%; Fe: 
0.77%; K: 
0.68%; Mg: 
1.09%; Na: 
4.85%; P: 
7,21%; S: 
0.47%; Si: 
1.78%;Ti: 
1.09%; 

Pharmaceutical 
products 

EDXRF 115 

Al, Ba, Cd, 
Cr, Cu, 
Mn, Ni, 
Pb, Sb, 
Sr, Ti, V 
and Zn 

Al: 21,900 μg 
g− 1; Ba: 104 μg 
g− 1; Cd: 6.93 μg 
g− 1;Cr: 66.6 μg 
g− 1; Cu: 14.5 μg 
g− 1; Mn: 1190 
μg g− 1;Ni: 40.7 
μg g− 1; Pb: 5.06 
μg g− 1; Sb: 10.5 
μg g− 1;Sr: 46.0 
μg g− 1; Ti: 440 
μg g− 1; V: 1.7 
μg g− 1; Zn: 
2600 μg g− 1 

Eye shadows ICP OES 124 

As, Cd, Co, 
Ge and Ni 

As: 0.80 mg 
kg− 1; Cd: 0.34 
mg kg− 1; Co: 
0.97 mg kg− 1; 
Ge: 11.3 μg 
kg− 1; Ni: 0.72 
mg kg− 1 

Traditional 
chinese medicine 

HG and PVG 
coupled with 
ICP OES 

131 

As, Cd and 
Pb 

As: 0.198 μg 
g− 1; Cd: 0.096 
μg g− 1; Pb: 1.06 
μg g− 1 

Medicinal plants ICP-MS 132 

As, Ba, Cd, 
Co, Cr, 
Cu, Li, 
Mo, Ni, 
Pb, Sb 
and V 

As: 0.107 μg 
g− 1; Ba: 1.9 μg 
g− 1; Cd: 0.012 
μg g− 1; Co: 
0.031 μg g− 1; 
Cr: 0.16 μg g− 1; 
Cu: 0.12 μg g− 1; 
Li: 0.050 μg g− 1; 
Mo: 7.5 μg g− 1; 
Ni: 3.43 μg g− 1; 
Pb: 0.014 μg 
g− 1; Sb: 0.008 
μg g− 1;V: 0.202 
μg g− 1 

Omeprazole drug 
samples 

ICP-MS 133 

Cl Cl: 576 μg g− 1 Pharmaceutical 
excipient 

ICP OES 135 

Ag, As, Cd, 
Co, Cr, 
Cu, Hg, 
Ni, Pb 
and Sn 

Ag: 0.996 μg 
g− 1; As: 0.997 
μg g− 1;Cd: 
1.000 μg g− 1; 
Co: 1.000 μg 
g− 1; Cr: 0.999 
μg g− 1; Cu: 
1.000 μg g− 1; 

Metronidazole 
API ICP OES 136  

Table 3 (continued ) 

Impurities Highest 
concentration 
values 

Sample Technique Ref. 

Hg: 0.993 μg 
g− 1; Ni: 3.500 
μg g− 1; Pb: 
0.999 μg g− 1; 
Sn: 0.999 μg g− 1 

As, Cr, Cu, 
Ni and Pb 

As: 0.44 μg g− 1; 
Cr: 5.40 μg g− 1; 
Cu: 66.13 μg 
g− 1;Ni: 2.95 μg 
g− 1; Pb: 0.27 μg 
g− 1 

Herbal medicines ICP OES 137 

Ca, Cu, Fe, 
Mg, Mn, 
P and Zn 

Ca: 170 mg g− 1; 
Cu: 1.30 mg 
g− 1; Fe: 9 mg 
g− 1; Mg: 72 mg 
g− 1; Mn: 3.6 mg 
g− 1;P: 95 mg 
g− 1;Zn: 16 mg 
g− 1 

Pharmaceutical 
tablets LIBS 145  
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the elemental impurity limits established in chapters 232 and 2232. 
Chapter 233 presents procedure 1 (ICP OES-based) and procedure 2 
(ICP-MS-based), but it also considers alternative procedures, since they 
meet the validation requirements. These alternative procedures must be 
validated and equivalent to the compendial procedures in order to meet 
the purpose of the analytical test. Chapter 1225 - Validation of Com
pendial Procedures [87] covers the principles of validation, but where 
the information differs from that presented in Chapter 1225, the 
analytical parameters and acceptance criteria of Chapter 233 take pre
cedence. Validation of limit procedures must be demonstrated experi
mentally, using an appropriate protocol with reference materials, for 
detection limit, repeatability (for instrumental methods), and specificity 
assays. Validation of quantitative procedures should also include tests 
for accuracy, precision and limit of quantification, range and linearity. 
When these analytical parameters are in accordance with their respec
tive acceptance criteria, a given alternative procedure can be considered 
equivalent to the pharmacopeial procedures 1 and 2 described in 
Chapter 233. It is important to highlight that this chapter also mentions 
and describes sample preparation strategies, such as neat, direct 
aqueous solution, direct organic solution and indirect solution, which 
includes closed vessel digestion. The choice of the appropriate sample 
preparation method reflects on the success of the proposed analytical 
method for evaluating elemental impurities [48]. 

Sample preparation is a prior step and has to be cautiously devel
oped. In the pharmaceutical scenario, there are a lot of sample prepa
ration options that fit analytical techniques in order to guarantee very 
low limits of detection and quantification. It is already known that, the 
more the matrix is separated, digested, isolated or inactivated, the more 
the analytes will be available for the determination step. Therefore, 
Pinheiro and Nóbrega [88] discussed about sample preparation pro
cedures for elemental impurity determination in medicines. They 
pointed, among other comments, according to the United States Phar
macopeia, that direct aqueous or organic dilution/dissolution can be 
adopted when the sample is soluble in aqueous or organic solvents, 
respectively. Digestion procedures with heating programs must be 
applied when the matrix is not possible to be dissolved with simple 
dissolution, up to the very well-known microwave-assisted digestion in 
closed vessels, widely used for pharmaceutical sample preparations. 
Other challenges and particularities in this subject, such as acid solu
tions, organic toxic solvents and chemical modifiers, for example, must 
be continuously evaluated in the development of sample preparation 
methods. 

