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Abstract Interest in the determination of elemental impurities
in pharmaceuticals has increased in recent years because of
changes in regulatory requirements and the need for changing
or updating the current limit tests recommended in pharmaco-
peias. Inductively coupled plasma (ICP) optical emission
spectrometry and ICP mass spectrometry are suitable alterna-
tives to perform multielemental analysis for this purpose. The
main advantages and limitations of these techniques are de-
scribed, covering the applications reported in the literature in
the last 10 years mainly for active pharmaceutical ingredients,
raw materials, and pharmaceutical dosage forms. Strategies
used for sample preparation, including dissolution in aqueous
or organic solvents, extraction, wet digestion and combustion
methods are described, as well as direct solid analysis and
ICP-based systems applied for speciation analysis.
Interferences observed during the analysis of pharmaceutical
products using ICP-based methods are discussed. Methods
currently recommended by pharmacopeias for elemental im-
purities are also covered, showing that the use of ICP-based
methods could be considered as a trend in the determination of
these impurities in pharmaceuticals. However, the develop-
ment of a general method that is accurate for all elemental
impurities and the establishment of an official method are still

challenges. In this regard, the main drawbacks and suitable
alternatives are discussed.
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Introduction

Most of the analytical procedures routinely used to evaluate
the quality of pharmaceuticals are described in official phar-
macopeias that recommend tests to ensure the identity and
purity of raw materials and commercial products.
Nowadays, because of the requirements of maximum tolera-
ble limits of impurities in pharmaceuticals, many of the ana-
lytical methods have been revised or updated. Accurate eval-
uation is one of the most important challenges to ensure the
quality of drugs [1–4]. In this regard, several active pharma-
ceutical ingredients (APIs), excipients, and dosage forms have
been evaluated. Analytical techniques used for this purpose
can be classified as selective (e.g., chromatography and spec-
troscopy) or nonselective (e.g., titrimetry and spectrophotom-
etry). Selective techniques, especially those based on atomic
spectrometry, allow the quantitative determination of impuri-
ties in bulk drugs and pharmaceutical formulations. However,
there is still a need for the development of analytical methods
to overcome many drawbacks and also to be in agreement
with the new trends in analytical chemistry such as higher
throughput, lower consumption of reagents, and lower efflu-
ent generation [5–7]. Moreover, with recent advances in the
sample preparation field (e.g., the increased use of microwave
systems), further improvements can be expected in the next
few years.
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However, nonselective approaches, such as the heavy
metals limit test, are still used widely, and they are described
in most of the pharmacopeial monographs [8, 9]. This classic
test is based on precipitation of toxic elements as sulfides. The
color is compared visually against that of a lead reference/
standard solution. In this case, the sample solution is approved
if its color is not darker than that of the reference solution. As
expected, this test has several limitations and is dependent on
the nature of the test solution. The information obtained is
semiquantitative, and a relatively low number of elements
can be determined (about ten elements). Moreover, it is not
possible to determine what the precipitated elements are, and
consequently the extent of possible contamination of pharma-
ceutical products cannot be evaluated. This limit test has been
recommended in pharmacopeias since at least the beginning
of the last century. For example, the United States
Pharmacopeia (11th edition) proposed in 1936 the use of
precipitation of metallic sulfides using hydrogen sulfide for
the determination of elemental impurities [10]. Nowadays,
this method is essentially the same as described in several
pharmacopeias and only a few changes have been proposed
(e.g., the use of thioacetamide instead of hydrogen sulfide as a
sulfide ion source).

In a similar way as for the heavy metals limit test, digestion
procedures applied to elemental impurities described in phar-
macopoeias presented a few improvements in recent years.
Many of them are still performed in open vessels (e.g., diges-
tion by dry ashing at high temperatures, up to 800 °C, in
muffle furnaces). Although dry ashing can be performed in a
simple way, this method is time-consuming and can be prone
to losses or contamination for some elements. Because of
these drawbacks, many classical methods have been replaced
by the use of closed vessel digestion systems using oxidant
acids [11–13].

In spite of the limitations observed for determination ele-
mental impurities by classical methods, only a few reports
have been described in the literature to evaluate the perfor-
mance of these methods [11, 12, 14]. On other hand, several
articles have proposed the use of atomic spectrometry tech-
niques as an alternative for quantitative and selective determi-
nation of elemental impurities in pharmaceuticals [11, 15–20].
In this sense, inductively coupled plasma (ICP) optical emis-
sion spectrometry (OES) and ICP mass spectrometry (MS)
have attracted widespread interest because their fast and
multielemental analysis capability [12–14, 21–26].

In this review, the suitability of ICP-based methods (e.g.,
ICP-OES and ICP-MS) for the determination of metals
and metalloids in pharmaceutical materials (drug products,
APIs, raw materials, and intermediates) is presented,
covering the period between 2005 and 2015. In addition, the
sample preparation methods involving direct dissolution of
APIs in aqueous or organic solvents and by use of wet
digestion or combustion methods are discussed. Medicinal

herbs and dietary supplements are not covered, and more in-
formation on them can be obtained from specific reviews or
selected articles [27–30]. The coupling of ICP-OES and ICP-
MS with separation techniques is also covered for speciation
applications analysis in pharmaceuticals. Current methods
recommended in pharmacopeias such as the United States
Pharmacopeia, the European Pharmacopoeia and the
Brazilian Pharmacopeia are also considered for discussion.

Elemental impurities in pharmaceutical products

The term Bheavy metals^ has been widely (but erroneously)
used in the literature to refer to a group of metals, metalloids,
and some nonmetals that have been associated with contami-
nation and potential toxicity [31]. However, the term Bheavy
metal^ has no basis in connection with chemical or toxicolog-
ical data, and different meanings can be found. This usage
implies that all the compounds of some element (organic
and/or inorganic) have the same physical, chemical, biologi-
cal, and toxicological properties, which is not true for most
elements. Moreover, the term Bheavy^ implies high density,
but the knowledge of density contributes little to the predic-
tion of biological effects of metals [31]. Most pharmacopeias
state that heavymetals are Bmetallic impurities that are colored
by sulfide ion, under the specified test conditions^ [8]. In
addition, it is stated that the elements that typically respond
to the limit test are silver, arsenic, bismuth, cadmium, copper,
mercury, molybdenum, lead, antimony, and tin [8]. However,
some elements with toxicological relevance are not covered,
such as the platinum-group elements that are commonly used
as catalysts for synthesis of pharmaceutical compounds.

Therefore, the term Bheavy metals^ will become obsolete
and its use should be avoided. However, categorization of
substances can be very useful to allow quicker and simpler
assessment of those elements that have common properties.
An excellent discussion about the use of the term Bheavy
metals^ was provided about one decade ago [31], and some
new classifications were proposed by Hawkes [32] and
Appenroth [33]. In spite of these efforts, classification of the
elements present as contaminants in pharmaceuticals remains
difficult. BMetallic impurities^ is not a suitable term because it
could suggest impurities from metals or metal alloys and does
not cover the impurities from nonmetals such as arsenic. The
term Binorganic impurities^ could be used, but it excludes the
organic species of elements, which could be more toxic than
the inorganic ones. A new term to designate the elements
evaluated in tests is Belemental impurities,^ in which elements
are chosen in a risk-based approach to check these impurities
in drug products. In this sense, different limits were proposed
according to the way of administration (oral, parenteral, and
inhalation) and permitted daily exposure [34, 35]. Therefore,
this is a reasonable way to establish the maximum allowed
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limits for each element, and this term will be used in this
review.

The elemental impurities can be classified into three classes
on the basis of their toxicity (based on the respective permitted
daily exposure) and likelihood of occurrence in the drug prod-
uct, as shown in Table 1. It is important to highlight that all
elements which were used in the production of APIs are con-
sidered as intentionally added and should be evaluated inde-
pendently from the route of administration and respective
class [34]. There are many acceptable approaches for summa-
rizing and documenting the risk assessment, and these are
based on the identification of the elemental impurities, their
sources, and the controls and acceptance criteria. These pa-
rameters have been carefully discussed, and more information
regarding the establishment of maximum limits for each ele-
ment can be found in literature [34, 35]. In this sense, some
pharmacopeias such as the United States Pharmacopeia and
the Brazilian Pharmacopeia follow this tendency and they are
currently implementing this approach in their respective
compendia [36, 37]. On the other hand, some elements that
are not included as elemental impurities must be determined in
specific pharmaceutical products. This is the case of alumi-
num determination in large- and small-volume solutions used
in total parenteral nutrition, which remains as a relevant issue.
Aluminum contamination could lead to toxic accumulation in
the tissues of individuals receiving total parenteral nutrition
therapy, especially neonates and patient populations with im-
paired kidney function. Thus, the risk of exposure to an unsafe
amount of aluminum should also be evaluated for these prod-
ucts [38]. Despite the importance of aluminum determination
in such products, this element is not covered in this review,
which focuses on the elemental impurities described in
Table 1.

