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Abstract

The article is devoted to the problem of quality assurance of medicinal products, namely the determination of
elemental impurity concentration compared to permitted daily exposures for and the correct choice analytical
methods that are adequate to the formulated tasks. The paper goal is to compare characteristics of four analytical
methods recommended by the Pharmacopoeia of various countries to control the content of elemental impurities in
medicines, including medicinal plant raw materials and herbal medicines. Both advantages and disadvantages were
described for atomic absorption spectroscopy with various atomising techniques, as well as atomic emission
spectroscopy and mass spectrometry with inductively coupled plasma. The choice of the most rational analysis
method depends on a research task and is reasoned from the viewpoint of analytical objectives, possible
complications, performance attributes, and economic considerations. The methods of ICP-MS and GFAAS were
shown to provide the greatest potential for determining the low and ultra-low concentrations of chemical elements
in medicinal plants and herbal medicinal products. The other two methods, FAAS and ICP-AES, are limited to the
analysis of the main essential elements and the largest impurities. The ICP-MS is the most efficient method for
determining ultra-low concentrations. However, the interference of mass peaks is typical for ICP-MS. It is formed
not only by impurities but also by polyatomic ions with the participation of argon, as well as atoms of gases from the
air (C, N and 0) or matrices (O, N, H, P, S and Cl). Therefore, a correct sample preparation, which guarantees
minimisation of impurity contamination and loss of analytes becomes the most crucial stage of analytical
applications of ICP-MS. The detections limits for some chemical elements, which content is regulated in modern
Pharmacopoeia, were estimated for each method and analysis conditions of medicinal plant raw materials and
herbal medicinal products.

Keywords: elemental impurities; atomic absorption and emission spectroscopy; mass-spectrometry; inductively-coupled
plasma; detection limit; pharmacopoeia; medicinal herbs; herbal medicinal product

®APMAKOIIEMHI METO/JU AHAJII3Y EJIEMEHTIB Y JIIKAPCbKHUX 3ACOBAX:
INOPIBHAJIBHE JOC/IIAKEHHA

Tetsana M. [lepkay, Onbra I1. baysna
Kuiscvbkuli HayioHaabHull yHieepcumem mexHoso02ill ma dusality, 8ys1. Hemupoesuua-/lanuenka 2, Kuis, 01011, Ykpaina

AHoTaliga

CTaTTiO NPUCBSIYEHO BUPilIeHHIO NP06.JieM 3a6e3ne4YeHHs AKOCTI JiKapChbKHUX 3ac06iB, a caMe BU3HA4YeHHs BMIcCTy B
HHUX eJIeMeHTHHUX JOMIlllOK y NMOPiBHAHHI 3 IPaHUYHO JONYCTHMMMM JOGOBUMHU A03aMHU Ta BUGOPY aHATITUYHUX
MeTOJAiB, aJeKBaTHMX MOCTaBJeHUM 3ajadyaM. MeTol0 pOGOTH € INpPOBEJEeHHA MNOPiBHAJIBHOIO aHadi3y
XapaKTepUCTHK YOTHPbOX aHAJITUYHUX METOJiB, IO pPeKOMeHAyWwTbcAd PapmakonesMu pi3sHUX KpaiH Aasa
KOHTPOJII0 BMICTy eJIeMEeHTHHMX JOMIlIOK y JIiKapCbKHX 3ac006aX, y TOMY YMCJI JiKapcbKiid pOC/IMHHIN CHpPOBUHI Ta
JiKapcbKUX 3ac06aX POCIMHHOrO NMoXoJKeHHs. Bu3HayeHO sK mepeBary, Tak i HeJ0JIiKM aTOMHO-a6copoLiiHOI
CIIeKTPOCKOMii 3 pi3HUMM MeTOAaMM aToMi3aljii, a TAaK0K aTOMHO-eMiCiliHOiI cneKTpocKomii Ta Mac-cneKTpoMeTpii 3
IHAYKTUBHO-3B'A3aHOI0 IJIa3MOI0. BuGip HaliGiAbII JOLiJIBHOTO MeETOAY aHaidy 3aJjJeXUTb BiJ 3aBJaHHSA
AOCHiJ)KeHHSI Ta OGI'PDYHTOBYETbCA 3 TOYKHM 30py HNOCTaBJE€HUX aAHAJITUYHUX Lijeld, HasgBHUX YCK/IaJHEHb,
eKCIJIyaTaliiHUX BJIACTUBOCTENl Ta eKOHOMiIYHUX MipKyBaHb. [loka3zaHo, mo metoau I3I1-MC ta ETAAC HajawTh
HalGi/IbIi MOXX/JIMBOCTI I0A0 BU3HAYeHHS HU3BKHUX Ta yJbTpPa HU3BKUX KOHLEHTpPALii XIMIYHMX ejJleMeHTIB y
JiKapchbKiil pOC/IMHHINA CUPOBHHI Ta 3ac06aX POCJAUHHOIO NOXOJKEHHs, B TO! 4ac fAK ABa iHmux metoau, [IAAC Ta
I3I1-AEC, 06MeXKyHThCd BUSHAYEHHSIM OCHOBHMX KOMNOHEHTIB Ta Hal6i1bIKuX AOMilIOK. Mac-cnekTpoMeTpis 3 1311
€ Hal6inbm epeKTUBHUM METOAOM /JJisl BU3HAYEHHS YJbTPa HM3bKHMX KOHLEHTpauiil. Aje Jjs IbOro MeTOAY
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TUNOBOI € iHTepdepeHLiss MacoOBUX MiKiB, 0 YTBOPWIOTbLCS HE TLAbKHU AOMIllIKaMH, ajie TaKOX MOJIiaTOMHHMHU
ioHamu 3a yyacTio aproHy, a Takox aTomiB rasis i3 nositps (C, N, 0) a6o matpuui (O, N, H, P, S, Cl). Tomy a4 nboro
MeTOoJy Ay)Ke BaXKJIMBOK € KOPEeKTHAa NMpPo6OMmiAroTroBKa, CHPAMOBaHA Ha MiHiMi3awilo 3a6pyAHeHb a6o BTpaTH
aHaJiTiB. MexXi BU3Ha4YeHHA pAAY XiMiYHUX eJIeMEeHTiB, BMIiCT AKUX perjlaMeHTOBaHO B cydyacHMX Papmakonesnx,
OLliHEHO JJI1 KOXXHOro MeTOoAy JAJid YMOB aHaJji3y JiKapcbKoi pPOC/JIMHHOI CHPOBHMHI Ta JIiKapCcbKMX 3aco6iB
POCJIMHHOIO NOX0/KEHHH.