3.1. Spectrophotometric techniques 

A spectrophotometer is an instrument in which radiant energy of a 
very narrow wavelength range is selected from a source and passed 
through the sample solution, which is in a glass or quartz cell. The 
quantitative basis of spectrophotometry is that the amount of radiation 
absorbed at an appropriate wavelength is proportional to the concen
tration of the light-absorbing elements or compounds in the sample. 
Absorbance requires the measurement of the ratio of the radiant powers 
of two beams. Thus, spectrophotometry is a very fast and convenient 
technique of quantitative analysis [89]. This technique is very powerful 
in the pharmaceutical field due to the possibility that many chemical 
elements and compounds present in the products are able to absorb 
specific radiation, allowing to set a concentration and evaluation of the 
risk the element or compound poses on the medicine. UV-based spec
trometry is an important strategy for impurity analysis, considering 
maximum absorption, which allows great analytical methods for 
chemical screening with good selectivity [90]. 

UV/Visible spectrophotometry has become popular, since it is rela
tively low cost, rapid and simple. Spectrophotometry uses light in the 
visible, ultraviolet and near infrared ranges. According to the Beer- 
Lambert law, the absorbance of a solution is directly proportional to 
the concentration of the absorbing species in solution and the path 

length. Thus, for a fixed path length, UV/VIS spectrophotometry can be 
used to determine the concentration of several metals. Although some 
desired constituents are self-colored, UV/Visible spectrophotometry also 
involves the use of ligands which selectively bind to metals such as iron 
(II) and copper (II) to produce colored complexes with a higher molar 
absorptivity to enable a sensitive determination of these metals in 
different pharmaceutical samples [78,91]. 

A recent spectrophotometric method was established by Tarighat 
et al. [92]. It was a new micelle-mediated extraction method for the pre- 
concentration of trace amounts of Cu2+ and Zn2+ as a prior step to their 
simultaneous spectrophotometric determination: The continuous 
wavelet transformation (CWT) of visible spectra for the simultaneous 
analysis of both elements in medicinal plant samples. This method is a 
selective, very sensitive, simple, eco-friendly and low-cost spectropho
tometric procedure. The surfactant Triton X-100 was used for the pre- 
concentration of Cu2+ and Zn2+ and, therefore, toxic solvent extrac
tion was avoided. There is a good agreement between the results ob
tained by this method and those obtained by standard graphite furnace 
atomic absorption spectrometry (GFAAS). 

Prasertboonyai et al. [93] reported a spectrophotometric method for 
Hg (II) determination using dithizone, by adding sodium dodecyl sul
phate (SDS) in the presence of ascorbic acid in sulphuric acid medium. 
An extraction system was not required in this method. It was satisfac
torily applied for Hg (II) determination in commercial cosmetics and 
local Thailand traditional medicines. The results obtained by the pro
posed method are favorably compared with those analyzed by induc
tively coupled plasma mass spectrometry (ICP-MS). 

Recently, Fashi et al. [94] developed a method for a fast and sensitive 
determination of bismuth in bismuth subcitrate tablets and human 
plasma samples. It was an electromembrane-microextraction (EME) 
followed by microcell UV/Vis spectrophotometeric detection. The 
developed method was successfully applied for the determination of 
bismuth in real samples. Another recent study, conducted by Al-Saidi 
and Alharthi [95], discussed the enhancement of a spectrophotometric 
method using microcell of long optical paths and an effective pretreat
ment technique using dispersive liquid-liquid microextraction for the 
determination of Co in waters and pharmaceutical preparations. This 
study proposed the reduction in toxic organic solvents used in extraction 
steps and established great limits of detection (0.08 μg L− 1) for Co in 
these matrices. 

3.2. Atomic absorption spectrometry 

It was already demonstrated that mass has the capacity to interact 
with electromagnetic radiation, whose total intensity can be reduced 
proportionally to the mass absorption ability. Therefore, some tech
niques have been developed to allow the quantification of absorption in 
different kinds of materials [96]. In spectroscopy, absorption is a process 
in which a chemical species selectively attenuates (decreases the in
tensity of) certain frequencies of electromagnetic radiation. A very 
common technique with atomic absorption is the electrothermal atom
izer, in which a few microliters of sample are introduced in a graphite 
tube in order to achieve the atomization step of the analyte according to 
its corresponding temperature. The absorption of the atomized analyte 
is then monitored to obtain absorbance values, with which concentra
tion data can be calculated [96]. Other possibilities for AAS include 
flame, cold vapor and hydride generation, as illustrated in Fig. 2. 

Atomic absorption spectrometry (AAS) is widely used in the phar
maceutical industry for elemental analysis, and it can be used to 
determine over 70 different elements [70,97,98]. However, most AAS 
instruments use line radiation sources, such as hollow cathode lamps, 
which only allows for the analysis of a particular element (the analyte) 
that is specific for the lamp used [71,99]. Flame atomic absorption 
spectrometry (FAAS) is a very well known technique, in which it is 
possible to determine classical toxic metals by developing simple, low- 
cost and even direct methods. Siriangkhawut et al. [100] proposed an 
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ultrasound-assisted digestion (UAD) procedure for sample pretreatment 
followed by FAAS determination of trace Cd and Pb in various types of 
medicinal plants and traditional medicines consumed in Thailand. 
Limits of quantification were obtained as 1.87 μg L− 1 and 40.3 μg L− 1 for 
Cd and Pb, respectively, which recommend this method for routine 
analysis as an alternative strategy for toxic metal evaluation in phar
maceuticals, faster and with low chemical consumption, compared to 
conventional wet acid digestion procedures. 

