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ATOMIC PERSPECTIVES

Multi-Quadrupole ICP-MS:  
Pushing Limits of Detection  
to the Next Decimal

As the limits of detection (LODs) 
for trace metal analysis are increas-
ingly being pushed to the next 
decimal, a need exists to meet 
these new detection requirements 
without compromising accuracy 
or precision. Inductively coupled 
plasma–mass spectroscopy (ICP-
MS) is often the instrument of 
choice for routine applications re-
quiring ultratrace detection limits. 
For a number of elements, spec-
troscopic interferences can have 
a significant impact on the abil-
ity to achieve low detection limits 
by traditional ICP-MS systems. In 
this study we take a look at multi-
quadrupole ICP-MS technology, 
with a focus on the mechanisms 
of removing spectral and other 
interferences to secure the LODs, 
accuracy, and precision needed for 
challenging applications. 

Eve Kroukamp and Fadi Abou Shakra

Every analytical technique has its 
own challenges in terms of interfer-
ences and ways to remove them. 

This also applies to inductively coupled 
plasma–mass spectroscopy (ICP-MS), 
which is known to have a number of well-
characterized spectral interferences that 
are generated from matrix ions, the sol-
vents or acids being used, and the plasma 
gases (1). The presence of these interfer-
ences does not only have a great impact 
on the limits of detection (LODs), but also 
affects the ability to detect and accurately 
quantify analytes at low concentrations. In 
many industries, such quantification is cru-
cial for product safety and quality control. 

Spectral interferences are typically 
categorized into polyatomic (including 
oxides and hydroxides), isobaric, and 
doubly-charged ionic interferences. Al-
though sample cleanup has proven to 
be effective at removing a number of 
matrix-related spectral interferences, this 
approach is not popular because of the 
prohibitive cost and time associated with 
it. In some cases, it is possible to simply 
choose an alternative isotope that does 
not have an interference associated with 
it. However, for monoisotopic elements 
and those at extremely low concentra-
tions, choosing an alternative isotope is 
not always a viable option. Argon-based 
interferences are known to be effectively 

lowered through the use of cold or cool 
plasma conditions (1, 2). Unfortunately, 
this approach is known to suffer from 
matrix (non-spectral) effects, and so its 
use is dependent upon the application. 
Consequently, ICP-MS instrumentation 
was developed and improved over the 
years to effectively reduce and eliminate 
a number of these interferences. 

The most common way to do this is 
through using different modes of analysis 
that are possible using reaction or colli-
sion cell technology. Let’s take a detailed 
look at how reaction and collision cells 
work compared with the more traditional 
ways of reducing interferences.

Principles of Reaction 
and Collision Cells
Standard Mode
The use of correction equations was one 
of the first approaches used in ICP-MS 
analyses to correct for spectral interfer-
ences. Typically used to address isobaric 
and minor polyatomic interferences, the 
challenge with this approach is that it can 
result in overestimating or underestimat-
ing the interference, especially at lower 
analyte concentrations. Therefore, the use 
of correction equations does not always 
provide the level of accuracy needed. The 
name “standard mode” arose with the in-
troduction of a cell before the analyzer 
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  quadrupole. In this mode of operation, the cell, though typically 
pressurized with a gas for other modes of operation, had no gas 
added, serving simply as an ion guide where correction equa-
tions were then applied to the resulting data. 

Collision Mode
The first use of a cell pressurized with gas for ICP-MS application 
was a radio frequency (RF)-only driven cell, which came to be 
known as a collision cell. Collision cells, such as octopoles and 
hexapoles, are often referred to as “passive cells.” This is be-
cause these cells are not designed to have any mass separation 
capabilities. Instead, they were originally developed, and still 
continue to be used in organic mass spectrometry (tandem MS/
MS), to transmit predominantly high mass ions which have re-
sulted from the ion-fragmentation process (3). In collision mode, 
a non-reactive gas, such as helium, is introduced into the cell 
and used to pressurize it. The gas will collide with both the ana-
lyte and the polyatomic interference; however, the polyatomic 
ion interference typically has a larger cross-sectional diameter 
than the analyte ion, and will experience more collisions, lower-
ing its kinetic energy. These polyatomic ions are then removed 
using a kinetic energy discrimination (KED) barrier.