Sources of contamination

Since the impurity profile of a drug material depends on its
synthetic route, the sources of elemental impurities could be
different as could the level of contamination. In spite of the
importance of toxicological aspects, the presence of impurities
can be used to indicate inadequate handling and storage or can
be used as a fingerprint for the raw material used for drug
production [4]. In this way, elemental profiling can be linked
to the synthesis route, the salting-out method, and the solvent
used in the extraction process [39].

Contamination by elemental impurities can arise from in-
tentional addition of the element in the production process,
such as catalysts. In some cases, elements cannot be complete-
ly removed from APIs after synthesis. Therefore, the contam-
ination can be predicted and the maximum tolerable amount
of these impurities should be considered [34]. In this way,
several articles have proposed atomic spectrometry techniques

to evaluate the content of residues of catalysts such as iridium,
osmium, palladium, platinum, rhodium, ruthenium, and tung-
sten in pharmaceuticals [13, 20–23, 40–44].

Other sources of contamination are related to the materials
used in equipment and all surfaces (generally metals) that are
in direct contact with the API or commercial product.
Corrosion, extraction/leaching, or delamination could result
if inadequate materials were used, leading to incorporation
of elemental impurities in the product [45–47]. This could
be the case for contamination by aluminum from glass [48],
zinc from plastic [49] and rubber [50, 51] materials, and alu-
minum, arsenic, and tungsten from glass syringe container-
closure systems [52].

In general, the raw material is often the most important
source of contamination, and some contaminants from starting
materials or reagents could be present in the final products. If
contamination was not detected in the quality control, some
side effects of pharmaceutical dosage forms may be related
not to the drug itself but to the effect of the contaminant.
Nonselective methods such as the heavy metals limit tests
are prone to this problem because of the lack of sensitivity
and specificity. An alarming example occurred in Brazil in
1999 related to meglumine antimoniate [53]. This drug, used
for the treatment of leishmaniasis, is composed of a pentava-
lent antimony injectable solution. As pentavalent antimony
reacts with sulfide ion, when the limit test for heavy metals
is used, an orange precipitate is formed, and visual compari-
son against a lead standard solution (black precipitate) is im-
possible. Thus, some batches of this drug were used in thera-
peutics with contamination levels of arsenic and lead as high
as 84 and 52 mg L-1 respectively, leading to several side ef-
fects and even deaths [53, 54]. Nowadays, the method for
determination of elemental impurities in meglumine
antimoniate has been changed in the Brazilian Pharmacopeia,
and it is done by atomic spectrometry techniques, such as
ICP-MS, to overcome the reported limitations [55].

Another source of elemental impurities could be related to
the use of unsuitable water purification systems. As water is
used in many process, from synthesis to the production of
pharmaceutical dosage forms, if problems related to water
quality are not detected, the product could contain some de-
gree of contamination that is sometimes difficult to detect.
Because of this, the determination of elemental impurities in
water is strongly recommended in all pharmacopeias.

Heavy metals limit test

The limit test for elemental determination is a very simple
procedure that can be performed with materials commonly
used in chemical laboratories. There is no need to be a highly
skilled analyst to conduct this procedure, and almost all labo-
ratories can perform it. Basically, the procedure consists of a
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previous sample preparation step (including solubilization),
pH adjustment to 3.5, and reaction with sulfide ion (from
thioacetamide, hydrogen sulfide, or sodium sulfide). A visual
comparison is done against a 10 or 20 mg L-1 lead standard
solution in Nessler tubes, according to Eq. 1 for monovalent,
trivalent, and pentavalent ions and according to Eq. 2 for di-
valent and tetravalent ions:

mMnþ þ nH2S aqð Þ↔MmSn sð Þ þ 2nHþ; ð1Þ
mMnþ þ 1=2nH2S aqð Þ↔MmSn=2 sð Þ þ nHþ: ð2Þ

To pass the test, the color produced by the sample must be
equal in intensity or less intense than the color produced by the
lead standard solution. As mentioned before, in spite of its
simplicity, this test has many limitations. The information is
semiquantitative and unspecific, because the final color is pro-
portional to the color (or intensity) sum of each sulfide, mak-
ing the test unable to distinguish which element is the main
contaminant. The sulfides of elements evaluated in this test
could have different solubilities, which is also a problemwhen
the comparison with the lead standard solution is performed
[56]. Moreover, a determination based on color comparison is
subject to systematic errors due to the dependency on the
visual acuity of the analyst and the ambient luminosity. In
addition, thioacetamide is a toxic and unstable reagent and
must be prepared daily. One aspect that must be considered

is that, in general, the pharmacopeias have no recommenda-
tion regarding cleaning of glassware, and the next sample to
be analyzed could show a false positive result if the same
glassware is used without proper decontamination [56].

Other important elements of toxicological concern cannot
be determined by the classical limit test (e.g., Cr, Ni, and V).
In addition, the determination of these elements is dependent
on the chemical form present in solution. Some elements (e.g.,
As, Hg, and Sn) could occur as organic species and others
could be found in different oxidation states that have a differ-
ent reaction profile with sulfide ion. The reaction of some
elements with sulfide ion as recommended in pharmacopeias
was evaluated and negative results were observed for silver,
arsenic, cadmium, mercury, and tin [57]. This should be not a
surprise in the case of arsenic and cadmium, because these
elements form yellow or orange sulfides that are less intense
than the black lead sulfide. Therefore, if these elements are
present as contaminants, the limit test cannot detect them and
a sample can be approved by the test even with high levels of
impurities. In this way, biased results were found for arsenic,
cadmium, and mercury (negative bias) and bismuth, copper,
and lead (positive bias), and ambiguous values were found for
molybdenum and antimony [56]. These results show the lim-
itations of the heavy metals limit test and reinforce the need of
its urgent substitution in official compendia by more reliable
methods, such as ICP-based methods.

Table 1 Classification of elemental impurities and the need for risk assessment considering the route of administration

Class Elements Characteristics Risk assessment

If intentionally
added (all routes)

If not intentionally added

Oral Parenteral Inhalation

1 As, Cd, Hg, and Pb Toxic elements that have limited or no
use in the manufacture of
pharmaceuticals; require risk
assessment across all potential
sources of elemental impurities and
routes of administration

Yes Yes Yes Yes

2A Co, Ni, and V High probability of occurrence in drug
product; require risk assessment
across all potential sources of
elemental impurities and routes of
administration

Yes Yes Yes Yes

2B Ag, Au, Ir, Os, Pd, Pt,
Rh, Ru, Se, and Tl

Reduced probability of occurrence
in drug product; excluded from
the risk assessment unless they are
intentionally added during the
manufacture of drug substances
and other components of the
drug product

Yes No No No

3 Ba, Cr, Cu, Li, Mo,
Sb, and Sn

Low toxicities by the oral route of
administration, but may require
consideration in the risk assessment
for inhalation and parenteral routes

Yes No Yes for Cu, Li, and
Sb; no for Ba, Cr,
Mo, and Sn

Yes

Adapted from [34]
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Analytical protocols described in pharmacopeias require a
wide range of equipment and analytical chemistry expertise.
In this sense, a complete monograph test often requires several
analytical methods. To perform even some basic monograph
tests, laboratories must have a wide range of instrumentation,
such as infrared spectrometers, liquid chromatographs, and
UV–vis spectrophotometers. However, the use of instrumen-
tation for the determination of elemental impurities is recom-
mended in pharmacopeias in only a few cases. Considering
this aspect, in this review, we evaluate analytical procedures
described in pharmacopeias and discuss in more detail the use
of ICP-based methods for determination of elemental impuri-
ties in pharmaceuticals because this can be seen as a trend in
this field.

Plasma-based spectrometric techniques

Plasma-based techniques are characterized by high tempera-
tures (from 6000 to 10,000 K), allowing the atomization and
ionization of most elements. The gas used for plasma genera-
tion for most ICP-based instruments is argon. Other gases
such as He or N2 can be used but they will be not covered in
this review nor will other alternative ways for plasma genera-
tion [58–60].

General features and overall comparison
between ICP-OES and ICP-MS

The multielemental capability of plasma-based instruments is
one of the main advantages of ICP-OES and ICP-MS, espe-
cially when compared with atomic absorption spectrometry
(AAS). The use of ICP-based methods for the determination
of elemental impurities in pharmaceuticals was less common
in the past but is increasing and it is expected that both AAS
methods and ICP-based methods will be the method of choice
in this field. As shown in Fig. 1, since 2010 the number of
articles reporting the use of ICP-based methods has surpassed
the number of articles reporting the use of AAS methods, and
it is expected that the difference between the frequency of the
use of these techniques will increase even more in the coming
years.