Portugal et al. [101] proposed a method for the determination of Pb, 
in aluminum and magnesium antacids, using electrothermal atomic 
absorption spectrometry (ET AAS). The samples were also analyzed after 
complete dissolution by inductively coupled plasma mass spectrometry 
(ICP-MS). No statistical difference was observed between the results 
obtained by the procedures, indicating high accuracy, precision and 
sensibility of the ET AAS method. In this study, it was found that some 
samples showed high levels of Pb and they are cause of concern, given 
lead toxicity for humans. Another study using ET AAS was conducted by 
Jurowski et al. [102], to determine Pb and Cd in anaesthetics for 
teething (teething gels) based on herbs available in Polish pharmacies, 
especially for infant use. All samples had metal contents above the limit 
of quantification, but under the acceptable limits, in accordance with 
ICH Q3D guideline. 

Barbosa et al. [103], using atomic absorption spectrometry, deter
mined lead in twelve Brazilian samples of iron supplements using high- 
resolution continuum source graphite furnace atomic absorption spec
trometry (HR-CS GF AAS). The principal advance of this technique is the 
quality of the lamp, which allows the determination of different ele
ments, sequential and simultaneous determinations, great background 
signal correction and better electromagnetic source radiation. In this 
study, samples were also determined by ICP-MS as one of the steps for 
accuracy evaluation. This is the first report for the determination of lead 
in iron supplements. Based on the maximum values for lead established 
by the Brazilian and the United States Pharmacopeias, the concentra
tions in some samples exceed these limits. Since these supplements may 
be administered for long intervals, these results are of high significance. 
Analytical techniques based on atomic absorption spectrometry with 
graphite furnace have been providing widespread applications for 

elemental impurity analysis [104,105]. 
Another method using high-resolution continuum source graphite 

furnace atomic absorption spectrometry (HR-CS GF AAS) was proposed 
by Aleluia et al. [106]. Cd and Pb were sequentially determined after 
optimization steps of experimental conditions, which were conducted 
using a two-level full factorial design. The measures were performed 
using the primary atomic absorption lines of Cd and Pb at 228.8018 and 
217.0001 nm, respectively. This was important to obtain great values of 
absorbance with very low background signal interference, which 
allowed the development of a method with limits of detection and 
quantification of 4 and 13 ng g− 1 for cadmium and 49 and 165 ng g− 1 for 
lead, respectively. Ten samples were analyzed in this method and the 
concentrations of Cd and Pb were under the maximum values estab
lished by the Brazilian and the United States Pharmacopeias, which are 
5 μg per day for each element. The principal advantage of this method 
was the heating program, established using one pyrolysis temperature 
and two atomization temperatures (first Cd temperature and then Pb 
atomization temperature) with a single sample injection, allowing 
sequential determination, minimizing the consumption of graphite 
tubes and the time for analysis. 

A direct analysis of solid samples was conducted by Barrera et al. 
[107] for chromium determination in eighteen pharmaceutical drugs 
and three excipients, using HR-CS GF AAS. Encapsulated samples were 
opened and only its powder content was evaluated, and the other solid 
drugs were completely grinded before determination. The results ob
tained from this method were in accordance with those obtained from 
acid digestion of samples using closed-vessel microwave oven device, 
being a fast, direct, reliable and simple method for routine pharma
ceutical analysis. In all the samples analyzed, Cr levels were under the 
maximum limit established by the Brazilian, the United States and the 
European Pharmacopeias. HR-CS GF AAS has proven to be a very potent 
technique for analytical impurity screening methods, considering the 
recently updated requirements of international guidelines, as confirmed 
by Mattiazzi et al. [108]. 

In a recent study from Iran, Aghamohammadi et al. [109] developed 
a method to determine Pb, Cr and Cd in herbal medicines. The 
ultrasound-assisted emulsification microextraction (USAEME), 

Fig. 2. Illustrative scheme on the main AAS techniques.HR-CS: High-resolution continuum source. (The authors, 2023).  
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combined with graphite furnace atomic absorption spectrometry (GF 
AAS), showed to be an efficient, rapid, inexpensive and eco-friendly 
method for the determination of Pb, Cr and Cd in these products. The 
results indicated that the values obtained were not excessive for the 
analyzed samples. 

Carazza et al. [110] proposed a new method for the determination of 
Cd2+ in omega-3 dietary supplement using extraction induced by 
emulsion breaking (EIEB) and thermospray flame furnace atomic ab
sorption spectrometry (TS-FF-AAS). The method was based on the for
mation of a water-in-oil emulsion by the addition of an extracting 
solution consisting of Triton X-114 and HNO3 in the oil sample and 
further breaking of this emulsion by heating. Two well-defined phases 
were formed and the acid aqueous one containing the extracted cad
mium ions was analyzed by TS-FF-AAS using a flow injection system. 
The accuracy of the proposed method was guaranteed by a good 
accordance with the results achieved by microwave-assisted acid 
digestion without any statistical differences (95% confidence) and by 
spiking the samples with known concentrations of 50 ng g− 1 Cd2+. 
Samples analyzed in this study were safe for Cd content, according to the 
United States Pharmacopeia maximum limits for elemental impurities. 

3.3. X-ray fluorescence techniques 

X-ray fluorescence is widely used. Basically, in this technique, a 
ground-state atom population is irradiated by x-rays and then the 
emitted fluorescent radiation is measured. This measurement results 
from the return of the excited electron to its ground state [111,112]. 