Karouosi ca06a: eneMeHTHI JOMILIKK; aTOMHO-a6cop6LiiiHa Ta eMiciiHa CIEKTPOCKOMis; Mac-CIeKTPOMeTpist; iHAYKTUBHO-
3B's13aHa I1IJ1a3Ma; Me)Xa BU3HaYeHHs; PpapMakoIes; JikapcbKa pOCIMHHA CHPOBUHA; JIIKapChKi 3aco6u

®APMAKOIIEVMHBIE METO/IbI AHAJTU3A 3JIEMEHTOB B JIEKAPCTBEHHBIX
CPEJACTBAX: CPABHUTEJIbHOE UCCJIEJOBAHUE

TaTtbsaHa M. [lepkay, Osbra I1. baysa
Kuesckuil HayuoHa/bHbIl yHUBepcumem mexHooz2ull u dusaiina, ya. Hemupoeuua-/lanuenko 2, Kues, 01011, YkpauHna

AHHOTanuga

CTaThs NOCBAILEHA pelIeHUI0 NPo6jeM o6ecniedyeHHs] Ka4yeCcTBa JIEeKaPpCTBEHHBIX CPEACTB, a MIMEHHO onpeJe/ieHus
coJepKaHMs B HUX 3JIEMEHTHBIX IpHMeceil B C)aBHEHUM C NIpee/IbHO JOMyCTUMbIMYU CYTOYHBIMH 103aMH M BbIGOpa
AHAJIUTHYECKMX METOJAOB, aJeKBaTHbIX MNOCTaBJeHHbIM 3ajadyaM. llenbio paGoThl ABJIAETCS MpoOBeAeHHE
CPaBHUTEJ/ILHOT'O0 aHA/IM3a XapaKTEPHCTUK YeThbIpeX aHAaJIUTHYECKHUX METOAOB, peKOMeHAyeMbIX ¢apMakonesMu
pasHbIX CTPaH AJIA KOHTPOJISI COAEp>KaHUA 3JIEMEHTHbIX NMpHMeceid B JIEKAPCTBEHHBIX CpeJCTBaX, B TOM 4HCJe
JIEKADCTBEHHOM pacTUTEJbHOM CbhIpbe U JIEKAPCTBEHHBIX CpeJACTBaX PAaCTUTEJbHOr0 MPOMCXO0XKAECHMS.
OnpejesieHbl KaK NpeUMMYIECTBa, TaK U HEJOCTaTKM aTOMHO-aGCOPOGLMOHHON CNEKTPOCKONMHM C Pa3HbIMU
cnoco6amMy, a TakKe aTOMHO-3MMCCHOHHOM CINEKTPOCKONMU U MAaCC-CIEKTPOMETPUU C UHAYKTHUBHO-CBA3AaHHOM
miasMoil. BpiGop HauGosiee 1e/1eCOOGpPA3HOr0 MeToJa aHaj/iu3a 3aBUCUT OT 3aJadyd HCCIeJO0BaHUA U
OGOCHOBBIBAaeTCA C€ TOYKH 3pEHHMs] MNOCTaBJEHHbIX aHAJ/IMTUYECKUX [eJeil, HUMEIIUXCSI OCJI0KHEHHH,
3KCIUIyaTallMOHHbIX CBOWCTB M JKOHOMHUYECKUX cooGpakeHuid. I[lokazano, yrto Mmetoant HCII-MC u 3TAAC
NpeJOoCTaBJAIT HAUGOJIbLINE BO3MOXXHOCTH IO OMNpeje/ieHHI0 HU3KUX U YyJAbTPpa HHU3KHX KOHIEHTpauuii
XMMHYECKHUX 3JIEMEHTOB B JIEKAPCTBEHHOM PaCTUTEJIbHOM ChIpbe U CPeACTBAX PaCTUTE/IbHOTI0 NPOMCXO0XKAEHUs, B
TO BpeMs Kak JBa Apyrux Metoja, [IAAC u UCII-AJ3C, orpaHMYMBaIOTCA onpejejieHueM OCHOBHBIX KOMIIOHEHTOB U
HauGoJibIIuX npuMeceil. Macc-cnekTpoMerpuss ¢ HUCII saBiaserca HauGoJsiee 3(PQPEeKTUBHBIM METOAOM JJIs
ompejeJieHHs YJIbTPa HU3KUX KOHLeHTpanuii. Ho s 3Toro MetroJa TunuyHa uHTepdepeH s MacCoOBbIX NUKOB,
KOTOpble 06pa3ylTcsA He TOJIbKO NMPUMeCSMH, HO TakKKe MOJIMATOMHBIMM HOHAMHU C yYacTHeM aproHa, a TakKxe
aToMoB ra3oB u3 Bo3sayxa (C, N, 0) unau marpuns! (O, N, H, P, S, Cl). [loaTomy A/ AaHHOrO MeTOJa OYeHb Ba)KHA
KOppeKTHasi Npo6GoNnoAroToBKa, HanpaBJ/ieHHas HA MUHUMHU3aLyI0 3arpsA3HeHui WiIK NoTepyu aHaAuToB. [Ipeaessl
OGHapyXeHUsA psjJa XUMHYECKHUX 3JIEMEHTOB, COJep>KaHHe KOTOPHIX perjaMeHTHpPyeTCd B COBpPEeMEeHHbIX
dapmakonesax, oneHeHbl AJIS KaXKA0ro MeToJa AJis YCJIOBUN aHA/IM3a JIeKAPCTBEHHOI0 PacTUTE/ILHOTO ChIpbs U
JIeKapCTBEHHBIX CPeACTB PACTUTEbHOT0 NPOUCX0XKAEHUS.