In addition to the distinctive features of ICP-based methods,
two important documents from the EuropeanMedicines Agency
[35] and the US Pharmacopoeial Convention [61], both pub-
lished in 2008, that refer to the evaluation of elemental impurities
certainly contributed to increasing interest in these techniques.
These documents indicated the importance of the establishment
of concentration limits for each element according to the way of
administration and permitted daily exposure, showing the chang-
es in official compendia. In this sense, ICP-based methods were
considered as a suitable alternative, taking into account the high
number of elements to be determined [61], and new general

chapters for the determination of elemental impurities in APIs
were added in 2010 to the United States Pharmacopeia [62]
and the Brazilian Pharmacopeia [36] and in 2012 to the
European Pharmacopoeia [63]. In these pharmacopeias, the
use of atomic spectrometry techniques, including ICP-OES and
ICP-MS, is recommended. Therefore, interest in the determina-
tion of elemental impurities by ICP-based methods should in-
crease even more, taking into account the need for implementa-
tion of these methods by the pharmaceutical industry.

An important feature of ICP-basedmethods is the relatively
low limit of detection (LOD), which typically reaches micro-
grams per liter for ICP-OES and nanograms per liter for ICP-
MS in conventional systems and the wide linear calibration
range extending up to about six to nine orders of magnitude
[64, 65]. In particular, some ICP-OES instruments allow the
possibility to perform the determination at wavelengths below
190 nm (vacuum UV region), because purged optical systems
or optical systems under vacuum allow the removal of inter-
ferences from air, which is an advantage, mainly in the deter-
mination of elements such as arsenic, selenium, phosphorus,
sulfur, and halogens. ICP-OES instruments are available with
sequential or simultaneous optical systems.

Powerful detection capability can be definitively achieved
by ICP-MS. The commonest ICP-MS instruments are those
with a quadrupole as a mass filter, but some characteristics
may change, depending on the manufacturer. The use of dou-
ble focusing sector field high-resolution ICP-MS instruments
[66] is also a possibility, but the high acquisition cost and the
high expertise for operation can limit their use. The instrumen-
tal variables include, among others, the number of cones
(generally two or three) in the interface between the plasma
and the mass spectrometer, the system for ion focusing, the
presence and type of reaction and/or collision cell (quadru-
pole, hexapole, or octapole), and the number of mass filters
[64, 65, 67, 68].
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Interferences in ICP-based techniques: analytical
challenges

Although plasma-based techniques have a significant number
of advantages as described earlier, the determination of ele-
mental impurities by ICP-OES and ICP-MS is affected by
spectral and nonspectral interferences. Because of this, they
can be considered less robust methods in contrast to others
(e.g., AAS with flame or graphite furnace atomizers). In gen-
eral, ICP-MS is significantly more prone to interferences than
ICP-OES. Spectral interferences are observed if other species
are detected at the same (or very close) wavelength or at the
same m/z ratio of the analyte(s) for ICP-OES and ICP-MS
instruments respectively. Nonspectral interferences can cause
suppression or enhancement of the signal and generally occur
if the sample composition is very different from that of ana-
lytical solutions, resulting in biased results. Therefore, the
major composition of pharmaceuticals, solvent type, dis-
solved salts, residual carbon, and acidity of digests should
be considered. As a consequence, the composition of pharma-
ceutical products should be evaluated before analysis to iden-
tify potential interferences. Most APIs are organic substances,
and several of them contain elements other than carbon and
hydrogen, such as chlorine, nitrogen, oxygen, and sulfur, in
their chemical structure. In addition, acidic and basic APIs are
generally presented as salts, which account for about half of all
commercialized drugs (Table 2). Almost 20 % of APIs are
hydrochlorides, and spectral interferences of chlorine in ICP-
MS determination of some elements can be expected [13]. In

this way, interferences in 51V+, 52Cr+, 53Cr+ and 75As+ deter-
mination have been reported for aqueous solutions containing
chlorine at 100 mg L-1 [13]. Parenteral and ophthalmic solu-
tions are generally prepared with sodium chloride to adjust
osmotic pressure and interferences from chlorine are also ex-
pected. Sulfur caused interferences in 65Cu+ determination
and phosphorus caused interferences in 63Cu+ and 65Cu+ de-
termination by ICP-MS [13]. Interferences were observed
also for no-salt-addition APIs that contain these elements in
their chemical structures (e.g., sulfonamides and thiazides), or
even for excipients used in pharmaceutical dosage forms (e.g.,
calcium phosphates) [13].

The API salts of alkaline and alkaline earth elements
(e.g., Na, K, Ca, and Mg) account for about 8 % of com-
mercial drugs (Table 2). Interferences due to the matrix of
these APIs could be troublesome in both ICP-OES and
ICP-MS analysis because of the high amount of easily
ionizable elements (EIEs) in these molecules. Some stud-
ies have shown the effect of elements with low ionization
potential in ICP-MS [70] and ICP-OES [71]. Considerable
signal suppression has been reported for ICP-MS, and the
intensity increases with the increase of the mass of the
concomitant element. This was related with the space–
charge effect, and evidence for a shift in the ion–atom
equilibrium was also reported [70]. The effects of con-
comitant elements from the matrix in ICP-OES have been
also studied, and the effects of EIEs and non-EIEs were
reported to affect all the steps, from introduction in the
plasma to the ionization/excitation of analytes [71].

The amount of carbon in solution is also an important pa-
rameter, because interferences could arise from solutions con-
taining a high content of dissolved carbon. In this case, the
effects can be different depending on the nature of the carbon
present in solution [72, 73]. The carbon source could be the
API, excipients, or even the residual carbon that was not
digested during sample preparation. Nonspectral and spectral
interferences could be observed in ICP-MS for solutions hav-
ing a high content of dissolved carbon, mainly from the for-
mation of polyatomic ions in the plasma, carbon deposition on
the interface of the instrument, and changes in the plasma
characteristics and ion distribution. These last changes occur
mainly due to charge transfer reactions between the analyte
and carbon-containing charged species [74]. Nonspectral in-
terferences due to carbon content in solution were reported for
arsenic determination by ICP-MS in parenteral solutions. An
increase of signal intensity when the carbon concentration was
higher than 750 mg L-1, as well as spectral interferences of
carbon on 52Cr+ (by 40Ar12C+) and 53Cr+ (by 40Ar13C+) were
reported [23]. In the same way, interferences were observed
for 52Cr+ and 53Cr+ during analysis of API digests with a
carbon concentration higher than 250 mg L-1, whereas for
60Ni+ problems were observed for solutions containing carbon
at a concentration of 2000mg L-1, but. In this case, the use of a

Table 2 Salt forms of acidic and basic drugs commercialized in Brazil

Salts of basic drugs Percentage Salts of acidic drugs Percentage

Acetate 2.9 Calcium 1.0

Bromide 1.0 Lysine 0.3

Fumarate 1.2 Magnesium 0.4

Hydrochloride 19.4 Potassium 0.6

Maleate 2.0 Sodium 5.9

Mesylate 1.4 Otherb 0.9

Phosphate 1.0 Total of acidic salts 9.1

Sulfate 2.6

Tartrate 1.0

Othera 9.3

Total of basic salts 41.8

Total of other substances (no salts) 49.1

Adapted from [69]. Active pharmaceutical ingredients used in pharma-
ceutical dosage forms for external use were not considered
a Benzoate, besylate, carbonate, chloride, citrate, estolate, hydrobromide
lactate, malate, mucate, nitrate, pamoate, propionate, stearate, succinate,
tosylate, and valerate
b Aluminum, lysine, meglumine, strontium, and thrometamine
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reaction cell reduced the extent of interferences (e.g., poly-
atomic interferences of 40Ar12C+ on 52Cr+, 40Ar13C+ on
53Cr+, and 12C16O16O16O+ on 60Ni+) [13]. According to the
experience of the authors, the efficiency of the digestion meth-
odmust be high enough to allow a carbon content in the digest
lower than 250 mg L-1. As will be discussed in the next sec-
tion, only some systems and conditions can allow this, at least
for a considerable amount of sample, necessary to reach the
required LODs. Thus, this aspect and the possible interfer-
ences that can impair the results can be considered a warning
when one is using ICP-based methods for the determination of
elemental impurities in pharmaceuticals.