Solids and liquids in inorganic and organic matrices (powders and 
liquids), used in the manufacture of active pharmaceutical ingredients 
(API) and medicines, can be analyzed by total reflectance X-ray fluo
rescence (TXRF) with minimal sample preparation and negligible matrix 
effects, in most cases. The cost per analysis can be dramatically reduced 
as no other chemicals or complicated sample manipulations are 
required. TXRF is a fast analytical method for elemental screening and 
the simultaneous, quantitative analysis of multiple elements [99,113]. 
This method has been investigated for quantitative metal analysis in 
pharmaceuticals. The results demonstrate acceptable quantitation 
criteria in terms of detection/quantification limit, accuracy, and preci
sion. When applied to 14 real API samples, TXRF shows comparable 
results with ICP-MS for Pd and Cu determination [71]. 

Figueiredo et al. [114] investigated the availability of Wavelength 
Dispersive X-ray Fluorescence (WDXRF) spectrometry for the measure
ment of As, Cd, Cr, Cu, Hg, Ir, Mn, Mo, Ni, Os, Pb, Pd, Pt, Rh, Ru and V 
impurities in 30 different pharmaceuticals and 25 dietary supplements, 
according to EMA, USP and ICH guidelines. It was observed that this 
method is an alternative to the compendial analytical procedures rec
ommended for such elements. The novelty of this study is the application 
of WDXRF to medicines and not only to active pharmaceutical in
gredients and/or excipients. It also shows how the analysis of finished 
products, not only the analysis of isolate substances, are important to 
achieve good quality in medicines. 

X-ray fluorescence spectrometry can be applied to elemental 
screening in pharmaceutical products according to the ICH Q3D 
guideline, as proposed by Sauer et al. [115]. Energy-dispersive x-ray 
fluorescence spectrometry (EDXRF) is a suitable analytical technique, 
whose method allowed the determination of Cd, Pb, As, Hg, Co, V and Ni 
in oral solid dosage products with great limits of quantification, ac
cording to the European Pharmacopeia. EDXRF was also explored by 
Chowdhury et al. [116], by developing a non-destructive, quick and 
reliable quantitative analytical method for the estimation of class I (Pb, 
Cd, Hg and As) and class II (Co, V and Ni) metal elements present in 
pharmaceuticals, according to ICH Q3D and USP. 

Recently, XRF analysis has become increasingly attractive when 
compared to other techniques, especially due to the ease in sample 
preparation. XRF spectrometry involves irradiation of the sample with 
high energy excitation X-rays and measurement of element-specific 

fluorescence X-rays at a particular wavelength or energy from the 
sample. As it is a non-destructive technique, it is possible to reuse the 
sample after measurements. Recently, total-reflection XRF (TXRF) has 
been found to be useful for the determination of trace elements in 
several drugs [78]. 

3.4. ICP-based techniques 

Plasma is a kind of energy source very powerful and useful that has 
been for a long time coupled to spectrometric techniques. Mass spec
trometry and optical emission spectrometry are the two principal stra
tegies in analytical chemistry. Both provide elemental determination 
from all kinds of materials with great limits of detection and quantifi
cation. It can be partially explained due to the capacity of the plasma to 
afford the correct atomization and ionization of the elements during the 
analysis. In the pharmaceutical industry and institutions of medical 
research, inductively coupled plasma mass spectrometry (ICP-MS) and 
inductively coupled plasma optical emission spectrometry (ICP OES) 
have been constantly used as routine techniques or technical support for 
developing instrument-based methods [117–119]. Both techniques 
comprise the major procedures established by the United States Phar
macopeia in chapter 233 for elemental impurity analysis [48]. ICP-MS 
traditionally has the ability to provide extremely low levels of 
elemental impurities when compared to ICP OES. However, Menoutis 
et al. [120] recently proved significant improvement in detection limits 
by coupling an ultrasonic nebulizer to an axial ICP OES for the deter
mination of elemental impurities in oral drugs, according to USP, 
chapters 232 and 233. 

ICP-based methods have gained widespread use due to their unique 
characteristics, making them suitable for routine analysis. Several op
tions for sample preparation are available, including dissolution in 
water or organic solvents, wet digestion, combustion in closed vessels 
and extraction under microwave heating, leading to suitable limits of 
detection (LODs) for all elements of pharmaceutical interest. Spectral 
interferences in ICP-MS can be overcome by the use of reaction or 
collision cells. ICP-MS can also be coupled to separation techniques, 
allowing the speciation of impurities, which remains a difficult analysis 
and requires more development [121,122]. 

The four main toxic elements (As, Cd, Hg and Pb) used to be widely 
investigated in pharmaceutical samples. Silva et al. [123] determined 
these analytes in eight drug samples and two excipients (completely 
digested using microwave-assisted digestion with inverse aqua regia in 
closed vessels) by ICP OES and ICP-MS methods, according to the United 
States Pharmacopeia (USP), chapters 232 and 233. The Spike test was 
performed for the four metals and the recoveries obtained by ICP OES 
ranged from 75 to 148% and, for ICP-MS, it ranged from 74 to 120%. 
Moreover, limits of detection for ICP OES ranged from 0.4 to 17 mg kg− 1 

and, for ICP-MS, from 7.4 to 41.6 μg kg− 1, showing great parameters of 
accuracy and sensitivity, which is already expected from ICP methods. It 
is important to notice that all samples contained As, Cd, Hg and Pb 
below the maximum values established by USP. 