Katouegbie c108a: 3ieMeHTHbIE TPUMECH; aTOMHO-a6CcopOLMOHHAs U SMUCCUOHHAS CMIEKTPOCKOIMHS; MacC-CIEKTPOMETPUS;
HHIYKTUBHO-CBsi3aHHAasi [Ja3Ma; mpejes oOHapy)XeHust; ¢apmakormnes; JeKapCTBEHHOE paCTUTEJbHOE ChIPhE;
JIeKapCTBEeHHbIe MpenapaThl

Introduction their detection. More difficulties arise in the
production and control of herbal medicinal
products (HMPs). In medicinal plants, as well as
in plants used as nutritional supplements and
spices, the concentrations of only five the most
toxic elements are currently regulated. For other
elemental impurities, there are no generally
accepted limit values. However, plants can
accumulate certain chemical elements in large
quantities depending on the conditions of growth
or the environment [4-7]. Therefore, producers
of HMPs often have to formulate their own
requirements for analytical methods and their
instrumental implementation in the course of
development of a pharmaceutical system of the
quality assurance [8-12].

To date, pharmacopoeias offer using analytical
methods based on three fundamentally different
physical processes. These processes are as
follows: atomic absorption, atomic emission and
mass-spectrometry [13-15].

The control of the content of elemental
impurities is an important component of the
quality assurance system in the pharmaceutical
industry. Some problems may appear in the
course of the organisation of such control: from
the establishment of a permitted daily exposure
(PDE) for each element of toxicological concern
to the optimal selection of analytical methods for
controlling the impurity content.

Modern versions of the pharmacopoeia and
documents of world organisations, which
regulate elemental impurity contents, divide 28
chemical elements in medicinal products into
four classes depending on their toxicity and
likelihood of occurrence in the medicinal
products [1-3]. Such a division forms the idea of
the potential impact of elements on the human
body and also sets the requirements for the
sensitivity of analytical methods to be used for
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The atomic absorption spectroscopy uses the
principle that free atoms in the gaseous state
generated in an atomiser can absorb
electromagnetic radiation at a particular
frequency and studies absorption spectra of
individual elements. Excitation of spectra is
usually performed by flame atomization or
electrothermal atomization in a graphite cuvette.
Respectively, flame atomic absorption
spectroscopy (FAAS) and graphite furnace atomic
absorption spectroscopy (GFAAS) are of the
highest practical importance. Typically, FAAS is
applied when the element concentrations are
high enough, whereas GFAAS is useful when the
concentrations are low.