The acidity of solutions used in both ICP-OES and
ICP-MS should also be controlled to avoid interferences
in sample introduction (e.g., aspiration rate, aerosol gen-
eration, and aerosol transport) and plasma characteristics
[75]. Spectral interferences could be present when some
acids are used, such as HCl (e.g., for As) and H2SO4 (e.g.,
for Cu) in ICP-MS measurements [76]. In some cases,
inorganic acids could be used for the direct dissolution
of APIs and for element extraction. However, the residual
acidity might not be suitable for further analysis. On the
other hand, similar problems can be caused by excessive
acid remaining in solution after digestion (residual acidi-
ty). The use of organic solvents is also prone to spectral
interferences, resulting in changes in sample introduction
and plasma characteristics [72, 77, 78] as well as the pre-
viously mentioned interferences caused by dissolved car-
bon. In spite of the possibility of dilution to avoid these
interferences, the low LOD commonly required in this
kind of analysis can be a limiting factor for procedures
using a high amount of acids or solvents.

Nowadays, one of the best option to reduce or elimi-
nate spectral interferences in ICP-MS (mainly polyatomic
ones) is the use of reaction and/or collision cells [79, 80].
Depending on the manufacturer, the name of this device
may change, but the effect/result is the same as: (1) addi-
tion of a reactive gas, which could eliminate the interfer-
ence by changing its m/z (e.g., NH3); (2) by reaction with
the analyte (e.g., O2) [81]; or (3) by bond breaking of the
polyatomic interference by collision with, for example,
helium [82], changing its m/z. In this sense, a dynamic
reaction cell with NH3 was used for the determination of
elemental impurities in APIs [13], drug tablets [42], and
parenteral solutions [23], avoiding polyatomic interfer-
ences for chromium, copper, manganese, and vanadium.
On the other hand, helium has been successfully used in
collision cells for palladium determination in APIs dis-
solved in organic solvents [41]. In spite of the possibility
of removing interferences with those technologies, we
stress the necessity of careful optimization of the condi-
tions to guarantee that the same effects are affecting stan-
dards and sample solutions.

Nonconventional uses of ICP-based methods

Depending on the sample preparation method, conven-
tional pneumatic nebulization, ultrasonic nebulization,
chemical vapor generation (CVG), and other methods
can be used. An interesting approach is the use of a mem-
brane desolvation unit that can be coupled to nebulization
systems for introduction of organic solvents into the ICP
instrument. This device was used in ICP-OES for a
Bdilute-and-shoot^ procedure for the determination of el-
emental impurities in APIs, with N,N-dimethylformamide
as a Buniversal^ organic diluent [22].

Flow injection systems were combined with ICP-MS to
achieve high sample throughput and low sample con-
sumption for the determination of elemental impurities
in APIs [66, 83]. CVG is other alternative for analyte
introduction in ICP-based instruments, allowing efficient
separation of the analyte from the matrix, which often
leads to a reduction of interferences and better LODs
[84]. As an example, the use of a CVG-ICP-MS system
was successfully applied for the determination of mercury
in pharmaceuticals [13, 23]. In this case, problems related
to memory effects were minimized and an improvement
of the LOD was achieved in comparison with the conven-
tional nebulization system.

On the other hand, when no sample preparation method
is performed, solid or semisolid samples can be intro-
duced into the plasma by use of laser ablation (LA) [85]
or electrothermal vaporization (ETV) [42, 86] systems.
LA is a powerful tool for screening of elemental impuri-
ties in pharmaceuticals (e.g., coupled with ICP-MS [85])
because practically no sample preparation is required and
analytical signals can be obtained fast [87]. However, in
some cases, it presents difficulties in calibration and rep-
resentativeness (only nanogram quantities of sample are
introduced into the plasma), making quantitative analysis
more difficult. However, some strategies have been pro-
posed to overcome these limitations in LA-ICP-MS, and
new improvements can be expected in the next few years
[87–89].

For the determination of elemental impurities in solid
pharmaceutical samples (by direct introduction of solid
samples or slurries), ETV was coupled with both ICP-
OES [86] and ICP-MS [42]. With use of this approach,
relatively higher sample masses (e.g., up to 2.5 mg) can
be used in comparison with LA-ICP-MS [86]. Another
advantage is the possibility of matrix removal by a pyrol-
ysis step before analyte vaporization, allowing calibration
with aqueous reference solutions. However, in some cases
an additional gas (e.g., Freon) [86] or chemical modifier
solution [42] may be required to improve the vaporization
of analytes. However, some elements cannot be deter-
mined because of losses in the pyrolysis step [86].
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Other techniques

The selection of an instrumental technique requires the eval-
uation of many parameters, including sensitivity, precision,
accuracy, time of analysis, and sample preparation require-
ments. Considering that there are several manufacturers, con-
figurations, and accessories for each instrument, a full com-
parison is difficult because of the high number of possibilities.
In spite of the increased use of ICP-based techniques, AAS is
still used for the determination of elemental impurities in phar-
maceuticals, as can be seen in Fig. 1. These techniques are
well established, and many applications have been described
in the literature for several pharmaceutical applications [11].
Suitable and quantitative determination of a number of ele-
ments can be achieved, even at trace levels. Therefore, we
briefly compare AAS and ICP-based methods.

Concerning the LOD, the analytical technique should allow
the determination of elemental impurities at a concentration
equivalent to or lower than the maximum limits recommended
in pharmacopeias. This could explain the limited use of a
flame as an atomizer in AAS in comparison with graphite
furnace AAS, which allows better LODs to be attained. The
LODs for ICP-OES are similar to those obtained by graphite
furnace AAS, whereas ICP-MS is by far the most sensitive
technique.

In general, samples in solution can be analyzed in less than
10 min for several elements by ICP-OES or ICP-MS, whereas
graphite furnace AAS allows the determination of one element
per sample in only 2 or 3 min, which should be an obvious
disadvantage if several elements must be determined.
However, the sample preparation step is not included in this
comparison, and in some cases the sample throughput could
be similar for all techniques. Analysis by ICP-MS is more
prone to interferences and requires an efficient sample prepa-
ration, which implies the use of specific and powerful equip-
ment for sample digestion (e.g., microwave-assisted digestion
in closed vessels). Consequently, the time spent for sample
preparation must be considered, and the sample throughput
is decreased. For ICP-OES, this problem is less severe and
for graphite furnace AAS it is almost negligible, because a
pyrolysis step is performed before atomization. Moreover,
nowadays there are accessories for conventional graphite fur-
nace AAS instruments that allow the direct analysis of ele-
ments in solid samples without sample preparation, with con-
sequent increase in sample throughput, and lower risks of
losses and contamination associated with the sample prepara-
tion step [19, 20, 90].

In spite of some limitations of graphite furnace AAS, al-
most all toxic elements can be determined with use of this
technique. On the other hand, the applicability of CVG in
AAS (mainly hydride generation and cold vapor AAS) is re-
stricted to a few elements that form volatile hydrides (or Hg in
cold vapor AAS), and its use for determination of elemental

impurities in pharmaceuticals reported in the literature is rela-
tively low [54, 91]. CVG of transition and noble metals with
subsequent determination by AAS has also been proposed
[92]. In this case, the analyte is volatilized, most often by
reaction with borohydride, in a similar way as for hydride
generation. In this way, new possibilities were created [93,
94] and could make CVG-AAS more attractive for the deter-
mination of some elemental impurities in pharmaceuticals.

Some alternative techniques for the determination of ele-
mental impurities can be found in the literature, such as total
reflectance X-ray fluorescence spectrometry. Solids and liq-
uids in inorganic and organic matrices (powders and liquids),
used in the manufacture of APIs and drug products, can be
analyzed by this technique with minimum sample preparation
and negligible matrix effects in most cases. However, most
applications of these technique for the pharmaceutical indus-
try have been reported as qualitative or semiquantitative
methods, but quantitative analysis of palladium and copper
[17, 18] and also zinc, iron, and nickel [16] in API samples
was performed by X-ray fluorescence spectrometry.
Precipitation with thioacetamide with subsequent filtration
was used for the improvement of LODs in for manganese,
iron, cobalt, copper, zinc, lead, mercury, and cadmium by
X-ray fluorescence spectrometry [15].

Electrochemical techniques, such as anodic stripping volt-
ammetry [95], have also been used for this purpose but are
extremely dependent on the degree of digestion (low residual
carbon content), limiting their applicability.

Sample preparation methods

As mentioned before, many sample preparation methods
described in pharmacopeias involve several steps, low
throughput, high risk of contamination or losses, and the
use of several reagents [5, 6]. Therefore, the development
of sample preparation strategies to overcome these draw-
backs in the determination of elemental impurities in
pharmaceuticals has been explored in the literature, focus-
ing mainly on three approaches: (1) direct dissolution in
aqueous or organic solvents or extraction; (2) wet diges-
tion; and (3) combustion (Fig. 2). Both wet digestion and
combustion have been performed in closed vessels under
microwave irradiation, which avoid the loss of volatile
elements and reduces the amount of reagents consumed
[5]. When no sample preparation is required, some strat-
egies have been developed by use of ETV and LA devices
coupled to ICP-OES or ICP-MS instruments. Considering
that each sample preparation method has advantages and
limitations, we briefly discuss the strategies most used on
the basis of the applications reported in the literature
(Table 3).
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Dissolution in aqueous or organic solvents and extraction

In spite of the possibility of analysis of solid samples by use of
LA or ETV systems, most ICP-basedmethods are (and at least
in the next few years will continue to be) based on the analysis
of solutions.