Santana et al. [124] proposed a very important ICP OES method for 
multielement determination (essential and potentially toxic elements) in 
eye shadows exposed to consumption in Brazil. In this study, Al, Cd, Cr, 
Cu, Mn, Ni, Pb, Sb, Ti, V and Zn were above the recommended maximum 
tolerable limits, according to the Brazilian and international legislations, 
highlighting a public health concern about the risks involved in eye 
shadow consumption. ICP OES was also explored by Pinheiro et al. 
[125], who developed a pretreatment method for the determination of 
Cd, Co, Hg, Ni, Pb and V in oral and parenteral drug samples. They 
performed a dispersive liquid-liquid microextraction based on deep 
eutectic solvent prior to determination using ICP OES. This extraction 
step was responsible for reducing the limits of quantification 10 times in 
relation to the target limits recommended for drugs, according to USP, 
chapter 232. In this study, all analytes were below the respective LOQ 
values, thus lower than the limits proposed by USP, Chapter 232. 
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Tu et al. [126] developed a method for fast screening of metals in 
various pharmaceutical samples using flow injection coupled to ICP-MS 
(FI-ICP-MS). A modified high performance liquid chromatography 
(HPLC) configuration was applied for easy automation and standardi
zation. This method has provided a means for high-throughput metal 
screening of a large amount of samples, such as raw materials, process 
intermediates and final drug substances, and it also has been success
fully applied to metal analysis (palladium, rhodium and chromium) in 
adsorbent screening tests and in contamination investigations. 

Fischer et al. [127] also developed a method based on the coupling of 
FI to ICP-MS. A high throughput FI-ICP-MS system was used for the 
analysis of impurities according to USP in several pharmaceutical 
products. The method revealed quantification limits lower than those 
required by the guideline by a factor of 5–10. Another ICP-MS method, 
also in accordance with USP, chapters 232 and 233, was developed and 
validated by Chahrour et al. [128] for the determination of elemental 
impurities in an API candidate (TP-6076), which has been used in phase 
I and II clinical trials. The authors revealed great analytical figures of 
merit for all 15 USP elements. 

Rudovica et al. [129] proposed a method using laser ablation (LA) 
coupled to ICP-MS for fast direct elemental analysis of active pharma
ceutical substances using laboratory-made standards. LA-ICP-MS is a 
powerful and fast analytical method for multi-elemental analysis. A 
disadvantage in using this method is the lack of matrix reference ma
terials for validation and calibration purposes. Six elements (Mn, Co, Ni, 
Cu, Pb, Cd) were determined in arbidol. The results meet the Pharma
copeia requirements for analysis of elemental impurities in pharma
ceutical products. Another method was developed by Pluhácek et al. 
[130], using LA-ICP-MS for screening elemental impurities in different 
pharmaceutical matrices. It is important to notice the great advantage of 
laser ablation application to avoid acid solution preparation steps and 
the consolidation of this technique in routine quality control analysis at 
different stages of pharmaceutical production. 

Shen et al. [131] proposed a different method in which a simulta
neous hydride generation of As, Cd and Ge and photochemical vapor 
generation of Co and Ni were conducted in dual mode, and the volatile 
species were introduced into the ICP OES for simultaneous multi- 
element analysis. This is the first attempt of combination of two 
different chemical vapor generation (CVG) technologies for sample 
introduction to ICPOES, and higher sample introduction efficiency, less 
matrix and spectral interferences, higher selectivity and multielement 
determination were achieved for real samples. After an acid- 
evaporation/catching procedure involving formic acid addition and/or 
proper dilution, satisfactory analytical results were obtained for vegetal- 
matrix celery certified reference material (CRM) and Curcuma wenyujin 
traditional chinese medicine (TCM) samples for trace elements. 

Muller et al. [132] proposed a microwave-assisted digestion pro
cedure using diluted HNO3 solution (4 mol L− 1) for medicinal plants to 
determine As, Cd and Pb by ICP-MS and also Hg by flow injection cold 
vapor generation (FI-CVG) coupled to ICP-MS. The digests obtained 
were compatible with ICP-MS analysis and the proposed procedure was 
in agreement with the recommendations of Green Chemistry. 
Microwave-assisted digestion in closed vessels fulfills the US pharma
copeial requirements for digestion of medicinal plants, since it allows 
the use of diluted solutions, reducing blank values and, consequently, 
the limits of detection and quantification. This digestion procedure was 
also used by Pinheiro et al. [133], but now applied to a different type of 
matrix, when an ICP-MS method was proposed for the determination of 
elemental impurities in different commercial samples of omeprazole. In 
this study, 23 elements were determined, whose concentration values 
were under the limits proposed by USP, chapter 232. Besides the large 
application of microwave-assisted digestion, ICP OES methods for the 
determination of elemental impurities may be coupled to a dilute-and- 
shoot procedure, a fast and simple strategy for sample preparation, 
developed by diluting the sample and performing the direct introduction 
to the equipment, avoiding the use of time-consuming digestion steps 

before analyte determination, as shown by Pinheiro et al. [134] in 
another study. 

A combustion step followed by pyrohydrolysis reaction method 
coupled to ICP OES is another alternative strategy for elemental deter
mination in pharmaceuticals. In a study conducted by Druzian et al. 
[135], total chlorine was evaluated in the excipient hydroxypropyl 
cellulose (HPC), with great results of accuracy and sensitivity. It is 
important to notice that combustion followed by a pyrohydrolysis sys
tem was easily built and feasible for routine analysis, corroborating the 
European Pharmacopeia requirements. 

ICP-based methods are undoubtedly more sensitive and specific than 
AAS-based methods. However, this is not the reason for industries and 
research centers to replace a simple and feasible AAS-method by an 
expensive and laborious ICP-method. The analytical strategy of choice 
has to comply with the objectives of the research and with the chemical 
characteristics of the analyte(s) and the matrix. On the other hand, ICP 
OES methods are truly recommended [136] for elemental impurity de
terminations in API samples, for example, as a function of the high ac
curacy and sensitivity, in comparison with trace elements limit tests, 
which used to be described in previous versions of different pharma
copeias. Traditional colorimetric limit tests for toxic metal evaluation, 
which is still performed by many industries, must be discouraged, since 
their results are neither specific nor exact for many toxic impurities. 

A different type of application using ICP OES could be explored by 
Gonçalves et al. [137], with the promising method called Multi- 
Wavelength Calibration (MWC), in which calibration and quantifica
tion steps were performed with only two solutions: the first containing 
the sample and standard solution of known concentrations of each 
element, and the second containing the sample and a blank sample so
lution. The results demonstrated excellent accuracy, in accordance with 
international guidelines, being an alternative method for elemental 
impurity determination in medicinal and phytotherapeutic plants. 

