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Abstract
The objective of this work is, the introduction of a quick guideline for the ICP–MS users to have a look on the theory, 
composition, some of the quality control and quality assurance definitions and demands, reagents preparation, detec-
tion limits calculation, method validation parameters of ICP–MS method of analysis.
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1 Introduction

At the last 3 decades, the Inductively Coupled Plasma Mass 
Spectrometry (ICP–MS) became the best tool in trace ele-
mental determination Fig. 1. ICP–MS is an analytical tech-
nique used for elemental determinations; about 80 ele-
ments from the periodic tables as in Fig. 2. The technique 
was commercially introduced in 1983. ICP–MS importance 
lies in its instrument detection limits are at or below the 
part per trillion (ppt,  10−12) and isotopic analysis ratios 
can be realized easily. So, It can easily determine the most 
abundant of the natural isotopes for each element as in 
Fig. 2 revealed in each element block which represented 
as bars.

The ICP–MS instrument uses the inert argon gas as a 
plasma source to generate the ionization state for ele-
ments; Mass spectrometer (MS) used in parallel with a 
quadrupole mass filter for separating the produced ions 
for detection and investigation. Analytes concentration of 
most elements in the periodic table could be determined 
at ppb and ppt levels. ICP–MS used for qualitative, isotopes 
ratio, semi-quantitative analysis, and quantitative analy-
sis. Also, it can determine the ratios of isotopic in liquid 

samples like water, wastewater, extracts and digested 
material in a liquid state. The sample was introduced by a 
peristaltic pump with a nebulizer system which converts 
the sample to an aerosol, then it passes into a spray cham-
ber and introduced into the plasma.

The semi-quantitative analysis gives a rapid view of 
the presence of some of the elements or not in the sam-
ple matrixes without completely calibration standard 
sequence. Also, it supplies us with valuable information 
about the composition and elemental concentration by 
fast scanning comparing with one standard at least. The 
semi-quantitative analysis provides also with the predict-
able interferences in the introduced unknown sample.

2  ICP–MS composition

In general, ICP–MS consists of the following parts:

1. Introduction system of the sample which consists of 
nebulizer and spray chamber

2. ICP-torch and RF coil
3. Vacuum-interface system
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4. Interference removal system as Collision/reaction cell 
“CCT or DRC”

5. Ion optics which work to focus the ions beam by sepa-
rating the neutral species and photons

6. Mass spectrometer filtration system for sorting the 
ions according to their mass/charge ratio “m/z”

7. Detector and data controlling system.

Nebulizer function summarized into sample introduction 
to the spray chamber in fine droplets through a peristaltic 
pump, see Fig. 3 for sample diagram.

Spray Chamber has two main functions:

A. Filter large droplets from the aerosol coming out of the 
nebulizer: The produced aerosol by nebulizer which 
entering the torch must be limited to minuscule sized 
droplets (~ 10 µm) or either the plasma will be inter-
rupted or the torch will be extinguished.

B. Smooth out any “pulses”. often due to the pumping of 
the solution.

• For most systems, only about 1–5% of the sample 
is converted into the requisite droplet range.

  The rest goes to drain-waste.
• Spray chamber component material can be an 

important consideration. Need to be corrosion 
resistant materials to allow the introduction of 
matrices containing such as hydrofluoric acid.

Plasma is “partially ionized gas-an electrical conducting 
gaseous mixture” a mixture of a positive charge of argon 
ions and electrons which generated through a series of 
concentric quartz tubes known as the ICP-torch as in Fig. 4. 

Fig. 1  Thermo ICP–MS model iCAP-RQ front view

Fig. 2  Elements can be determined by ICP–MS
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It located in the center of a copper RF coil which generates 
a temperature of about 6000–10,000 K [1].

The collisions between argon gas and the accelerated 
electrons induce the high-temperature plasma to gener-
ate. After entrance the sample aerosol from spray chamber, 
instantly it was decomposed in the plasma atmosphere to 

give analyte atoms which subsequently are ionized and 
lose their electrons and produce a single positive ion of 
the sample constituents. Most elements ionize very effi-
ciently (> 90) in the hot plasma [2].

The interface section of the instrument serves to allow 
the ICP and MS portions to be coupled using deferential 
pumping at vacuum interface system. There is a water-
cooled cone with a small orifice allows to the generated 
ions to extracted from the plasma atmospheric pressure 
(760 torr) into a high vacuum low-pressure region (typi-
cally  10−4–10−5 torr) to the following stage in mass spec-
trometer sector. The analyte ions are extracted through a 
pair of slots, its diameter about 1 mm, known as the sam-
pling cone and the skimmer cone, see Fig. 5. Through a 
series of lenses “ion optics”; the analyte ions are focused 
into a quadrupole mass analyzer.

The produced elemental ions in the plasma Fig. 6 must 
be moved from the high temperature of plasma 7000 K to 
about 300 K at room temperature and also from atmos-
pheric pressure to high vacuum.