The conventional and most efficient approach for sample
preparation before element determination is matrix digestion
(discussed in detail in BWet digestion^ and BCombustion^),
aiming at the degradation of organic compounds and minimiz-
ing spectral interferences. Although dissolution in aqueous or
organic solvents can be performed as a simple, fast, and prac-
tical way of sample preparation, careful optimization and eval-
uation of potential interferences needs to be performed before
the analysis.

Dissolution in aqueous medium is generally performed
with dilute acidic solutions (e.g., dilute HCl or HNO3 solu-
tions), but the sample mass is limited to a few milligrams
(from 10 to 100 mg) mainly to minimize interferences caused
by its carbon content. This limitation of sample mass impairs
better LODs, but reduces the organic content introduced into
the plasma. Another alternative to introduce small sample
amounts and consequently lower the carbon content is the
use of flow injection systems for acquisition of transient in-
stead of continuous signals [66, 83]. When compared with
digestion methods, dissolution in aqueous solution has the
advantage of avoiding drawbacks for some elements such as
osmium, which can be lost even when closed vessels are used
in digestion systems [66]. However, the main limitation of

methods using dissolution in aqueous solution is the low sol-
ubility of many APIs [12].

In spite of some work showing the feasibility of the use of
solvent introduction in plasmas, this approach is still contro-
versial [106]. In the literature, some alternatives for introduc-
tion of organic solvents have been described, such as mem-
brane desolvation systems, additional oxygen flow mixed
with nebulization gas, and mathematical correction. As previ-
ously mentioned for aqueous solution, dissolution using or-
ganic solvents can also prevent losses by volatilization when
compared with sample digestion [41]. Diethylene glycol
monoethyl ether, N,N-dimethylformamide, and ethanol are
among the organic solvents reported for dissolution of APIs
[22, 41, 83]. In general, for those APIs that are not soluble in
aqueous solution (e.g., with dilute HCl and/or HNO3), the
dissolution in organic solvents can be considered a comple-
mentary approach. In spite of some disadvantages of dissolu-
tion in aqueous or organic solvents, some interesting advan-
tages, taking into account their application for routine analy-
sis, can be highlighted, such as the reduction of the analysis
time, the possibility of automation, and reduced sample han-
dling and blank values [22, 41, 66, 83].

Extraction methods can be considered as an alternative
because generally elemental impurities are not present in the
molecular structure of APIs. They can be incorporated during
the synthesis and are probably not chemically bonded to APIs.
However, there are a few articles reporting the use of extrac-
tion methods such as cloud point extraction (CPE) [43] and
ultrasound-assisted extraction [98]. Conventional CPE
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Fig. 2 Summary of strategies
used for determination of the total
amount of elemental impurities in
pharmaceuticals by inductively
coupled plasma (ICP)-based
methods published in the
literature. ETV electrothermal
vaporization, LA laser ablation,
MS mass spectrometry, OES
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Table 3 Selected references from the literature (2005–2015) regarding the determination of elemental impurities in pharmaceuticals by inductively
coupled plasma (ICP)-based methods

Samples Elements Sample preparation details Quantification
techniques

Reference

Acetylsalicylic acid
and L-serine

As, Cd, Cr, Cu, Fe, Hg, Ir,
Mn, Mo, Ni, Os, Pb, Pd,
Pt, Rh, Ru, V, and Zn

Dissolution in aqueous solution, 100 mg+ 10 g of 1 %
HNO3/0.15 % HCl (v/v) solution

Microwave-assisted digestion in closed vessel, 100 mg+
3 mL HNO3, 25 min (maximum 600 W), temperature
up to 160 °C, maximum pressure 25 bar. Hg and Os
were stabilized after digestion with HCl and thiourea
solution respectively

FI-ICP-MS, FI-
ICP-
SFMS

[66]

Acetylsalicylic acid tablets As, Cd, Cr, Cu, Hg, Ir, Mn,
Mo, Ni, Os, Pb, Pd, Pt,
Rh, Ru, and V

Microwave-induced combustion, 400–700 mg+ 5 mL
of 20 % (v/v) HNO3 + 20 bar O2; 5 min

ICP-MS [96]

Antibiotic tablets Ag, Al, As, Ba, Be, Bi, Ca,
Cd, Co, Cr, Cu, Fe, Ga,
In, Mg, Mn, Ni, Pd, Pb,
Se, and Zn

Digestion in closed vessel using conventional heating,
100–300 mg+ 5 mL HNO3 + 1 mL H2O2, 130 °C for
2 h

Solid sampling (slurries), 2.5 % (m/v) slurries prepared
with 0.5 mol L−1 HNO3and 0.5 % Triton X-100

ICP-OES [97]

Antihypertensive tablets Cd, Cr, Mo, Pb, Pd, and Pt 1. Solid sampling (slurries), 0.1 g in 10 mL water +APDC
(1 %, m/v) and 8-HQ (0.025 %, m/v) + 5 min of
sonication

2. Microwave-assisted digestion in closed vessel,
200 mg+ 3 mL HNO3 + 1 mL HCl. Microwave
heating program: (a) 80 % power, 20-min ramp,
100 psi, hold 15 min; (b) 80 % power, 10-min ramp,
175 psi, hold 15 min; (c) 80 % power, 10-min ramp,
175 psi, hold 15 min. After cooling, 2 mL
H2SO4 + 1 mL HNO3 + 1 mL HCl and heating again

1. ETV-DRC-
ICP-MS

2. DRC-ICP-MS

[42]

Several APIs Ag, As, Bi, Cd, Cu, Hg,
Mo, Pb, Sb, and Sn

Ultrasound-assisted automated extraction, 100 mg+ 9 mL
of acidified DMSO (2:98 HCl–DMSO)

ICP-OES [98]

Arbidol Cd, Co, Cu,Mn, Ni, and Pb, 1. Solid sampling, 100 mg of pelletized sample
2. Microwave-assisted digestion in closed vessel,

100 mg+ 6 mL HNO3 + 2 mL H2O2, 125 °C for
30 min

1. LA-ICP-MS
2. ICP-MS

[85]

Capsules (empty) Cr 400 mg+ 1 mL HNO3 + 3 mL H2O2 + 5 min vortex ICP-OES [99]
Carbamazepine,

amitriptyline
hydrochloride, and
imipramine
hydrochloride

As, Cd, Hg, and Pb Microwave-induced combustion, 500 mg+ 6 mL of 7
mol L-1HNO3 + 20-bar O2, 5 min

ICP-MS [12]

Enalapril and ramipril
tablets

Pd, Pt, and Rh Microwave-assisted cloud point extraction, 40 mLTriton
X-100 0.5 % with 2-mercaptobenzothiazole, heating at
600 W until cloud point temperature (around 72 °C,
5 min), 1 min 0 W, 5-min cycles of continuous
irradiation followed by 1 min of cooling at 360 W. The
surfactant-rich phase was dissolved in 1 mol L-1 HCl

ICP-MS [43]

Fingolimod Cu, Fe, Ni, Pb, Pd, and Zn Wet digestion using a ultra-high-pressure chamber
assisted by microwave irradiation, 200 mg+
4 mLHNO3 + 0.2 mL HClO4, 250–260 °C
for at least 45 min

ICP-OES [100]

Isosulfan blue Cd, Cu, Cr, Pb, and Sn UV photolysis assisted digestion, 75 mg+ 3 mL HNO3for
10 min + 200 μL H2O2+ 2 mL water +UV irradiation
at 85 ± 5 °C for 1 h (with addition of 0.1 mL H2O2 +
1 mL HNO3during digestion)

ICP-MS [101]

Levetiracetam Ag, Au, As, Bi, Cd,
Cr, Cu, Fe,
Hg, Ir, Mn, Mo, Ni, Os,
Pb, Pd, Pt, Rh, Ru, Sb,
Sn, V, and Zn

Microwave-assisted digestion in closed vessel, 1000
mg+ 15 mL HNO3 + 2 mL H2O2 predigestion,
reduction of volume to 5 mL, ramp of about 10 °C
and hold at 250 °C for 10 min

ICP-OES [56]

Levodopa, primaquine
diphosphate, propranolol

1. Cd, Ir, Mn, Mo, Ni, Os,
Pb, Pd, Pt, Rh, Ru

1. ICP-MS
2. DRC-ICP-MS

[13]

J.S. Barin et al.



consists in the use of a mixture containing surfactant and li-
gand, where the analytes are moved to the surfactant-rich
phase. CPE is generally applied for extraction and
preconcentration of elements from liquid samples, but for sol-
id matrices a microwave-assisted approach can be useful to
accelerate extraction and/or increase the extraction efficiency.
The simplicity and suitable throughput are among the advan-
tages of microwave-assisted extraction combined with CPE
compared with conventional solid–liquid extraction.
Although the combination of microwave-assisted extraction

and CPE is useful, it is necessary to use a selective ligand to
ensure quantitative recoveries [43].