Of the most common atomic spectroscopy techniques, FAAS and 
GFAAS, based on the Beer–Lambert Law, have been in use longer for the 
analysis of metals and/or metalloids in pharmaceuticals than have 
either ICP OES or ICP-MS. According to Table 4, FAAS is considered a 
less sensitive technique than GFAAS; it is generally expected to have 
sensitivities in the range of low parts per million (ppm, μg mL− 1, w v− 1) 
using FAAS, while GFAAS shows low parts per billion (ppb, μg L− 1, w 
v− 1), with the former usually requiring milliliter quantities and the latter 
requiring microliter quantities of sample. FAAS is generally the least- 
expensive of the two techniques, and also requires less of a skill level 
for an analyst than GFAAS. Analyses performed using FAAS can be much 
quicker than those performed using the more time-consuming GFAAS. 
Regardless of the technique, both FAAS and GFAAS require the use of a 
hollow cathode lamp (HCL) or an electrodeless discharge lamp (EDL) for 
each analyte in question [70]. 

As shown in Table 4, both ICP OES and ICP-MS are capable of rapid, 
multi-element analyses, with ICP-MS offering much greater sensitivity – 
frequently down to parts per trillion (ppt, ng L− 1, w v− 1) than ICP OES – 
μg mL− 1 to μg L− 1, which has more potential spectral interferences. 
Analyst skills for ICP OES and ICP-MS are greater than for either FAAS or 
GFAAS, with ICP-MS requiring the greatest level of skill among the four 
techniques. Additionally, ICP-MS is the most expensive of these instru
mental techniques [70] 

Table 4 
Comparative board of different spectroscopy techniques.  

FAAS GFAAS ICP OES ICP-MS 

μg mL− 1 μg L− 1 μg mL− 1 - μg L− 1 ng L− 1 

mL quantities μL quantities μL quantities μL quantities 
less-expensive more-expensive more-expensive most expensive 
low skill level high skill level high skill level highest skill level 
quicker time-consuming time-consuming time-consuming  
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3.5. Speciation techniques 

The need to distinguish between chemical forms of an element has 
become critical for pharmaceutical analysis. The process of separation 
and quantification of different chemical forms of an element is more 
specifically named speciation analysis. This can be further associated 
with oxidation state and organo-metallic nature or complex form [93]. 
Speciation analysis is becoming important especially for studying the 
biological activity, metabolism and side-effects of metal-based phar
maceuticals. It is used for the elucidation of chemical form(s), as well as 
the quantitative determination of a specific element when conducting 
toxicological and biochemical investigations, which will provide addi
tional information, helpful in guiding future drug design [78]. 

It is also known that individual metal species have different chemical 
activity and ability to transform. As a result, it has become necessary to 
measure trace metals as “total”, as well as quantitatively determine the 
different chemical forms of these trace metals, especially in pharma
ceutical samples [58]. Some metals (e.g., Pd, Rh, Ru) are currently used 
as catalysts in pharmaceutical industries in the synthesis of raw mate
rials, intermediates and final active pharmaceutical ingredients 
[138,139]. The ability of a metal ion to react and, in particular, its 
catalytic activity is to a great extent dependent on the forms in which the 
metal exists in solution. Therefore, the ability of distinguishing and 
identifying the presence of various species of a catalyst metal at various 
stages of a reaction may provide a better insight into the mechanism of 
catalytic reaction. Thus, speciation analysis can increase the informative 
capacity of the collected results, characterizing in detail some of the 
most important chemical forms of an element in order to understand 
transformations among forms that are likely to occur, and to infer the 
probable environmental- and health-related consequences [140]. Jo 
et al. [141] proposed HPLC-ICP-MS and HPLC-ESI-TOF-MS for the 
speciation of Pd impurities in some API samples, considering the use of 
Pd as a metal catalyst for mediating C-C, C-N and C-O cross-coupling 
reactions. The combination of chromatography techniques with mass 
spectrometer represented powerful tools for the separation, identifica
tion and quantification of various Pd species, in order to meet regulatory 
requirements. 

By coupling chromatographic techniques with element specific de
tectors, very powerful and sensitive systems for the separation and 
detection of elemental species are made available. Although the various 
combinations of instruments are capable of quantifying the amount of 
free and bound metal, it has been observed that only the most sensitive 
techniques are suitable for speciation analysis. Speciation techniques 
using ICP-MS, ICP OES, and GF AAS could be considered as the most 
sensitive and selective techniques [142–144]. As, Hg and Cr exhibit 
different toxicities among their inorganic and organic forms [78]; 
therefore, speciation analysis is totally applicable and desirable to 
investigate which form is responsible for contamination. As well as was 
observed for Cr, other elements may play different roles in toxicological 
response in the human body, depending on the chemical form in 
occurrence. 

3.6. Other techniques 

In general, sample preparation procedures yet represent the most 
critical and time-consuming step in spectrochemical analysis of phar
maceutical products. In this sense, the development of direct methods 
for the determination of elements in these matrices is relevant for 
improving quality programs in the pharmaceutical industry [145]. 
Direct solid analysis of agricultural, environmental, industrial and 
pharmaceutical samples by laser induced breakdown spectroscopy 
(LIBS) is an alternative way for the simultaneous multielemental 
determination of macro and micro elements in solid materials [146]. 
Carvalho et al. [145] indicates that LIBS rightly fits for the simultaneous 
determination of Ca, Cu, Fe, Mg, Mn, P and Zn in multielement phar
maceutical tablets. Thus, LIBS contributes with the Green Chemistry 

concept as the analysis by ICP OES generally requires concentrated acids 
to achieve total digestion prior to elemental determination. Therefore, 
LIBS can be recommended as an alternative method, as the current wet 
chemistry analysis may incur significant costs and long test times for the 
pharmaceutical industry. 