This mode of operation is best used for moderate levels of 
interferences, and, as such, is particularly useful for the analy-
sis of unknown matrices. The challenges associated with this 
mode of operation, however, are losses to analyte sensitiv-
ity and the inability to remove major interferences. For that 
reason, collision mode is limited to cases where the intensi-
ties of polyatomic interferences are less than four orders of 
magnitude higher than the analyte at that mass and where 
the interfering ion has a notably larger cross-sectional area 
than the analyte ion. 

Reaction Mode
Reaction mode is typically used for applications where the inter-
ference exceeds four orders of magnitude, or where the analyte 
is present in extremely low concentrations, and the analysis can-
not afford the signal suppression that would be introduced from 
a collision gas. In reaction mode, a reactive gas is introduced 
into the reaction cell where the choice of gas and its flow rate 
are selected according to reaction dynamics, which are essential 
for efficient interference removal. The reaction gas can either 
react with the interfering ion to completely remove it (exempli-
fied in equation 1) or with the analyte ion to “mass-shift” it to a 
mass where there is no interference (exemplified in equation 2).

Equation 1: 
An example of using a reaction gas to remove an unwanted 
polyatomic interference where both the interference and the 
analyte ions have the same mass. In this example, 35Cl16O and 
51V have the same m/z of 51:

35Cl16O+ + NH3 = ClO + NH3
+ 

51V+ + NH3  = no reaction

Equation 2: 
An example of using a reaction gas to mass-shif t the 
analyte to a new mass. In this example, 40Ar35Cl and 75As 
both have the same m/z 75, but 75As16O+ has a higher 
m/z of 91:

40Ar35Cl+ + O2 = no reaction

75As+ + O2 = 75As16O+ + O

Reaction Cell with Dynamic  
Bandpass Mass Tuning 
One of the many concerns with conventional reaction 
cells is that byproducts of the chemical reactions can 
react with the reaction gas and other ions in the cell to 
form new interferences. When this happens, passive cells 
only have limited applicability, and this is where active 
cells have become extremely useful. Owing to their mass 
filtering capabilities, quadrupole-based collision–reac-
tion cells can be used to eject reaction by-products be-
fore they have a chance to react and form new interfer-
ences. This approach, called dynamic bandpass tuning 
(Universal Cell Technology), provides a clear advantage 
over higher order multipoles which lack the mass filter-
ing capability to control these byproduct side reactions. 

Further Reduction of  
Spectral Interferences
However, there are other complementary ways of reducing 
polyatomic and isobaric spectral interferences in ICP-MS, 
with the use of additional mass separation devices. Let’s take 
a closer look at some of these approaches. 

Quadrupole Ion Deflector (QID)
Most ICP-MS instruments have a number of ion lenses that are 
used to filter the ion beam of unwanted photons and neutral 
species before they enter the cell. Historically, these lenses were 
designed in tandem with the interface cones. In 2010, however, 
the quadrupole ion deflector (QID) was developed (PerkinElmer 
Inc.), where an additional quadrupole was placed directly after 
the cones, replacing the traditional lens system. The role of this 
quadrupole was to deflect the ion beam 90°, while the photons 
and neutral species remain unaffected by the applied voltage 
and are removed via the vacuum. A benefit of this technology 
is that it behaves as an electrostatic analyzer that reduces the 
kinetic energy spread of the ions, and can operate with either a 
fixed or variable quadrupole voltage. 

With a fixed voltage, a mass range of interest around the ana-
lyte ion can be transmitted to the cell, whereas ions outside this 
mass range are filtered off. This reduces matrix loading onto the 
cell or first quadrupole (depending on the instrumentation being 
used), and lowers the chances of new interferences forming in 
the cell from matrix ions. A good example of this would be for 
zinc (Zn), which would typically be reacted with NH3 to form zinc 
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cluster ions (64Zn [14NH3]
+3) at mass 115. By 

fixing the voltage of the QID to the mass 
window around mass 64, 114Cd+ and 
115In+ ions, if present in the sample, are 
diverted away from the cell. As a result, 
a better S/N ratio for the zinc cluster ion 
at mass 115 is achieved. 