Fig. 3  Sample flow diagram

Fig. 4  ICP-torch and injector

Fig. 5  Cone tool and shaps
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To realize this action step, the ions should be extracted 
through a number of vents. Not only ions are produced 
in plasma but also photons are formed, the later passes 
through the vents. Photons are not discarded by vacuum 
[1]. So, it is the main reason in the presence of high noises 
when they reach the detector. To minimize these noises, a 
small metal plate placed in the center of the ion beam to 
reflect the photons away from the detector. On the con-
trary; the positive ions are not stopped by photon stop 
plate because the positive charges are focused around the 
cylinder lens [2].

Typically, either a quadrupole (with or without CCT 
or DRC) or magnetic sector (high-resolution) mass spec-
trometer is used. Finally, the ions are separated accour-
aging to the ratio of mass per charge (m/z) and the ions 
are detected with an electron multiplier, subsequently; 
the data of all masses are collected and stored through a 
computer interface.

Using ICP–MS can measure all types of the matter sam-
ples (Solid [3], liquid, and gas [4]) using laser ablation tech-
nique for solids, vaporization by nebulizer for liquids, and 
on the other hand, the gaseous samples are introduced 
directly.

2.1  Obtaining a stable plasma

Allow continual nebulization of a warm-up solution for 
about 30 min “or depending on the instrument’s manufac-
turer recommendation” prior to optimizing the instrument. 

This procedure allows the components in the interface 
region of the ICP–MS to become conditioned to the matrix 
in the test solutions.

3  ICP–MS interferences types and their 
treatments

• Isobars
  Isobars are isotopes for different elements that form 

ions with the same nominal atomic mass units per 
charge number (m/z) as in Table 1. It cannot be resolved 
by a quadrupole or high-resolution mass spectrometer. 
These interferences can be resolved by ICP–MS operat-
ing software which includes all types of isobaric inter-
ferences and will perform the necessary calculations 
automatically. So, the chemist should be verified that 
all elemental and molecular correction equations used 
in this method are correct and appropriate for the mass 
spectrometer used and the sample matrix [5].

Fig. 6  Plasma ignition (a, b)

Table 1  Isotopes used for correction some of the isobaric interfer-
ences

Isotopes used for correction Interference occurs between

83Kr 82Kr, 82Se
99Ru 98Ru, 98Mo
118Sn 114Sn, 114Cd/115Sn, 115In
125Te 123Te, 123Sb
ArCl at mass 77 Chloride
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• Abundance sensitivity
  Abundance sensitivity is the possibility that the low 

and high “wings” of an abundant mass peak will con-
tribute to or obscure adjacent masses. It resolved by 
adjusting the mass spectrometer resolution and quad-
rupole pole bias to minimize these interferences [5].

• Polyatomics
  Polyatomic is (molecular) ion interferences caused 

by ions with more than one atom that have the same 
nominal m/z ratio as the isotope of interest. Most of 
the common molecular ion interferences have been 
identified. Because of the severity of chloride ion inter-
ference on important analytes, particularly vanadium 
and arsenic, hydrochloric acid is not recommended for 
use in ICP–MS sample preparation. Because of most 
environmental samples contain some chloride ion, 
the chemist must use chloride-correction equations 
for affected masses. Collision cell technology “CCT” and 
dynamic reaction cell “DRC” effectively reduce most the 
polyatomic species to analytically negligible levels in 
quadrupole-based ICP–MS systems or using kinetic 
energy discrimination (KED) mode [6].

  KED mode: It used for detection of Co, Ni, Cu and 
Zn, As and Se which are subjected to the larger cross-
sectional polyatomic interferences.

  A high-resolution ICP–MS resolves many but not 
all interferences caused by polyatomic ions. Polya-
tomic interferences are strongly influenced by instru-
ment design and plasma operating conditions; it can 
be reduced by carefully adjusting nebulizer gas flow; 
about (1.5–1.8 ml/min), RF power adjustment (500–
800 W). and other instrument operating parameters [5].

• Doubly-charged
  Some elements (e.g., strontium and barium) form sig-

nificant levels of  M+2 ions under normal plasma condi-
tions. The  M+2 ions occur in the mass spectrum at M/2 
and, in the case of Ba and Sr, will interfere with some 
isotopes of zinc and calcium, respectively [5].

• Physical interferences
  These include differences in viscosity, surface ten-

sion, and dissolved solids between samples and cali-
bration standards. To minimize these effects, analytical 
samples should not contain more than 0.1% of dis-
solved solids. Dilute water and wastewater samples 
which have higher dissolved solids levels before analyz-
ing them. Use internal standards to correct for physical 
interferences [5].

• Memory interferences
  These occur when analytes from a previous sample 

or standard are measured in the current sample and 
make carry-over in the measured value. Use a long 
enough rinse (flushing) between samples to minimize 
such interferences. Continues appearing of memory 

interferences may indicate problems in the sample 
introduction system. Complicated memory interfer-
ences may require the chemist to disassemble and 
clean the entire sample introduction system, includ-
ing the plasma torch, the sampler and skimmer cones 
[5].