Laser ablation/laser ionization coupled to time-of-flight mass spec
trometry (LALI-TOF-MS) is another technique for the direct analysis of 
solids, with the ability to simultaneously determine several chemical 
elements. This technique has historically been called surface analysis 
laser ionization, laser desorption and ionization, two-step laser mass 
spectrometry and laser desorption laser post-ionization time-of-flight 
mass spectrometry. The essence of this technique consists of a laser 
ablation of the solid material as an initial step, followed by an ionization 
of the ablated material. Finally, the ions are directed to the mass spec
trometer where separation, identification and quantification take place 
(Fig. 3). LALI technique has a considerable increase in ion transmission 
efficiency, since the LALI source is already under vacuum, avoiding the 
loss in the transmission of particles generated at atmospheric pressure to 
vacuum, as occurs in traditional ICP-MS instruments, for example. 
Removing this interface between vacuum and atmospheric pressure also 
results in increased sensitivity and decreased matrix effects by removing 
plasma-ion spatial interaction effects. Consequently, LALI-TOF-MS can 
be considered a technique that provides quantitative analyses with high 
specificity and sensitivity, without the need for complex quantification 
schemes or matrix-matched standard materials [147]. 

Instrumental neutron activation analysis (INAA) is a relatively direct 
analytical technique for determining elemental abundance in a wide 
range of materials. This technique relies on the measurement of char
acteristic radiation from radionuclides formed directly or indirectly by 
neutron irradiation of the material of interest. The energy of the emitted 
gamma rays is used to identify the modified atom and the intensity of the 
radiation can be used to determine its abundance. In the last fifty years, 
this analytical technique has been extremely useful in the determination 
of trace and minor elements in several types of environmental, geolog
ical, plant, food and pharmaceutical materials [78].Smichowsky et al. 
[148] recently published a review about analytical techniques in the 
determination of metals and metalloids in pharmaceutical products. The 
application of neutron activation analysis, isotope dilution mass spec
trometry and hyphenated methodologies for speciation studies based on 
the use of separative techniques in combination with specific detectors 
are also discussed. There is a lack of research about inorganic impurities 
in pharmaceutical products, and there are still several possibilities of 
analytical applications. 

In 2011, a new commercial instrument representing yet another 
analytical technique called microwave plasma atomic emission spec
trometry (MP-AES) was introduced, appearing to provide an attractive 
alternative to flame AAS and ICP OES for the analysis of pharmaceutical 
samples. The MP-AES system uses a relatively new design of plasma 
torch, with nitrogen gas, as reported by Hammer [149]. In contrast to 
previously reported systems [150], the newly commercialized MP-AES 
system couples energy from the microwave magnetic field rather than 
the microwave electric field, using a hollow rectangular metal section 
called waveguide. MP-AES is a potential analytical technique for the 
analysis of drugs and pharmaceutical samples for their inorganic con
tents, once it has a number of obvious advantages over techniques such 
as FAAS and ICP OES [78]. Balaram [151] recently reviewed important 
topics about MP-AES, exploring hyphenation possibilities to enhance 
analytical strategies for elemental impurity evaluation. Cold vapor (CV), 
hydride generation (HG), photochemical vapor generation (PVG), gas 
chromatography (GC) and high pressure liquid chromatography (HPLC) 
have been hyphenated to MP-AES over the recent years, obtaining 
sensitive and accurate determinations of elements such as Hg, As and Se. 

A scanning electron microscopy with energy dispersive X-ray spec
troscopy (SEM-EDXS) was developed by Bezrodnykh et al. [152] to 
evaluate residual metals in chitosan samples. The SEM-EDXS analysis 
showed the presence of Fe, Si, Al, N and S in the particles of chitosan, 
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after filtration steps. It is important to notice that both scanning electron 
microscopy experiments and energy dispersive x-ray analysis were 
performed using the same equipment. The study highlighted the eval
uation of some metals using a series of sample filtration for SEM-EDXS 
analysis, allowing the determination of Fe, Cr, Ni, for example, and 
also highlighted the importance of chitosan quality control in the 
pharmaceutical industry scenario. Dispas et al. [153] discuss the 
importance of improving analytical technologies, methods and instru
mentation. They emphasize that innovation is a permanent process to 
provide faster, more efficient and more sensitive analytical tools. 
Furthermore, the importance of developing eco-friendly and less 
expensive methods is highlighted. 

4. Discussion 

The interest about inorganic impurities in different pharmaceutical 
products is well established and widespread. It is already considered as a 
global health problem, which can be explained by the increase in 
medicine consumption and the high occurrence in contamination cases 
from several situations. 

Different chemical elements can cause toxic reactions in humans 
depending on the amount ingested and the exposure frequency [53]. 
Non-toxic elements that could be essential to human health may have a 
toxicological profile, since the levels exceed the tolerable intake. Toxic 
metals are also tolerable in very low quantities, though their high po
tential may cause severe and irreversible damage to human organs. All 
elements can intensify illness and exacerbate some disorders. 

As shown in different studies throughout this text, the occurrence of 
inorganic impurities in pharmaceuticals, especially in herbal medicines 
and natural products, is possible in several ways. This is in part 
explained by the high exposure of these formulations and preparations 
to impurity contaminations, due to their manufacturing process. Several 
plants and other materials that are used in the obtention of the final 
herbal medicine may be contaminated by metals before processing, in 
agricultural steps, collection of materials, bad storage, use of 

contaminated water, among others. Synthetic drugs may not be exposed 
to this kind of contamination, although many impurities may be present 
in the final product. The quality control of pharmaceuticals should 
include analysis for the whole line of manufacturing, determining if 
elemental contents in API, excipients, intermediates and other sub
stances, produced or imported, are truly safe for medicinal use by 
humans. 