The characteristics of optical emission spectra
form a basis for atomic emission spectroscopy
(AES). Emission spectra can be excited by
different sources, such as hollow cathode
discharge, laser irradiation, arc discharge, etc.
Last years, inductively coupled plasma (ICP)
combined with AES is widely adopted in
application to analytical practice.

In mass spectroscopy (MS) the studied
substance is ionised, and the ions are separated
in accord with their mass/charge ratios. Then the
number of ions generated during the ionisation
represents a mass/charge array which is
recorded as a spectrum. If an ICP source ionises
atoms and a mass-spectrometer records ions,
such a method is called the mass spectrometry
with inductively coupled plasma (ICP-MS). ICP-
MS is one of the most sensitive tools for fast
simultaneous determination of many elements in
trace or ultra-trace concentrations. This method
has recently become the mainstay for the analysis
of trace elements in medicinal products.

Each of the methods above has its advantages
and disadvantages compared to others which
depend on the research tasks ahead. Therefore,
the purpose of this paper is to substantiate the
criteria for choosing the most appropriate
method for controlling the content of elemental
impurities in medicinal products, including
herbal medicines. The following aspects of the
optimal choice are considered:

1) The analytical goals. The key analytical
characteristics of the method, such as a list of
traceable elements, operative concentration
ranges and detection limits, etc.,, determine the
feasibility of its application and thus are the
primary criterion of the optimal choice;

2) Available interferences (complications)
inherent in the method when it is applied. The
interferences characterise the complexity of

using the method, and sometimes set the
boundary of method's suitability for a particular
application;

3) Performance characteristics that are
relatively less important in conducting research
but become more important in the practice of
analytical laboratories incorporated in
production processes;

4) Economic aspects that are of primary
importance in the course of origination of a
research centre, since they determine, together
with other factors, the choice of laboratory
equipment and techniques.

Results and discussion

Comparison of instrumental methods’
characteristics
The key analytical parameters of the

instrumental methods are compared in Table 1.
The main drawback of atomic absorption
methods is their essentially mono-elemental
nature. They allow one to determine the
concentration of only one element during one
measurement. The use of emission spectra or
mass spectra allows registration of all available
elements in one operation.

A burner-nebuliser system in FAAS is a rather
inefficient sampling tool because only a small
fraction of atomised atoms reaches the flame and
holding time of the atomised particles along the
optical axis is rather limited. GFAAS provides
both better atomization and increased time along
the optical axis that improves the detection limit
compared to FAAS. Also, this method makes it
possible to analyse samples of small sizes.

Upgrade of the FAAS spectrometer with the
necessary equipment for the implementation of
the GFAAS method is relatively simple since the
equipment for atomic absorption analysis usually
implies the use of different atomiser types. Such
an upgrade of the instrumentation is accessible,
and it significantly expands the capabilities of
atomic absorption in general.

Flaming and electrothermal atomization are
the most popular but not the only methods of
atomization in AAS. Other atomisers, such as
hydride generation and cold vapour techniques,
can significantly expand a list of traceable
elements.

The method of hydride generation implies the
reduction of an element to its hydride, the
distillation of steam to a flame-heated analytical
cuvette and in which the thermal decomposition
of hydrides to the atomic vapour occurs. This
method is suitable for the elements forming
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volatile hydrides in reactions with a reducing

agent (As, Sn, Bi, Sb, Te, Se, and Ge).

Table 1
Pharmacopeia methods of elemental analysis: Comparison of key analytical parameters
Parameters | FAAS | GFAAS | ICP-AES | ICP-MS
Number of elements =67 ~50 =73 >80
Analytical performance  One element per One element per Many elements Many elements
analysis analysis

Screening ability Not available Not available Available Available (semi-
quantitative)
Detection limit, ppm 0.1-1 ppm 0.1-1 ppb = 1-10 ppb = 1-10 ppt =
10-%-1073 ppm 10-3-102 ppm 10-%-10— ppm
Linear dynamic range 103 102 1090 109
Short term precision, %  0.1-1% 0.5-5% 0.1-2% 1-2%
Long term precision, %  1-10% 1-10% 1-5% 2-4%

Spectral interferences Very few; optical

resolution at 0.2—

Very few; resolution
at 0.2-0.5 nm is

Few; resolution at 0.8 Da
is sufficient with some

Many; resolution
at<0.01 nm is

0.5 nm is sufficient sufficient necessary exceptions (see Table 2)

Chemical interferences Many Very many Very few Some

Physical interferences Some Very few Very few Some

Dissolved solids (max <5% <10% <20-30% <0.1-0.4%

tolerable conc.), %

Sample volume, ml >5 0.5-5 >5 >5

Additional advantages Easy upgrade to Analysis of micro Determination of S~ Standardless analysis;
GFAAS samples (< 1-2mL); and P isotope analysis; upgrade

upgrade from FAAS

to hyphenated (*) methods

(*) For example, ICP-MS with laser ablation to study solid samples; ICP-MS with liquid chromatography to analyse the

chemical state of impurities, etc.