• Ionization interferences
  These results when moderate (0.1–1%) amounts of 

a matrix ion change the analyte signal. This effect, 
which usually reduces the analyte signal, also is 
known as suppression. Correct for suppression by 
using internal standardization techniques [5].

It should be noted that several elements including S, 
Se, B, Si, P, Br, I, K, and Ca have high detection limits via 
ICP–MS. In the case of I and Br, this is due to the fact 
that very few positive ions are formed in the ICP plasma 
for these elements. For elements such as S, Se, P, K, and 
Ca, isobaric and molecular interferences from either the 
sample matrix or plasma species interfere with the pri-
mary isotope. This means that less abundant isotopes 
with less interference (if available) must be used for 
determination of these elements, which will degrade 
detection capabilities for these elements.

4  ICP–MS advantages over other elemental 
analysis techniques such as atomic 
absorption spectroscopy (AAS), 
ICP‑optical emission spectrometry 
(ICP‑OES) and ICP‑atomic emission 
spectroscopy (ICP‑AES)

• Detection limits for most elements equal to or bet-
ter than those obtained by Graphite Furnace Atomic 
Absorption Spectroscopy (GFAAS).

• Fast analysis times (all elements at once).
• Handling both simple and complex matrices with a 

minimum of matrix interferences due to the high-
temperature of the ICP source.

• Superior detection capability to ICP-AES with the 
same sample throughput.

• The ability to obtain isotopic information.
• An ICP–MS can be combined a high-temperature 

ICP (Inductively Coupled Plasma) source with a mass 
spectrometer.

• Specialized sample introduction systems can be cou-
pled to an ICP–MS, including spark- or laser-ablation 
systems, hydride generators, and chromatography 
systems (GC, IC, HPLC, and UPLC systems). In these 
cases, sample preparation protocols will vary depend-
ing on the sample introduction system being used.
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4.1  Some of the latest introduced researches 
of ICP–MS at the different fields

• Scientific researches [7–16].
• Clinical analysis; as urine [17–19], blood [20–24].
• Pharmaceutical analysis; as active pharmaceutical 

ingredient raw material [25] and drug finished products 
[26–28].

• Food analysis [29–32].
• Environmental analysis [33, 34]; as water [12, 35, 36], 

wastewater [37, 38].
• Fertilizers analysis [39–41].

4.2  Some of quality control and quality assurance 
practices terminology

Accuracy An estimate of how close a measured value is to 
the true value; includes expressions for bias and precision.

Bias Aconsistent deviation of measured values from the 
true value, caused by systematic errors in a procedure.

Precision (usually expressed as standard deviation) Ameasure 
of the degree of agreement among replicate analyses of 
a sample.

Analyte The element, compound, or component being 
analyzed.

Fortification “Spike” The addition of a known quantity of 
analyte to a sample or blank to increase the analyte con-
centration, usually for the purpose of comparing to test 
result on the unfortified sample and estimating percent 
recovery or matrix effects on the test to assess accuracy.

Internal standard Apure compound added to a sample 
extract just before instrumental analysis to permit correc-
tion for inefficiencies.

Laboratory control standard Astandard usually certified 
by an outside agency that is used to measure the bias in 
a procedure. For certain constituents and matrices, use 
National Institute of Standards and Technology (NIST) or 
other national or international traceable sources (Standard 
Reference Materials), when available.

Reference materials Use externally prepared reference 
material, preferably from National Institute of Standards 
and Technology (NIST) 1643 series or equivalent.

Quality assurance Adefinitive plan for laboratory opera-
tions that specifies the measures used to produce data 
with known precision and bias.

Quality control Aset of measures used during an analyti-
cal method to ensure that the process is within specified 
control parameters.

Batch Agroup of samples which behave similarly with 
respect to the sampling or the testing procedures being 
employed and which are processed as a unit. For QC pur-
poses, if the number of samples in a group is greater than 
20, then each group of 20 samples or less will all be han-
dled as a separate batch.

Dissolved metals Those elements which pass through 
a 0.45-µm membrane filter (sample is acidified after 
filtration).

Tuning solution This is a multi-element solution containing 
analytes which are representative of the entire mass range 
capable of being scanned by the instrument. It is used to 
optimize the sensitivity of the instrument and to verify the 
mass resolution.

Sensitivity It is the slope of the analytical curve.

Ruggedness (inter‑precision) Ruggedness of an analytical 
method is the degree of reproducibility of the test results 
obtained by the analysis of the same samples under a 
variety of conditions as a major change such as different 
analysts, different days, etc. [42, 43].

Type I error (also called α error) It is the probability of deter-
mining that a constituent is present when it actually is 
absent.

Type II error (also called β error) It is the probability of not 
detecting a constituent that actually is present.

4.3  Reagents and handling procedures

1. Water The used water in preparation of blanks, stand-
ards, and samples should be; Reversed osmosis (RO) 
water or deionized (DI) water and metal-free water at 
least with minimum specs as in Table 2.