There are a high number of studies on herbal medicines, medicinal 
plants and natural pharmaceuticals that come from eastern countries. It 
could be explained as a function of the high consumption of these 
products by the population and the high production of this kind of 
formulation by local industries. Fig. 4 shows a distribution global map of 
scientific papers and books according to the origin country of the re
searchers and the local where the studies were conducted. The United 
States of America are so far the most responsible for publications on 
elemental impurities. In Latin America, there is lack of studies about this 
theme, regardless of the presence of a huge biodiversity from which 
many people and companies extract medicinal products and natural 
material to produce active pharmaceutical ingredients (APIs), in
termediates, cosmetics, medicines and any other medicinal compounds. 
Although Latin America has few publications, Brazil is the second 
country in the world in number of publications. It is also possible to 
notice that African countries have a thin contribution about inorganic 
impurities in pharmaceutical matrices, despite the great culture and 
biodiversity when it comes to natural sources for health purposes with 
precarious manufacturing conditions; the same was observed for Central 
and Southern American countries. 

In Brazil, there are studies about inorganic contamination in phar
maceutical products, but not still in a representative number, consid
ering the potential of work. Not only here, but in many other developing 
countries, there is a lack of concern on this theme and there is not suf
ficient financial support. The Brazilian Pharmacopeia is not as complete 
as other international manuals about inorganic impurities and metal 
contamination, such as the US Pharmacopeia and ICH Q3D (R2) 
Guideline. It allows the occurrence of uncontrolled manufacturing 

Fig. 3. The LALI-TOF-MS main analytical steps: 1. Laser ablation of pharmaceutical solid samples, followed by 2. Laser ionization of the ablated material and 3. 
Determination of analytes by time-of-flight mass spectrometry. TOF-MS: Time-of-flight mass spectrometry. (The authors, 2023). 
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processes, poor analytical strategies for impurity evaluation, less quality 
of the final product and the increase in health problems, especially for 
the elements Pb, Cd, Hg and As. 

Otherwise, The United States Pharmacopeia, The European Phar
macopeia, The European Medicines Agency guideline (EMA) and The 
International Council for Harmonisation of Technical Requirements for 
Pharmaceuticals for Human Use (ICH) are the mostly used international 
compendiums for elemental impurity reference. The most recent studies 
used inorganic parameters from these documents to compare the 
element levels established with those encountered experimentally. Au
thors from all over the world consider at least the limits of 24 elements 
established in the compendiums, which can be used for the evaluation of 
metal contamination in several pharmaceutical formulations. Although 
the textbooks do not address contamination limits for excipients, studies 
point to their important contribution to contamination by metallic im
purities. The concentration parameters from the guidelines mentioned 
above were estimated by analytical methods with high accuracy, pre
cision and sensitivity, as ICP OES and ICP-MS. However, ICP-based 
methods are not the only ones that have to be developed; as it was 
previously mentioned, the use of other techniques, especially those eco- 
friendly and direct, should also be encouraged, since expressive results 
can be comparatively achieved by these strategies. 

5. Conclusion and future perspectives 

Pharmaceutical products are complex matrices and impurities, pre
senting toxicological, chemical and environmental risks, depending on 
each inorganic species. In the literature, numerous possibilities of 
inorganic contamination presented in the manufacture, handling and 
consumption scenario of pharmaceutical products are discussed. 
Although regulatory agencies have worked to ensure the quality control 

and safety of medicines and related products, contamination by various 
chemical elements is still the subject of constant investigation. The 
improvement in analytical techniques and methodologies and the in
crease in inorganic pharmaceutical studies can contribute to a better 
control of APIs, intermediates, catalysts, natural medicines, synthetic 
products and other chemical compounds, in order to guarantee their safe 
therapeutic use. 

Consolidated techniques based on ICP (ICP OES and ICP-MS) remain 
the first choice in the analysis of potentially toxic elements in pharma
ceutical products due to their high sensitivity, robustness, precision and 
accuracy. Spectroanalytical techniques (flame, FAAS; graphite furnace, 
GF AAS; hydride generation, HG AAS; cold vapor, CV AAS), continue to 
be promising for studies on this topic, for the coming decades. Meth
odologies for analysis and quality control of drugs using Vibrational 
spectroscopy, Near-infrared (NIR) and Raman spectroscopy, Supercrit
ical fluid and Multidimensional chromatography are trends for the 
improvement of tests and guidelines regulated by production control 
agencies, in the next two decades. In parallel, analytical strategies 
focused on the investigation of impurities in other pharmaceutical in
gredients, such as excipients and packaging, are also alternatives for the 
quality assurance of medicines. 

The central issue as a future perspective in the quality control of 
these matrices is to question the development of new analytical meth
odologies, with the optimization of variables for sample preparation, 
using reduced amounts of acids and oxidizing agents, opting for reagents 
that cause less impact on the environment and the analyst. Furthermore, 
systems can be adapted for in-line or on-line analysis, reducing the 
possibility of sample contamination, making the analysis faster and 
safer. In addition, the variables under study can be optimized in a 
multivariate way and the methodologies can be rigorously validated 
before entering the routine. Therefore, continuous innovations and 

Fig. 4. Distribution global map of scientific papers and books analyzed in this review according to the origin country of the researches since 1990. The United States 
of America is the most responsible for publications in the world, followed by Brazil with a great number of scientific articles. The other colored countries in the map 
show less than fifteen publications about elemental impurities in pharmaceutical products during these 33 years. (The authors, 2023). 

A.C.M. Aleluia et al.                                                                                                                                                                                                                           



Spectrochimica Acta Part B: Atomic Spectroscopy 205 (2023) 106689

19

trends in analytical chemistry can support the improvement in more 
sustainable and environmentally friendly methods and support regula
tory agencies to establish and review tolerable limits of exposure to 
these chemical species. 
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