The main advantages of
generation method are as follows:
e Good sensitivity due to a 100% sampling efficiency;
e Faster than GFAAS;

e Good precision;
e No matrix interferences due to the separation of
analysed elements as hydrides.

Nevertheless, the method has some limitations
because it applies to a few specific elements, has
some chemical interferences and needs
complicated sample preparation.

The cold vapour technique is used for the
determination of mercury only as Hg has a large
enough vapour pressure at ambient temperature.
It includes the reduction of Hg to the atomic state
by a strong reducing agent (NaHB.4 or SnCl,), the
dissociation of a pair of metal atoms into the
quartz cuvette stream and the measurement of
absorption of Hg at a resonant wavelength. The
method is characterised by a good sensitivity and
precision, is faster than GFAAS and eliminates
many matrix interferences.

Among the methods under consideration, the
ICP-MS exhibits the highest detection limit at
1-10 ppt, which is ~105 times better than that in
the FAAS method and ~100 times better than for
GFAAS. Also, mass spectrometry allows one to
record peaks of a much larger number of
elements than GFAAS. An important advantage of
mass spectrometry is the ability to build on its
basis more sophisticated analytical methods, so-
called hyphenated instruments [14]. For example,
ICP-MS is increasingly applied as a detector for a

the hydride

range of chromatographic separation methods.
The front-end technique separates the different
compounds with time, and the ICP-MS instrument
functions as a mass selective detector to measure
the elements associated with the compound(s) of
interest as they elute from the chromatograph.

Concentration sensitivity of the ICP-AES
method occupies an intermediate position
between FAAS and GFAAS: It is ~100 times more
sensitive than FAAS, but on average ten times less
than GFAAS. Compared with AAS, emission
spectroscopy techniques typically have the
advantage of identifying heavy elements, whereas
AAS is very sensitive to alkaline metals. Also, the
determination of some elements (for example, S,
Ca, Fe, K, and Se) has serious impediments to ICP-
MS while modern ICP-AES spectrometers are
most suitable for the determination of some
metalloids (S, P, Cl, Br, and I).

The ICP-AES method uses two variants of the
geometry of the signal registration, radial and
axial [16]. In the case of radial registration, when
the plasma torch is located in a vertical plane, the
detection limit is lower. However, the limited
plasma thickness minimises the adverse effects of
spectral and background interferences. In the
axial registration of the signal, the plasma rotates
in a horizontal plane. The axial mode provides a 5
to 10 fold increase in the detection limit, but at
the same time, it enhances the influence of
interference, which makes it necessary to apply
special measures to eliminate this effect.
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An important indicator is the dynamic range of
the method: A range of concentrations in which
quantitative results can be obtained without
recalibrating the system. It directly affects the
number of dissolution operations necessary for
the preparation of solutions: The wider linear
range, the fewer standards require.

FAAS and GfAAS have a limited dynamic range
of 102-103. Therefore, the range of
concentrations suitable for the analysis of
solutions is narrow. The ICP-AES has a much
wider dynamic range (up to 10¢), which makes it
a more appropriate method for highly
concentrated samples or samples with various
concentrations of analyte elements. In ICP-MS, a
linear dynamic range of 108-10° can be achieved.
Fig.1 schematically shows the concentration
areas in which the efficient use of one or another
method is possible, illustrating the influence of
the dynamic range. Evidently, a larger area in the
scheme corresponds to wider performances of
analysis.

Detection limits, ppm

Linear range
Fig. 1. Comparison of detection limits and linear
dynamic ranges for FAAS, GFAAS, ICP-AES and ICP-MS
methods

The comparison of FAAS and ICP-AES shows
that the latter method completely closes all
performance capabilities, regarding the working
concentration range, inherent in FAAS. At the
same time, GFAAS has an absolute advantage of
better sensitivity. The ICP-MS method has an
evident advantage over all other methods from
the viewpoint of the working concentration
range.