On the other hand, ultrasound-assisted extraction can
be used for liquid or solid samples. Especially for solids,
the high turbulence and cavitation result in the erosion of
solid material (by the action of microjets formed during
cavitation) and consequently this increases the transfer of
analytes to the liquid phase. In spite of the suitable effi-
ciency of ultrasound-assisted extraction methods, careful
optimization of the operational parameters of the

Table 3 (continued)

Samples Elements Sample preparation details Quantification
techniques

Reference

hydrochloride, and
sulfamethoxazole

2. Cr and Cu
3. As and Hg

Microwave-assisted digestion in a single reaction
chamber, 10-min ramp and hold at 270 °C for 20 min,
pressure up to 199 bar

(a) 500 mg+ 6 mL HNO3 for As, Cd, Cr, Cu, Hg, Mo,
Ni, Pb, and V determination

(b) 250 mg+ 4.5 mL HNO3+ 1.5 mL HCl for Ir, Os, Pd,
Pt, Rh, and Ru determination

3. FI-CVG-ICP-
MS

Lu tablets As, Cd, Cu, Cr, Fe, Hg, It,
Mn, Mo, Ni, Os, Pb, Pd,
Pt, Rh, Ru, V, and Zn

Microwave-assisted digestion in closed vessel, 450 mg+
12 mL of freshly prepared acid mixture (HNO3 +HCl,
3:1), 30-min ramp to 220 °C, 40 min at 220 °C

ICP-OES [102]

Microcrystalline cellulose Os Wet digestion using an ultra-high-pressure chamber
assisted by microwave irradiation or a high-pressure
asher, 100 mg+ 3 mL HNO3, 280 °C for 30 min. A
solution of acetic acid (0.5 %) containing thiourea
(0.01 mol L-1) and ascorbic acid (0.1 g L-1) was used
after digestion for the analyte stabilization

ICP-MS [103]

Parenteral solutions 1. As, Cd, Mo, and Pb
2. Cr, Mn, Ni, and V
3. Hg

Dilution in aqueous solution, 5 % HNO3 1. ICP-MS
2. DRC-ICP-MS
3. FI-CVG-ICP-

MS

[23]

Several APIs As, Cd, Cr, Cu, Mn, Mo,
Ni, Pb, Pd, Pt, Rh, Ru,
and V

1. Direct solid sampling, 2.5 mg+Freon (modifier)
2. Microwave-induced combustion, 125 mg+ 6 mL

HNO3+ 20-bar O2; 5 min

1. ETV-ICP OES
2. ICP-MS

[86]

Several APIs Pd Dissolution in organic solvents, 20–500 mg+ 20 g
diethylene glycol monoethyl ether + 200 mg
thioacetamide

ICP-MS [41]

Several APIs Al, Co, Cr, Cu, Fe, Mn,
Mo, Ni, Pd, Pt, Rh, Ru,
W, Zn, and Zr

Dissolution in organic solvents,10 mg+ 5 mL of 2 %
EDTA solution prepared in N,N-dimethylformamide

ICP-OES [22]

Several APIs Cr, Pd, and Rh Dissolution in ethanol and the use of solid adsorbents for
screening test

FI-ICP-MS [83]

Several APIs Ru Dissolution in aqueous solution ,10 mg (solid API) or
100 μL (liquid API or solution) dissolved in up to
10 mL with 80 % HNO3

ICP-MS [44]

Several APIs and finished
products (tablets)

1. Cd, Co, Ir, Mn, Mo, Ni,
Os, Pb, Pd, Pt, Ru, Rh,
Sn, Sb, and V

2. Cu, Fe, and Zn

Microwave-assisted digestion in closed vessel,
400 mg+ 2 mL water + 4 mL of HNO3 plus HCl
(1:1); temperature program of 85 °C (8 min), ramp to
130 °C (5 min), ramp to 200 °C (5 min), and hold at
200 °C for 30 min

1. ICP-MS
2. ICP-OES

[104]

Several API tablets Al, B, Cr, Cu, Fe, Mg,
Mn, Pb, Ti, and Zn

Digestion in closed vessel using conventional heating,
100–300 mg+ 5 mL HNO3 + 1 mL H2O2, 130 °C for
2 h

ICP OES [105]

APDC ammonium pyrrolidine dithiocarbamate, API active pharmaceutical ingredient, CVG chemical vapor generation,DMSO dimethyl sulfoxideDRC
dynamic reaction cell, ETV electrothermal vaporization, FI flow injection, 8-HQ 8-hydroxyquinoline, LA laser ablation, MS mass spectrometry, OES
optical emission spectrometry, SFMS sector field mass spectrometry
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ultrasound instrument (e.g., power, frequency, amplitude,
temperature, and solvent) and evaluation of the way to
apply the ultrasound energy (using bath or probe systems)
are required [98, 107].

Wet digestion

The treatment of a material with oxidant reagents convention-
ally heated or by means of microwave radiation is the
commonest approach for matrix digestion to obtain a solution
containing analytes and components from the matrix partially
or completely oxidized. This approach is known as Bwet
digestion^ and has been applied for almost all matrices [5,
6]. Wet digestion of organic matrices is done mainly with
oxidizing acids, nitric acid being the most commonly used
because of its suitable oxidizing power, the possibility of
obtaining it at high purity or of purifying it by subboiling
distillation, and also because several elements will be in solu-
tion as soluble nitrates. Mixtures of HNO3 with HCl, HF,
HClO4, H3PO4, and H2SO4 are also used, depending on the
matrix, analytes, and/or digestion system [108, 109].

Although wet digestion can be performed in open or closed
systems, closed vessels are preferred for pharmaceutical prod-
ucts and related matrices. Many APIs or related products are
very hard to digest even under extreme temperature and pres-
sure conditions [14, 102, 110]. The use of closed vessels is
considered advantageous because it is possible to use a higher
digestion temperature without dryness of acid or analyte
losses. Therefore, the degradation of organic compounds is
possible, contributing to better digestion efficiency [110]. In
addition, the use of closed vessels minimizes the risk of losses
and contamination. It is important to consider that in closed
vessels sample masses are generally limited to approximately
500 mg in contrast to open vessels, which allow sample
masses higher than 1 g [108, 109]. This is probably explained
by the chemical resistance of some related substances that
usually require temperatures higher than 200 °C, which are
easily reached in closed systems. In this sense, wet digestion
in closed polytetrafluoroethylene vessels was used for antibi-
otics [97] and several APIs [105] with use of HNO3 and H2O2

for digestion and further determination of elemental impurities
by ICP-MS and ICP-OES respectively. The sample mass in
both cases ranged from 100 to 300 mg, which can sometimes
be not enough to reach suitable LODs depending on the ma-
terial and the determination technique. High efficiency of di-
gestion using conventional heating and closed vessels can be
performed with a high-pressure asher system, which allows
temperature above 300 °C [103, 108]. The suitability of this
system was demonstrated for microcrystalline cellulose for
trace determination of osmium by ICP-MS [103].

The use of microwave irradiation instead of conventional
heating contributed to widespread use of wet digestion by
many laboratories. Many attempts using microwave-assisted

wet digestion for pharmaceutical products and related matri-
ces have been made to improve the methods for detection of
elemental impurities and to obtain digests suitable for analysis
by ICP-based methods. Microwave-assisted wet digestion can
also be performed in open and closed vessels but the use of a
focused-microwave radiation system has not been reported for
pharmaceuticals (probably because usually temperatures close
to the boiling temperature of HNO3 are reached, even when
cold-finger or similar devices are used, thus limiting the di-
gestion efficiency). Microwave-assisted wet digestion in
closed vessels has been considered the Bstate of the art^ in
sample preparation of organic matrices because it combines
high digestion efficiency and faster heating in contrast with
the methods using conventional heating. Many applications
for pharmaceutical products and related matrices have been
developed in recent years aimed for the development of sam-
ple preparation methods capable of producing digests almost
free from interferences for analysis by both ICP-OES and
ICP-MS [11, 56, 66, 102, 104]. In addition, this method has
been used to obtain reference values by some authors [42, 85]
when developing alternative methods. Commercial systems
are available from many manufacturers, with several types
of vessels (quartz, polytetrafluoroethylene, and other inert ma-
terials) allowing digestion at temperatures ranging from 200 to
280 °C and pressure up to 80 bar [108, 109]. In recent years,
ultra-high-pressure systems were developed, allowing diges-
tion at elevated pressures (higher than 100 bar) and some of
them are suitable for digestion of APIs and for the determina-
tion of elemental impurities by ICP-MS [13] and for the drug
fingolimod for further determination of elemental impurities
by ICP OES [100].