2. Acids Use ultra-high-purity grade (or equivalent) 
acids to prepare standards and process samples. Use 
extreme care when handling acids in the laboratory to 
avoid contaminating them with trace levels of metals.

1. Nitric acid  (HNO3), concentrated (specific gravity 
1.41).

2. Nitric acid, 1:1: Add 500 mL conc  HNO3 to 500 mL 
reagent water.

3. Nitric acid, (v/v) 2%: Add 20  mL conc  HNO3 to 
100 mL reagent water; dilute to 1000 mL.
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4. Nitric acid, (v/v) 1%: Add 10  mL conc  HNO3 to 
100 mL reagent water; dilute to 1000 mL.

3. Argon gas Use a pre-purified grade of argon at least 
purity (99.999%) which is usually necessary because 
technical argon often contains significant levels of 
impurities (e.g., carbon and krypton). 82Kr interferes 
with the determination of 82Se. Monitor 83Kr at all 
times.

4. Helium gas Helium at least purity (99.999%) used as an 
ion source “auxiliary gas” for plasma to exclude some of 
the interferences formations as ArO. It has great ben-
efits; where it produces plasma to induce the ioniza-
tion of some elements which have a high ionization 
potential efficiently more than the Argon gas only 
and also. The mixture of Argon and Helium show an 
improvement in detection limits for several elements 
[44].

5. Airborne contaminants
  It is preferable to work in clean laboratory facilities 

such as laminar-flow clean-air to avoid final dust con-
tamination.

6. Glassware
  All used glassware must be class A.
7. Cleaning procedures

(A) Between sample transfers:

1. Rinse with 1: 1 nitric acid or chromic acid.
2. Rinse with RO/DI water.
3. Rinse with the sample.

(B) After use:

1. Wash with detergent by hand or in pipet 
washer, as appropriate.

2. Rinse with tap water.
3. Rinse with 1: 1 nitric acid or chromic acid.
4. Rinse with RO/DI water at least three times.
5. Place in rack and cover.

4.4  Preparation, working and test instruction 
procedures

1. System suitability/Instrument optimization/Tuning 
solution

  Preparation and criteria for this solution, depending 
on the instrument manufacturer’s recommendations, 
for example, Table 3.

2. Reagent Blank (RB)/Method Blank (MB)/Initial Calibra-
tion Blank (ICB)/Calibration Verification Blank (CVB)/
Continuing Calibration Blank (CCB).

Definition It is a portion of reagent water treated exactly 
like a sample, including exposure to all glassware, proce-
dures, and reagents. It is used to assess whether analytes 
or interferences are present in the analytical process or 
system. The reagent blank is used to determine whether 
and how much reagents and the preparative analytical 
steps contribute to measurement uncertainty.

Acceptance criteria [45] 

If reagent blank is < MDL, then no qualification is 
required.
If reagent blank is ≥ 1/2 LOQ and < LOQ and sample 
results are > LOQ, then qualify results to indicate that 
analyte was detected in the reagent blank.
If reagent blank is > LOQ, then further corrective action 
and qualification is required.

Note For dissolved samples, take reagent water through 
same filtration and preservation processes used for sam-
ples. For samples requiring digestion, process reagent 
water with the same digestion techniques as samples.

Frequency One each batch at least, favorable analyze a 
blank after each calibration standard and before analyz-
ing samples.

3. Range (limit of linearity)

In briefly the range is the value in-between the mini-
mum and maximum concentration in the calibration 
curve. Initially, we can use the LOQ as the minimum point 
in establishing the limits of linearity. The maximum con-
centration can be measured within 10% of its true value 

Table 2  Specs of water quality using in ICP–MS analysis

Quality parameter High Medium Low

Resistivity, megohm-cm at 25 °C > 10 > 1 > 0.1
Conductivity, μS/cm at 25 °C < 0.1 < 1 < 10

Table 3  Perkin Elmer Elan 6000 ICP–MS tuning solution [1]

Element(s) in 2%  HNO3 Function

Be, Cd, Co, Cu, Ge, In, Rh, Sc, Tb 
and Tl

Sensitivity and stability evaluation

Ba Doubly-charged evaluation
Cs Oxide evaluation
Mg and Pb Mass calibration check
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based on the calibration Curve” this is the limit of linearity”. 
All samples whose concentrations are above the limit of 
linearity must be diluted.

4. Internal standard solution

Definition “Germanium, indium, lithium, scandium, and 
thorium are suggested as internal standards” was added 
with enough with the same volume to all samples, stand-
ards, and quality control (QC) samples to give a suit-
able counts/second (cps) signal and stability (100,000–
300,000 cps for most internal standards).

Other internal standards, such as bismuth, holmium, 
rhodium, terbium, and yttrium, may also be used in this 
method. Ensure that the internal standard mix used is sta-
ble and that there are no undesired interactions among 
elements.

Preparation and determination All new sample matrices 
should be screened for internal standard elements before 
analysis.

Analyzing a few representative samples for inter-
nal standards should be sufficient. Analyze samples “as 
received” or “as digested” (before adding internal stand-
ard), then add internal standard mix and re-analyze.