The maximal tolerable concentration of the
dissolved solid phase in the solution (Table 1) is
one more practically important analytical
parameter. In this respect, the method of ICP-MS
is significantly (up to 100 times) inferior to other
methods because the application of saturated
solutions in the ICP-MS provokes the emergence

of strong matrix effects. Accordingly, the real
advantage of ICP-MS regarding its detection limit
in the solid phase even if remains uncontested
but, however, becomes less pronounced in
magnitude. In some cases, the ICP-MS detection
limit may be commensurate with that provided
by the GFAAS method.

When working for a short time (during one
analysis), the FAAS method demonstrates the
best accuracy, which characterises the magnitude
of the oscillation around the mean and is
expressed through the coefficient of variation.
The worst indicator is inherent in the ICP-MS
(Table 1). In long-term work (work throughout a
working day), the situation changes to the
opposite, and the mass spectrometric technique
has somewhat better results than others. The
FAAS method has the worst accuracy in time, first
of all, because of the instability in the long work
of a flame burner.

The analytical characteristics of the methods
often depend on the matrix to be analysed, since
various interferences or matrix effects influence
the results of the analysis. Among the different
types of interferences we note:

e spectral, which is related to the effect of the
thin structure of atomic or molecular spectra
and consists in a partial or complete
overlapping of various spectral lines or mass
peaks;

e backgrounds that are related to the effect of
the background on analysis results, which
often reveals a complex dependence on
wavelength or other experimental factors.
Among the various matrix effects, the greatest

influence has:

e jonisation, which can reduce the concentration
of neutral atoms in the analyte;

e chemical, when the chemical reactions in the
sample affect the composition of the analyte;

e physical, in which the physical and chemical
properties of elements and compounds in the
matrix (viscosity of the solution, surface
tension, etc.) affect the results of the analysis.
Each of the methods under comparison has its

particular tolerance for matrix effects of different

types. For example, the ICP-AES method is known
to be more suitable for the analysis of complex
matrices than the ICP-MS. The most common
matrix effects, as well as methods of combating
them, based on the use of optimal tools and
adjusting the conventional analysis programs, are
given in Table 2.
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Table 2

Pharmacopeia methods of elemental analysis: Comparison of interference types and methods for their suppression
by either instrumental correction (I.C.) or routine program optimisation (R.P.0.)

Methods FAAS GFAAS ICP-AES ICP-MS
Spectral interference
Very few. Most elements Few spectral interferences Available due to a high Rather moderate because of a
require 0.5 nm resolution with some exceptions (e.g. number (>50000) of limited peak number (~300).
except for Fe, Ni, Co Fe on Se at 196.0 nm) spectral lines Some exceptions are: 58Ni & 58Fe,
requiring <0.2 nm 40Ar & 40Ca, 40Ar160 & 56Fe, 40Ar; &
80Se. Interference with doubly
charged ions: (138Ba2+&%Ga*,
208Ph2+&104Ru+)
I.C. Use of Zeeman correction Use of spectrometers Use of: magnetic sector
with better resolution  spectrometers with resolution
<0.1 Da; collision cells; & small
additives of N2 or NHs to Ar
R.P.O. Use of other lines, Use of alternative isotopes;
introduction of isotope ratio study; introduction
correcting parameters  of correcting parameters
Background effects
Available and should be Available and should be  Available including Virtually absent due to a very low
corrected corrected molecular bands formed background (<10 counts/s) except
by OH-groups from for ultra-trace analysis
water solvents
I.C. D2 correction D2 or Zeeman corrections
R.P.O. Careful programming of ~ Optimisation of plasma
ash stage; use of chemical regimes; use of other
modifiers lines; either dynamic or
off-line background
correction
Chemical matrix effects
Available Possible due to Minimal Ions of some acids (HCI, HCIO4,
atomization of the analyte H3PO4 & H2S04) form with Ar+, O+,
into a cooler gas H+ ions interfering with some
environment elements, e.g.: 35CI40Ar on 75As,
35CI160 on 51V,
I.C. Use of hotter flame Tubes with platforms to  Optimisation of plasma Use of electro-thermal
(N20 / C2Hz) minimises  delay atomization and height vaporisation of sample
chemical effects inject samples into a hot
gas environment
R.P.O. Use of «releasing agents» Use of chemical modifiers Avoidance of HCI, HC104, H3P04 &
H2S04 and use of HNO3
Ionization effects
Higher for hotter flame Possible for samples Possible for samples with high
(N20 / C2Hz) and group II with high contents of  contents of groups I and II
elements groups I and Il elements elements
I.C. Chromatographic separation
R.P.O. Use of ionisation buffers
(Cs, Li & K salts) for
samples and standards
Physical matrix effects
Spray chamber effects. Effect of viscosity and Differences in viscosity Differences in viscosity between
Differences in viscosity ~ surface tension of injectedbetween sample & sample & standard solutions. Also,
between sample solutions sample standard solutions. The positive space charge interacts
and standards affect the effect is stronger than in with ion beam (stronger for light
aerosol formation and AAS because of finer and weaker for heavy ions)
analyte transportation aerosol droplets
I.C. Reduction of ion current
R.P.O. Use of appropriate Use of appropriate Use of appropriate Use of appropriate or internal
standards standards standards standards
Correspondence of the analytical For example, using some methods for certain

characteristics of the method to the parameters
of the sample is a necessary, but insufficient
condition. The compliance of the analytical task
with the operational requirements that
characterise this technique is also of importance.