The choice of the composition of the digestion solution has
been the focus of much work devoted to optimization of the
conditions for wet digestion. The digestion mixture plays an
important role in the destruction of the compounds in the
matrix but it must ensure the analytes are soluble and are
retained in solution in a stable form for analysis. This aspect
has been critical in the optimization of methods for elemental
impurities, mainly for mercury, iridium, osmium, palladium,
platinum, rhodium, and ruthenium [13, 21] and some reports
have demonstrated the use of aqua regia for digestion as an
alternative for those analytes [13, 21]. It was shown that os-
mium was unstable after 6 h in nitric acid digests [103]. In
particular for osmium, solutions stabilized in 0.009 mmol L-1

KBrO3 plus 1 % HCl [21] and thiourea (0.01 mol L-1 in
0.1 g L-1 ascorbic acid) as a complexing agent [66, 103] have
been used. In the case of mercury, the use of HCl in the com-
position of the acidic mixture (about 5 % v/v) was suitable for
complete recoveries and stabilization [66] as well as to avoid
memory effects in a nebulization system in plasma-based
techniques. The use of a solution containing gold was demon-
strated to be feasible for this purpose [102]. In our experience,
the determination of these elements (Hg, Os, and Pt-group
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elements) in digests is not easy and careful optimization must
be performed to evaluate the accuracy of the method.
Attention must be paid to these elements even in some already
published protocols because unsuitable results are not always
reported (this fact was not investigated in some reports) and
common mixtures are based just on HNO3 or HNO3 with
H2O2. A summary of protocols using wet digestion (with con-
ventional heating or microwave radiation) is given in Table 3,
with details regarding sample mass, digestion mixtures, and
the heating/irradiation program.

Combustion

As most APIs are organic substances, combustion methods
can be very convenient for sample digestion, taking into ac-
count that they practically allows complete destruction of the
matrix, reducing the carbon effects in ICP-based analyses
[62]. The conversion of organic compounds by combustion
results in the formation mainly of CO2 and H2O as reaction
products, as well as inorganic residue (ash), which is generally
solubilized by diluted reagents before analysis [5]. Moreover,
as oxygen is usually the only necessary oxidant reagent, the
interferences related to the use of concentrated acids can be
significantly reduced [76].

In a general way, combustionmethods can be considered as
relatively simple and fast depending on the instrumentation
used. In this sense, dry ashing can be highlighted as a simple
method used for preparation of high sample masses (up to
10 g) of organic samples, because it does not require vessels
specially designed for working under high-pressure condi-
tions. However, although this procedure is still in use, many
problems have been reported, especially because of the risks
of analyte loss and contamination [5, 111].

Combustionmethods performed in open vessels have some
advantages related to sample mass and safety. However,
closed vessels have been preferentially used for sample prep-
aration and further ICP-based analysis. The most used com-
bustion methods performed in closed vessels involve diges-
tion using a Schöniger flask [111–113], combustion bombs
[111], and microwave-induced combustion (MIC) systems
[96, 114–118].

Despite the wide use of a Schöniger flask and combustion
bombs for sample preparation of organic samples, these sys-
tems were not applied for digestion of APIs and further ICP-
MS and ICP-OES analyses [111]. On the other hand, MICwas
recently successfully used for digestion of APIs [13], tricyclic
APIs [12, 86], and aspirin [96] for subsequent determination
of elemental impurities by ICP-MS (Table 3). Especially for
tricyclic APIs, MIC has been highlighted as suitable, because
conventional wet digestion using concentrated HNO3 de-
creases the reactivity of aromatic rings, making the sample
digestion difficult [12].

MIC has some advantages over previous combustion sys-
tems such as the possibility of applying a reflux step immedi-
ately after the sample combustion, without any intervention by
the analyst or instrument modification. Moreover, with this
system it is possible to use an oxygen pressure as high as
25 bar to digest relatively high sample masses (125–700 mg)
of pharmaceutical products. The use of MIC allows relatively
high sample throughput (in general up to eight simultaneous
combustions can be performed) and operational safety when
compared with classic closed combustion systems [111].

Another important advantage is the possibility of using
dilute solutions to retain efficiently the elements released from
the sample during combustion. This approach prevents possi-
ble incompatibility of digests with ICP-based techniques as
previously discussed in this review. Moreover, this system
also allows the retention of halogens in a suitable solution,
avoiding losses by volatilization, which is a drawback com-
monly reported for conventional digestion methods with con-
centrated acids or even a combustion method in open vessels
[119]. In this sense, bromine and iodine were determined in
APIs by ICP-MS after sample digestion byMIC and a suitable
alkaline solution was used for analyte absorption. It was
highlighted that this solution was very convenient for further
ICP-MS determination, taking into account that problems re-
lated to memory effects were avoided, especially for iodine
[120].

Despite the advantages related to the use of the MIC meth-
od, there are relatively few reports of work using MIC for
digestion of pharmaceutical products and related matrices
for further elemental determination by ICP-based techniques
[13]. However, in our experience, MIC seems to be an alter-
native method that can be expected to be applied for digestion
of APIs with advantages over other methods. In this regard, it
is important to highlight that this method was recently pro-
posed in the Brazilian Pharmacopeia as an alternative for
sample preparation of APIs and related compounds [36].

Speciation analysis

Considering that many chemical species have different toxic-
ities, information about the species of an element could be
critical to evaluate the degree of contamination of a pharma-
ceutical product and mainly the consequences of contamina-
tion. Nevertheless, there are a few reports dealing with speci-
ation analysis of elements in pharmaceutical products. Atomic
spectrometry has brought an important contribution to the
determination of elemental impurities in pharmaceuticals
and related matrices, but the determination of the total con-
centration of elements has been the focus in most cases [14].
In particular, ICP-based methods have been used for the anal-
ysis of pharmaceuticals, partially due to the limitations of
classical methods and also to improve the accuracy and
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selectivity. Many ICP-based methods have been used for this
purpose, but almost all the methods are devoted to total ele-
ment concentration [14]. As ICP is a Bhard^ ionization source,
no information regarding the chemical form of analytes can be
obtained if conventional nebulization or direct sample intro-
duction systems are used. Nevertheless, these techniques have
a sensitivity independent of the chemical form and when
coupled with use of a separation system—for example, liquid
chromatography (LC), gas chromatography, or capillary elec-
trophoresis—can provide information about the species [121].
These are known as Bhyphenated^ techniques and have been
used in many fields for speciation purposes because analytes
are separated according to their chemical forms before ICP-
based analysis [122–127]. Selective sample introduction using
CVG is another approach that has been used for speciation
analysis, and many methods using CVG-AAS can be found in
the literature for the speciation of arsenic [91, 128] and anti-
mony [128–130] in drugs as well as methods using hydride
generation coupled with infrared spectroscopy [131] and spec-
trophotometry [132, 133]. Speciation analysis of selenium has
also been reported in the literature for supplements and dietary
products [134–136].

Many drawbacks make speciation analysis a complex task.
Most protocols require several analytical steps, which may
include extraction, derivatization, preconcentration, cleanup,
separation, and final detection. All these steps can be prone to
drawbacks depending on the analyte species (and its concen-
tration) and the sample matrix. Obviously, sample preparation
methods for speciation analysis must consider that stability of
species through the entire analytical process [123, 124, 137,
138]. However, the concentration of elemental impurities can
be low, resulting in an additional difficulty for speciation anal-
ysis. In this regard, soft sample preparation methods, such as
extraction using water or very dilute solutions, under mild
temperature conditions and short times are recommended to
minimize species conversion. Concerning the sample matrix,
pharmaceuticals are commonly organic matrices and some-
times hard to digest, requiring extreme conditions (which are
not recommended for speciation) to obtain analytes into a
suitable solution. Thus, careful optimization of the method
conditions to avoid conversion, losses, or precipitation is
required.

In pharmacopeias, no official methods are available for
speciation purposes, but some recent efforts have been
made in this field. Recently, a procedure for arsenic and
mercury speciation in medicinal plants was introduced in
the United States Pharmacopeia, and limits were
established on the basis of the chemical species of the
analyte [139]. Following this trend, it is possible to ob-
serve an increasing number of publications dedicated to
the development of methods for speciation analysis in
medicinal plants [140–145]. However, medicinal plants
will be not covered in this review.