Acceptance criteria 

• Generally, 70–125% of response in calibration blank 
with known addition.

• Ensure that there are no significant changes in its 
behavior from sample to sample. If a significant differ-
ence, i.e., greater than 25%, in the response obtained 
from a procedural blank and that from a sample, this 
should be taken as an indication of matrix effect or 
interference/contamination and would require further 
investigation.

• Monitor counts at the internal standard masses. If the 
“received” or “digested” samples show appreciable 
detector counts (10% or higher of samples with added 
internal standard), dilute sample or use another inter-
nal standard.

• If the response of a sample containing the internal 
standard is not within 70–125% of the response for 
a calibration blank with the internal standard, either 
dilute the sample before analysis or use another inter-
nal standard. During actual analysis, monitor internal 
standard masses and note all internal standard recov-
eries that are more than 125% of the internal standard 
response in the calibration blank. Interpret results for 
these samples with caution [5].

5. Detection limits determination

Instrument detection level (IDL) and method detection 
level (MDL) are often incorrectly used interchangeably. The 
detection level is the smallest amount of a substance that 
can be detected above the noise in a procedure and within 
a stated confidence level. Currently, there are several types 
of detection levels [46]:

Instrument detection level “IDL”,
Method detection level “MDL”,
Lower level of detection “LLD” and
Level of quantitation “LOQ”

The relationship among them is approximately

IDL : LLD : MDL : LOQ
1 : 2 : 4 : 10

Chemists may use the IDL or LLD as a guide for determin-
ing the MDL.

Any operation of the analytical instrument usually pro-
duces a signal even when no sample is present (electronic 
noise) or when a blank is being analyzed (e.g., molecular 
noise). Because any QA program requires frequent analysis 
of blanks, the mean and standard deviation of this back-
ground signal become well known.

5.1 Instrument Detection Level (IDL)

Definition It is the constituent concentration that pro-
duces a signal greater than three standard deviations of 
the mean noise level. It can be determined by injection of 
a standard into the instrument to produce a signal that is 
five times the signal-to-noise ratio.

Preparation and determination The IDL can be determined 
as 1.645 times of the STDEV of blank analyses (where 
STDEV is the estimate of standard deviation for n blanks, 
preferable n = 7–10).

The IDL is useful for estimating the constituent concen-
tration (amount) in an extract needed to produce a sig-
nal to permit calculating an estimated MDL [46]. The IDL 
should always be less than the method detection limit. For 
many analytes, the instrument detection limits (IDLs) are 
between 1 and 100 ng/L “ppt”.

Frequency Repeated annually or whenever the instru-
ment configuration changes or major maintenance occurs, 
whichever happens first.
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5.2 The lower level of detection (LLD) also called detection 
level (DL) or level of detection (LOD)

Definition It is the amount of constituent that produces 
a detectable signal in each trial; about 99% of trials gives 
distinguished signal differs from the instrument signal. It 
is specific for matrix, method, and analyte.

Preparation and determination 

1. LOD is the constituent concentration in reagent water 
that produces a signal (2 × 1.645 × STDEVB = 3.290 × S
TDEVB) above the mean of blank analyses. This estab-
lishes both Types I and Type II errors at 5% [46]. So, 
to reduce the probability of a Type II error to 5%, we 
multiply STDEV in 3.290.

2. LOD can be determined by multiple samples of a 
standard “n samples” at near-zero concentrations (no 
more than five times the IDL). Then estimate the stand-
ard deviation “STDEVstd” of “n samples”, then the LOD 
will be calculated as the following formula

For example, if 20 determinations of a low-level 
standard yield a STDEV = 6  µg/L, then the LOD is 
3.29 × 6–20 µg/L.

3. It can be expressed also, by statistical relationship as 
LOD determination of chromatographic system [42, 43, 
47] as the following formula

 where σ is the standard error; S is a slope of the linear-
ity calibration curve.

4. Another method for LOD determination can be used 
by Thermo Scientific [6] according to the following for-
mula

σB is the standard deviation of the intensities of the 
multiple blank measurements;  Rconc is the mean signal 
for the standard (prepared at concentrations 1,5 and 
10 ppb in 2% Nitric acid);  RB is the mean signal for the 
blank;  Stdconc is the concentration of the standard.

Note All solutions were prepared in freshly rinsed vials.

Frequency Repeated annually or whenever the instru-
ment configuration changes or major maintenance occurs, 
whichever happens first.

LOD = 3.29 × STDEVB

LOD = 3.29 × STDEVstd

LOD = 3.3 × σ∕S

LOD = 3 × σB × Stdconc∕
(

Rconc−RB
)

5.3 Method detection level (MDL)

Definition It is the constituent concentration that, when 
processed through the entire method, produces a signal 
that has a 99% probability of being different from the 
blank. It must use a sample containing the interest con-
stituent. The MDL differs from the LOD in that samples con-
taining the constituent of interest are processed through 
the complete analytical method. But if we use the standard 
which contains the same interest constituent; in this case 
LLD = LOD = MDL at the same number of replicates [46].