applications may be too slow and do not provide
the required amount of information for a limited
time. Therefore, considering the analytical
characteristics and assessing the complications
caused by matrix effects are insufficient to
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answer the question of the feasibility of using an
analytical method. The parameters that
characterise the advantages and disadvantages

arising from the operation of the methods should

be added to complete the method evaluation.
Table 3 illustrates the main performance

characteristics of the compared methods.

Table 3
Pharmacopeia methods of elemental analysis: Comparison of performance parameters
Parameters FAAS GFAAS ICP-AES ICP-MS
Analytical One element One element Many elements Many elements
performance
Sample throughput 15 s/element/sample 2-5 min/element/sample 5-40 elements/ 3-min/sample

Number of samples  Low or medium
Ease of use Easy
Operator skills Minimal

Method development Easy

Easy
Moderate

Low or medium

Skill required. Frequent
calibrations are necessary

min/sample All elements

Medium or high ~ Medium or high

Easy Moderately easy
Moderate A higher level of expertise
Skill required More complicated

compared to other methods

Instrument Very compact Very compact Relatively small Relatively compact
compactness
Unattended operation No due to combustible Yes Yes Yes

gases
Availability of Alarge number of well-  Well-developed programs Well-developed A limited but rapidly
programs/application developed programs programs growing number of
S applications
Additional Clean room for ppt Supply of Ar in Clean room for ppt impurity
requirements to impurity analysis large amount analysis. Supply of Ar in
rooms large amount

Ideal application Limited number of

Limited number of
elements with rather high elements with low

High number of
elements in a

High number of elements of
both trace and ultra-trace

concentrations in alarge concentrations in a limited moderate or large concentrations in a large

number of samples

number of samples

number of samples number of samples

The performance of a method, which depends
on the number of samples or elements that can be
analysed per unit time, is among the most critical
parameters. Typically, time for analysis is a
function of the complexity of the task. If it is
necessary to analyse the content of the elements
near the detection limit or with the highest
possible accuracy, then it will take longer time
compared with routine analyses. If the task
includes conventional analyses, the study time
obviously depends on the number of elements
that can be determined in one operation.

FAAS provides a relatively high processing
speed when analysing a large number of samples
with a limited number of elements. The typical
analysis of  one component  requires
approximately 10 seconds. However, the
determination of each element requires the use of
a particular light source, and different elements
may need different gases. Therefore, this method
is a one-element technique in its essence.

The GFAAS method has a relatively low
performance. Using a graphite cuvette, the
analysis of one element in one sample usually
takes 2-3 minutes.

ICP-AES is a multi-element analysis method
with exceptionally high performance. This
method can simultaneously detect more than 70

elements in a few minutes in one sample.
However, a 15-30 s delay before entering each
new sample is necessary to establish equilibrium
and obtain sustainable metrological
characteristics.

ICP-MS is also a multi-element analysis with
the same benefits and limitations as the ICP-AES.
The ICP-MS method can usually detect more than
80 elements in a few minutes in a single sample.
The performance depends on a few factors, such
as the required precision and concentration
range. Based on the comparison of performance
characteristics, the most suitable application area
can be outlined for each method (Table 3).

Comparison of the parameters of the
operation of analytical equipment is of particular
importance at the stage of analytical laboratory
origination. The optimal choice of equipment
according to the tasks ahead allows one to reduce
daily expenses, as well as initial investments in
the organisation of the laboratory. The capital
and running costs for all four methods are
compared in Table 4. As seen, the ICP-MS method
is the most valuable in everyday use. Therefore, it
is economically expedient to use it only when
analysing a large number of samples. Due to high
productivity, running costs in this application of
the ICP-MS are superior to the AAS methods.
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Table 4
Pharmacopeia methods of elemental analysis: Comparison of economic parameters
Parameters FAAS GFAAS ICP-AES ICP-MS
Capital investments  Low Medium High Very high
Investment ratio 1 2 4-9 10-20
Running costs Low High Medium High
Cost per sample (many Low High Medium Medium
samples - few
elements)
Cost per sample (many Medium High Low-medium Low-medium

samples - many
elements)
Spare parts Hollow cathode
lamps; combustible
gases; standards;

reagents

graphite tubes and
cones; water

Hollow cathode lamps; Argon gas; quartz
argon gas; standards;

Argon gas; sampling and
skimmer cones; nebulisers;
quartz torches; reagents and
standards; water; vacuum system
spare parts

torches; nebulisers;
cones; reagents and
standards; water

Detection limits for elemental impurities in
herbal medicinal products by different
methods

The detection limits of each analytical method
depend not only on the possibilities of the
method itself but the objects and elements under
investigation. As already mentioned, the
elemental composition of medicinal plants is
variable in nature [17]. Therefore, it is advisable
to compare the analytical capabilities of different
instrumental methods in the determination of

individual elements in the medicinal plants and
HMPs.