The speciation of antimony in meglumine antimoniate has
been of concern in many reports, and some alternative ap-
proaches using ICP-based methods can be found in the liter-
ature [146–148]. In this sense, the determination of Sb(III) and
Sb(V) was performed in injectable drugs by ICP-OES after
separation of antimony ions in a Dowex resin [146]. The sam-
ple was solubilized (1:1000) in dilute HCl solution (1.5 mol L-
1), which was used to obtain Sb(III) and Sb(V) from
organoantimonial compounds, without causing species con-
version [146]. In other work, Sb(III) was determined by
CVG-ICP-OES, with citric acid and NaBH4 for selective gen-
eration of SbH3. With this approach, the LOD was about
0.02 μg L-1 [147]. The use of hydride generation allows a
low LOD to be obtained when compared with that obtained
by use of ICP-OES and Dowex resin for separation of anti-
mony species (LOD of 32 μg L-1) [147]. Another report pro-
posed the use of HCl solutions (5 mol L-1) for sample dilution
in deaerated conditions to minimize species conversion for
antimony speciation by LC–ICP-MS [148]. In this case, the
LOD for LC–ICP-MS was 0.1 μg L-1 [148].

Hyphenated ICP-based methods have also been used for
the determination of metal-based drugs. In these cases, the
particular suitability of ICP-MS and ICP-OES to detect metals
combined with the hard plasma conditions to destroy the or-
ganic structure of pharmaceuticals is being explored with a
separation technique before ICP-based determination. As a
species-unspecific response is expected, the quantitative de-
termination of a metal can be performed and it can be corre-
lated with the metal-based drug. The same approach can be
applied for the determination of metabolites or for potential
metal-based impurities. It can be performed without use of
standards for each molecule, as required for LC with UV
detection and LC–MS, the methods most commonly used
for pharmaceuticals [2, 26]. It has been demonstrated that this
strategy resulted in better LODs and the best performance for
gadolinium complexes (Gadodiamide®) as well as for iodine-
or phosphorus-based drugs in comparison with the use of LC
with UV detection and LC–MS [149]. A more detailed dis-
cussion about the use of ICP-based methods for speciation
analysis of metal-based drugs can be found in a recent article
[121].

Trends and challenges for the determination
of elemental impurities

The determination of elemental impurities in pharmaceuticals
is a challenging task, and the development of a universal
method is difficult because of the particularities to be consid-
ered. APIs have a wide range of physical and chemical prop-
erties, as well as human and environmental toxicological im-
pacts, which lead to the development of different approaches
to fulfill these particularities. In this regard, the analytical
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performance (e.g., accuracy, precision) of methods is not the
only parameter to be considered. Routine applications often
consider the sample throughput, the ease of use (related to the
number and complexity of analytical operations), and costs.
Automation could be also an important feature in such cases.
Occupational safety and health is another important feature of
analytical methods, and the use of toxic substances and dan-
gerous operations has been discouraged. In the same way, the
environmental impact is also an important feature, and the use
of methods that follow green analytical chemistry is manda-
tory. Therefore, a brief discussion of specific points related to
sample preparation and determination of elemental impurities
by ICP-basedmethods was provided to show, at least partially,
the complexity of such a task.

Because half of APIs are salts and have reasonable
solubility in aqueous solvents, direct dissolution is an
easy sample preparation alternative. However, the amount
of API dissolved and its composition should be carefully
considered to avoid interferences in ICP-based analysis.
Despite ICP-OES instruments apparently being more ro-
bust and less prone to interferences, their use is restricted
by their relatively low sensitivity when compared with
ICP-MS instruments. The same logic for salts is valid
for nonsalts and aqueous-insoluble substances, which de-
spite the possibility of being dissolved in organic sol-
vents, are prone to the similar limitations. In those cases,
additional problems of handling with high vapor pressure
and sometimes toxic organic solvents should be consid-
ered. In this sense, if a method that uses organic solvents
is established as a routine method, the human and envi-
ronmental health consequences as well as the energy de-
mands associated with the reuse or disposal of such
chemicals should be highlighted. Another important as-
pect to be considered in direct dissolution of APIs is the
effect of these solutions on both human and environmen-
tal health, and some substances are active even at low
concentration. Thus, the handling of such solutions during
ICP-based analysis could be critical to ensure the safety of
analysts. Therefore, occupational health and safety should
be included when one is designing and implementing an-
alytical methods for the determination of elemental impu-
rities in pharmaceuticals.

With regard to the protocols using a previous digestion
method, those safety concerns related to occupational health
are minimized because the APIs are oxidized mainly to CO2

and water. The concentrated acids used for digestion should be
handled with care because of their high vapor pressure and/or
corrosive properties. On the other hand, these problems are
minimized when digests are diluted in water. Moreover, the
use of dilute acids for digestion is an option and could be
considered as an alternative to improve occupational health
and safety. However, some APIs (e.g., tricyclic drugs) are
extremely difficult to digest even with the use of high-

pressure systems and concentrated acids, and in most cases
digestion is still considered a challenge. In addition to wet
digestion with oxidizing reagents, combustion methods (e.g.,
MIC) are a suitable alternative in such cases. Dilute solutions
are often used in MIC as absorbing solutions because the
destruction of the organic matrix is performed by the action
of oxygen during the combustion process. Therefore, consid-
ering the advantages recently presented by MIC, it can be
considered a trend in sample preparation for pharmaceutical
products. However, even when closed systems are used, some
elements can be lost during or after digestion (e.g., Os) and
careful evaluation of the digestion procedure is recommended.

Extraction could be used as a mild sample preparation al-
ternatively to digestion, with use of dilute reagents and rela-
tively lower temperatures. However, in spite of the green ap-
peal of such methods, their use is limited by the incomplete
leaching of analytes and nondestruction of the matrix, which
can result in interferences. As mentioned before, there are
several sources of contamination by elemental impurities,
and depending on the processing conditions used for synthesis
of APIs, many chemical forms of contaminant species can
remain in the matrix. In this way, the physical and chemical
properties of elemental impurities can be different, and de-
pending on the extraction conditions, incomplete analyte ex-
traction could be achieved. This is not a problem for APIs
always synthesized in the same way, but it should be consid-
ered for quality control of APIs provided by different
manufacturers.

Solid sampling (e.g., using ETVor LA) is an alternative to
avoid sample preparation and to perform direct analysis by
both ICP-OES and ICP-MS. This is a suitable solution for
hard-to-digest APIs, and it could avoid the excessive handling
of a high amount of toxic substances in the laboratory.
Moreover, for high-cost raw material or drugs that are in de-
velopment, this could be an alternative to evaluate elemental
impurities without the use of huge amounts of materials.
However, the homogeneity of materials is critical, and prob-
lems in calibration should be considered.

Speciation analysis has been used mainly for determi-
nation of impurities of APIs containing a metal or other
element (e.g., Gd, Pt, and Sb) as a way to find species
generated during synthesis, degradation products, or even
metabolites generated in vivo. However, considering the
risk-based approach for establishment of impurities limits,
the use of speciation analysis can be increased to ensure
the safety of drugs. This is especially important if con-
tamination is identified by means of the total content of an
element, because depending on the species detected, no
risks could be stated even if the total concentration of
contaminant is above the maximum limit recommended
in pharmacopeias. However, there are only a few analyt-
ical protocols for this purpose, and there is a need to
develop methods in this regard.
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Conclusion

The determination of elemental impurities in pharmaceuticals
is a challenging task. ICP-based methods have gained wide-
spread use because of their unique features that make them
suitable for routine analysis. Several options for sample prep-
aration are available, including dissolution in water or organic
solvents, wet digestion, combustion in closed vessels and ex-
traction under microwave heating, leading to suitable LODs
for all elements of pharmaceutical concern. Spectral interfer-
ences in ICP-MS can be overcome by use of reaction or col-
lision cells. The determination of elements such as osmium
requires stabilization of analyte before their introduction in
ICP-based methods to achieve reliable results depending on
the selected sample preparation method. Both ICP-OES and
ICP-MS can be used for solid sampling using ETV or LA
devices with good performance for almost all elemental im-
purities. ICP-MS can also be coupled with separation tech-
niques allowing the speciation of impurities, which remains
a difficult analysis and requires more development.
Considering that thousands of drugs are available on the mar-
ket in different pharmaceutical dosage forms and excipients,
the development of analytical methods for determination of
elemental impurities will be an important research activity in
the next few years. The advantages of these methods over
conventional limit tests described in pharmacopeias are
changing the official methods, leading to the introduction of
these methods by manufacturers. In this regard, several strat-
egies for sample preparation and direct determination of ele-
ments should be developed, because the composition of phar-
maceuticals is diverse, leading to different solutions in each
case. However, in the attempt to develop new methods, the
lack of reference materials, the difficulty to develop a general
method that is accurate for all elemental impurities, and the
establishment of an official method are aspects contributing to
the analytical challenge.
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