MDL is larger than LOD if the LOD calculated accord-
ing to reagent water = blank without using the standard 
spiking method.

Preparation and determination The starting point is select-
ing the concentration to use at five times the estimated 
true LOD. Start by adding the known amount of constitu-
ent to reagent water or sample matrix to achieve the 
desired concentration “5 × LOD”. Ideally, prepare and ana-
lyze at least seven replicates of this solution over 3 days 
to ensure that the  MDLs “standard MDL” determination is 
representative of routine measurements in the laboratory. 
The replicate measurements should be in the range of one 
to five times the estimated MDL “5 × LOD”.

The  MDLs will be larger than the LOD because typi-
cally seven replicates are used. Additionally, the  MDLs 
will vary with the matrix. If we use 7 replicates of the 
sample, the value of “3.14 × STDEV” must be above the 
blank result (where STDEV is the standard deviation of 
the seven replicates).

Ideally, estimated STDEV was expressed as pooled 
STDEV at 3 different sets at different days by the differ-
ent chemist if more than one chemist performs the tests 
on the instrument.

If the calculated  MDLs is not within a factor of 10 from 
the known addition, repeat determinations at a more 
suitable concentration “4 × LOD or, 3 × LOD and so on”. If 
the spiked concentration 5 µg/L. so, the  MDLs must be 
less than 0.5 µg/L”. The  MDLs typically will be higher than 
the IDL because of background levels “signal” of analytes 
introduced during sample preparation as in Table 4. 

On the other hand,  MDLB  (MDLB based on method 
blanks) should be calculated using the following 
procedure.

A. If none of the method blanks give a numerical result 
(positive or negative), then  MDLB is not applicable, and 
MDL = MDLs.



Vol:.(1234567890)

Review Paper SN Applied Sciences (2019) 1:791 | https://doi.org/10.1007/s42452-019-0825-5

B. If some give numerical results, then  MDLB equals the 
highest method blank result.

C. If all of the method blanks give numerical results, cal-
culate  MDLB as

where X = mean of blank results (set negative values 
to 0), and  SB is a standard deviation of blank results.

  The MDL then equals whichever is greater:  MDLs or 
 MDLB.

If we use more than 7 replicates, we should adjust the 
t value using Table 5.

Both of IDL and MDL must be determined firstly before 
implementing the method.

Frequency Repeated annually or on an ongoing basis (or 
other specified frequency) for each analyte and major 
matrix or whenever the instrument configuration changes 
or major maintenance occurs, whichever happens first. 
Perform or verify MDL determination for each analyst and 
instrument, as well as whenever significant modification 
to the method’s instrument or operating conditions also 
modifies detection or chemistry. Include all sample-prep-
aration steps in the MDL determination.

5.4 Reporting level (RL) or level of quantitation (LOQ) or 
minimum quantifiable level (MQL)

Definition It is the analyte concentration that produces 
a signal sufficiently stronger than the blank, such that it 
can be detected with a specified level of reliability during 
routine operations. By another meaning, it is the smallest 

MDLB = X +
(

3.14 × STDEVB
)

concentration of an analyte in the sample which can be 
detected by the detector and it can be determined quan-
titatively with appropriate precision and accuracy [42, 43].

Preparation and determination 

1. Typically, it is the concentration that produces a sig-
nal 10 × STDEVB above the reagent water blank signal 
“on the base of LOD calculation method” and it should 
have a defined precision and bias at that level [46]. So,

2. LOQ can be determined by multiple samples of a 
standard “n samples” at near-zero concentrations (no 
more than five times the IDL). Then estimate the stand-
ard deviation “STDEVstd” of “n samples”, then the LOD 
will be calculated as the following formula

 For example, if 20 determinations of a low-level 
standard yield a STDEV = 6  µg/L, then the LOQ is 
10 × 6–60 µg/L.

3. It can be expressed also, by statistical relationship as 
LOQ determination of chromatographic system [42, 
43, 47] as the following formula

 where σ is the standard error; S is a slope of the linear-
ity calibration curve.

4. Another method for LOQ determination can be used 
by Thermo Scientific [6] according to the following for-
mula

 σB is the standard deviation of the intensities of the 
multiple blank measurements;  Rconc is the mean signal 
for the standard (prepared at concentrations 1,5 and 
10 ppb in 2% Nitric acid);  RB is the mean signal for the 
blank;  Stdconc is the concentration of the standard.