Fig. 2 illustrates the detection limits for
elemental impurities achieved in FAAS and
GFAAS by [18-24]. The results of various authors
have been used to minimise the influence of
equipment and other factors on the results of the
comparative analysis. The OX axis arranges the
chemical elements in order of decreasing the
detection limits for the FAAS.
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Fig. 2. Detection limits for elemental impurities by FAAS (shaded dots) and GFAAS (open dots)

For both methods, the detection limits are
seen to depend on the nature of elements. So, for
FAAS, the detection limit reaches approximately
1 pg/L in the most favourable cases, while this
figure increases to 103 and even to 105 pg/L in
the most unfavourable cases. The highest
sensitivity for FAAS is observed for alkaline and
alkaline earth metals, which usually present in

sufficiently large quantities in the HMPs. Among
the major impurities, which are typically
characterised by a low content, we can name only
cadmium. For other heavy metals, the detection
limits of FAAS are already at 10 ug/L or even
higher. The FAAS method demonstrates the
worst sensitivity for refractory metals (Hf, Ta,
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Nb), as well as some metalloids, e.g. phosphorus
which is a typical essential element in plants.

The use of GFAAS, as a rule, leads to an
improvement of the detection limit - in most
cases, approximately by 100 times. The detection
limits of GFAAS also depend on the nature of
elements. This indicator deteriorates from left to
right along the OX axis in Fig. 2 at approximately
the same speed as the FAAS method. At the same
time, Fig. 2 shows a smaller number of elements
that can be determined by the GFAAS method
compared to the FAAS. The use of GFAAS allows
one to determine the presence of fewer than
1 pg/L of virtually all heavy metals (As, Hg, Pb
and Cd), the content of which is regulated for
HMPs.

Similarly, Fig.3 illustrates the comparison
results for ICP-AES and ICP-MS detection limits.

The elements are arranged from left to right in
order of decreasing the detection limits for the
ICP-AES method.

Attention is drawn to a much smaller
difference in the sensitivity between the elements
located on the left and right parts of Fig.3 in
comparison with Fig. 2. Thus, for the methods of
FAAS and GFAAS, the detection limits for the
most favourable elements approximately 1000
times better than those for hard-to-detect
elements. For the ICP-AES method, this difference
does not exceed 100 times, and for ICP-MS
amounts to a factor of 10. Thus, the use of high-
temperature plasma source (ICP) is much more
efficient in suppressing the difference in the
excitation of different atoms compared to the
processes in relatively cold flames or heated
graphite cuvettes.
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Fig. 3. Detection limits for elemental impurities by ICP-AES (shaded dots) and ICP-MS (open dots)

The application of the ICP-AES provides a
detection limit at a level not less than 1 pg/L for
about half of all elements, but at a level of 10pg/L
for the rest analytes. For the most favourable
cases, the sensitivity improves to 0.1 pg/L or
even better. The use of ICP-MS provides a
detection limit, usually not worse than 0.01 pg/L.
As is shown in Fig. 3, the application of both
methods provides an opportunity to determine
more elements in comparison with atomic
absorption techniques.

Conclusions

The results obtained allow us to conclude that
the methods of ICP-MS and GFAAS provide the
greatest potential for determining the low and

ultra-low concentrations of chemical elements in
medicinal plants and HMPs. The other two
methods, FAAS and ICP-AES, are limited to the
analysis of the main essential elements of plants
and the largest impurities.

The main drawback of GFAAS is, in essence, its
mono-element nature, which makes it very slow
in the routine analysis. ICP-AES is an efficient
method for multi-elemental rapid-analysis, but its
sensitivity is limited.

The mass-spectrometry has high sensitivity, a
wide linear dynamic range of concentrations, a
low detection limit, ease and speed of
measurement, and the possibility of multi-
element analysis. Thus, ICP-MS is the most
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efficient method for determining ultra-low
concentrations.

However, the interference of mass peaks is
typical for ICP-MS. It is formed not only by
impurities but also by polyatomic ions with the
participation of argon, as well as atoms of gases
from the air (C, N and O) or matrices (O, N, H, P, S
and Cl). Therefore, a correct sample preparation,

which guarantees

minimisation of impurity

contamination and loss of analytes becomes the
most crucial stage of analytical applications of
ICP-MS.
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