LOQ = 10 × STDEVB

LOD = 10 × STDEVstd

LOQ = 10 × σ∕S

LOQ = 10 × σB × Stdconc∕
(

Rconc−RB
)

Table 4  Vanadium  MDLs determination for one chemist for the first 
time

LLD 1.43 µg/L
Estimated  MDLs = 5 × 1.43 = 7.15 µg/L–7 µg/L
Blank 0.0000
Replicate # Found concentration
1 6.2
2 6.4
3 6.3
4 6.4
5 6.0
6 6.1
7 6.1
Mean 6.2
STDEV 0.1574
MDLs = 3.14 × STDEV 0.49 µg/L < “7/10 = 0.7 µg/L”

Table 5  Student t table with conjugated replicates number and 
degree of freedom

Replicate # Degrees of freedom t value at 0.99

3 2 6.965
4 3 4.541
5 4 3.747
6 5 3.365
7 6 3.143
8 7 2.998
9 8 2.896
10 9 2.821
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Although LOQ is useful in a laboratory, the practical 
quantitation limit (PQL) has been proposed as the low-
est level achievable among laboratories within specified 
limits during routine laboratory operations.

Frequency Repeated annually or whenever the instru-
ment configuration changes or major maintenance occurs, 
whichever happens first.

The PQL is significant because different laboratories 
will produce different MDLs even when using the same 
analytical procedures, instruments, and sample matri-
ces. The PQL, which is about three to five times larger 
than the MDL, is a practical and routinely achievable 
detection level with a relatively good certainty that any 
reported value is reliable.

6. Linearity and calibration standards curve

Definition The initial calibration is used to quantitate 
analytes of interest in samples, initial calibration was per-
formed when the instrument is set up.

Preparation and  determination Minimum a five stand-
ard calibration is recommended, for example; from 0 
to 100 µg/L (ppb) including LOQ. Prepare all calibration 
standards and blanks in a matrix of 2% nitric acid. The 
same ratio of the internal standard should be mixed with 
all standards and blanks used in this method to provide 
appropriate count rates for interference correction.

Acceptance criteria Apply response-factor or linear curve-
fitting statistics to analyze the concentration vis instru-
ment response relationship.

 If the relative standard deviation (% RSD) of the response 
factors is ≤ 15%, then the average response factor may be 
used. Otherwise, use a regression equation. The appropri-
ate linear or nonlinear correlation coefficient for a standard 
concentration-to-instrument response should be ≥ 0.995 
for linear calibrations [45].

Frequency One time each run per working day or as 
method specification.

7. Linear dynamic range (LDR)

Response factor of the analyte of interest (RF)

= Analyte response (A)∕Analyte concentration (C)

Definition and determination It is the maximum analyte 
concentration above the highest calibration point at 
which the analyte response is within ± 10% of its theo-
retical response. When determining LDRs, avoid using 
unnecessarily high analyte concentrations because they 
might damage the detector. It must be determined for all 
method analytes, including multi-element mixtures (to 
account for possible inter-element effects). LDR should 
be determined at the first method implementation.

Frequency Repeated annually.

8. Low-level standards

Definition and determination Both of 0.3- and a 1.0 µg/L 
“ppb” standard is used; when expected analyte concen-
tration is less than 5 µg/L. Prepare both standards in 2% 
nitric acid.

Frequency Repeated weekly or may be demanded in the 
calibration curve from the first.

9. Accuracy and precision: initial demonstration of capa-
bility (IDC)

Definition Each chemist in the laboratory should con-
duct an IDC at least once before analyzing any sample to 
demonstrate proficiency in performing the method and 
obtaining acceptable results for each analyte.

The IDC also is used to demonstrate that a laboratory’s 
modifications to a method will produce results as precise 
and accurate as those produced by the reference method. 
As a minimum, include a reagent blank and at least four 
LFBs at a concentration between one and four times of the 
LOQ (or other level specified in the method).

Preparation and determination It was conducted after the 
successful implementation of the calibration curve. For 
each concentration; conduct at least 20 data points over 
different days.

Acceptance criteria Accuracy and precision (expressed as 
recovery percent) [45]: ± 20% as RSD %,

• Mean is the average concentration of 20 data points.

Lower control limit = Mean−3 × STDEV

Upper control limit = Mean + 3 × STDEV
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• STDEV is the standard deviation of 20 data points.

 10. Continuing calibration verification (CCV)/calibration 
verification standard (CVS)

Definition Chemists periodically use a calibration standard 
to confirm that instrument performance has not changed 
significantly since initial calibration.

Preparation and determination Preferable to prepare a mid-
range standard in 2%  HNO3, with equivalent addition of 
internal standard using a different source than that used 
for the calibration standards. May be used the initial cali-
bration to quantitate analytes of interest in samples.

Acceptance criteria The results must be within allowable 
deviations (within ± 10% of its true value) from either ini-
tial-calibration values or specific points on the calibration 
curve [5].

Note If the CCV is out of control, then take corrective 
action including re-analysis of any samples analyzed since 
the last acceptable CCV.

Frequency At least one per batch or after every 10 samples.

 11. Laboratory-fortified blank (LFB)/ongoing demonstra-
tion of capability (ODC)/laboratory control sample 
(LCS)/QC check sample (QCCS)/blank spike (BS)

Aims They are used to ensure that the laboratory analysis 
remains in control while samples are analyzed and sepa-
rate laboratory performance from method performance 
on the sample matrix. Sometimes laboratory control sam-
ple (LCS), is used to validate digestion techniques and 
known-addition levels.

Definition It is a method blank that has been fortified with 
a known concentration of the analyte to evaluate ongo-
ing laboratory performance and analyte recovery in the 
clean matrix.

Preparation and determination Prepare fortified concentra-
tions approximating the midpoint of the calibration curve 
(50 ng/mL “50 ppb”) or lower with stock solutions prepared 
from a different source than that used to develop work-
ing standards. Or use an added concentration of at least 
10 × LOQ.

Calculate percent recovery, plot control charts, and 
determine control limits for these measurements. Ensure 
that the LFB meets the method’s performance criteria 
when such criteria are specified.

Acceptance criteria Limits should be within ± 30% of true 
value based on analysis of at least 20 replicates [5].

Frequency At least one per batch or after every 10 samples.

 12. Laboratory-fortified matrix (recovery of the analyte)/
analyte matrix effect

Definition It is an additional portion of a sample to which a 
known amount of the analyte(s) of interest is added before 
sample preparation. The LFM is used to evaluate analyte 
recovery in a sample matrix.

Preparation and determination It was conducted by add-
ing a concentration that is at least 10 × LOQ or less than 
or equal to the midpoint of the calibration curve, or as 
in method-specified level to the selected sample(s). The 
chemist should use the same concentration as for LFB from 
the same reference source to allow the chemist to separate 
the matrix’s effect from laboratory performance.

Frequency At least one per batch or after every 10 samples.

 13. Known-addition solution for samples

Aim Method performance check.

Preparation and determination Add stock standard to sam-
ple so the volume change is less than 5%. In the absence 
of information on analyte levels in the sample, prepare 
known additions at around 50 µg/L “50 ppb” or lower. If 
analyte concentration levels are known, add at 50–200% 
of the sample levels. For samples undergoing digestion, 
make additions before digestion. For dissolved metals 
determinations, make additions after filtration, preferably 
immediately before analysis.

Acceptance criteria Mean recovery 75–125% of spiked addi-
tion, RSD % ± 20% for at least 20 replicates [5].

4.5  Method validation parameters

To validate the analysis method; some of the parameters 
should be performed as mentioned previously such as:
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1. LOD
2. LOQ
3. Linearity and range (calibration curve)
4. Accuracy and recovery
5. Repeatability and precision “performed at different 

concentrations of standards at the same day at least 
3–10 replicates”

6. Ruggedness (Inter-precision) “performed at different 
concentrations of standards at least 10 data points 
over different days”

4.6  Sample introduction

• Samples at high total dissolved solids (TDS) concen-
tration above 0.1 wt.% must be avoided to use and 
further dilution is needed.

• Preparation of liquid samples is preferred in 2% v/v of 
 HNO3.

• Filtration through 0.45 µm diameter is preferred.
• The ultra-sonic bath should be used before the intro-

duction of the samples to work.
• For solid samples, digestion in strong and hot acids is 

the typical protocol. The acids themselves range from 
simple nitric acid (for relatively simple matrices) to 
hydrofluoric acid (for samples containing high silicon 
dioxide content). Samples containing organic mat-
ter may also have hydrogen peroxide added to them 
during the digestion step because  H2O2 breaks down 
organic matter efficiently.

• Solid samples can also be directly turned into aero-
sols several different ways, the most common being 
laser ablation (LA), spark ablation, or electrothermal 
vaporization (ETV). In all of these methods, the sam-
ples are converted to an aerosol and transported to 
the plasma with inert gas.

• ETV is a bulk analysis method that interacts with the 
entire sample and is useful for combustible samples. 
Spark ablation is a semi-bulk analysis tool and is use-
ful for sampling large spots (1–3 mm diameter) of a 
conducting sample. LA is a microanalysis technique 
using high irradiance (UV) lasers to analyze very small 
spots (2–750 µm in diameter) on virtually all solid 
samples. Because of the small spot sizes, LA is also 
useful for tracking element distribution in a sample.

• If testing for Bromide or Iodide, 0.1% ammonium 
hydroxide  (NH4OH) should be added [48].

A suggested sequence with acceptance criteria for 
quantitative analysis for routine work will be presented 
as the following in Table 6.
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Table 6  Suggested sequence 
with acceptance criteria

Item name Acceptance criteria

Tuning/optimization standard As manufacturer limits
Rinse –
Reagent blank < LOQ
Calibration curve (5 points), preffered concentarions (0.1–

100 ppb) (0.1 ppb, 5 ppb, 10 ppb, 50 ppb and 100 ppb)
RSD % of RF ≤ 15.0% or  R2 ≥ 0.995

Internal standard response 80–120% of response in Reagent blank
Rinse –
Calibration verification about (50 ppb) ± 10% of true value
Rinse –
QC check solution about (0.1, 50 ppb) ± 20% of true value
Rinse –
Unknown samples (10) –
Rinse –
Reagent blank < LOQ
Calibration verification about (50 ppb) ± 10% of true value
Rinse –
Unknown samples (10) –
Calibration verification about (50 ppb) ± 10% of true value
Rinse –
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