Triple Quadrupole ICP-MS
An alternative approach to reducing inter-
ferences is to use a traditional triple quad-
rupole design whereby a passive cell (Q2) 
is placed between two quadrupole mass 
spectrometers. This approach, popular in 
organic mass spectrometry, where parent 
ions are subjected to collisional induced 
dissociation in the cell, was commercially 
adopted for ICP-MS in 2012. This design 
allows the analyst to select only the nom-
inal mass of interest in the first analyzer 
quadrupole, eliminating other masses 
from the ion beam so that only the ana-
lyte and interfering ions remain. The in-
terference is then removed through the 
use of reaction chemistry, and sometimes 
KED, in the collision–reaction cell (Q2), 
which allows the analyte to be sepa-

rated from the interference in the final 
analyzer quadrupole. One limitation of 
this approach is that the cell is passive, 
and therefore offers no control over 
any potential side reactions between 
the reaction by-products and the gas 
itself or impurities in the cell gas.

Multi-Quadrupole ICP-MS
In a multi-quadrupole design, the passive 
cell of traditional triple quadrupole de-
signs is replaced with an active cell pos-
sessing mass filtering capabilities. Such 
cells can operate in either passive (triple 
quadrupole) or active (multi-quadrupole) 
modes, and offers the ability to reject the 
reaction byproducts before they can po-
tentially generate any new interferences. 
Figure 1 shows the layout configuration of 
the four quadrupoles.

This design allows the ion beam to be 
cleaned up in the first quadrupole (Q0), 
followed by mass selection in the first 
transmission analyzer quadrupole (Q1),  
removing all interferences which are not 
at the desired nominal mass. After this, 
the analyte and any interferences that 

are at the same nominal mass are intro-
duced into the active quadrupole cell 
(Q2) where the dynamic bandpass mass 
tuning capability of the cell effectively 
eliminates reaction byproducts before 
they have a chance to form new interfer-
ences. Thereafter, the interfering and 
analyte ions are efficiently separated in 
the final transmission analyzer quadru-
pole (Q3) in a manner that depends on 
the mode of operation (MS/MS or mass-
shift). In this way, it not only controls the 
ions that enter the cell, but also controls 
the reactions within the cell, ensuring that 
byproduct ions are not formed.

Let’s explore the fundamental differ-
ences between a conventional triple quad-
rupole system and the multi-quadrupole 
technology by highlighting the determi-
nation of chromium in an organic solvent, 
which is particularly difficult using a pas-
sive collision–reaction cell. Note that the 
data in this example and all subsequent 
data have been generated on a NexION 
5000 ICP-MS system (PerkinElmer Inc.) (4).

Chromium in an Organic Matrix
Detection limits for chromium tend to 
be poor in organic matrices because of 
the 40Ar12C polyatomic interference that 
forms as a result of the plasma gas and 
organic solvent. Figure 2 shows a product 
ion scan of 1% methanol, where Q1 was 
set to mass 52 and Q3 was set to scan 
the mass region from 4 to 100 amu with 
an NH3 gas flow of 1 mL/min. Pure am-
monia was used for this reaction because 
it is known to produce highly efficient and 
reproducible reactions. In order to dupli-
cate a passive collision cell (triple quad-
rupole mode), a rejection parameter q 
(RPq) value of 0.05 was used. Four peaks 
can be clearly observed at masses 18, 19, 
35, and 52 (m/z 52 ca. 4500 cps) which 
are due to 14NH4

+, 15NH4
+, 14NH4

14NH3
+ 

and 14NH4(
14NH3)2

+ ions respectively. The 
presence of these ions was confirmed by 
peaks at masses 18 and 19, whose abun-
dance has the same relationship as the 
two isotopes of nitrogen (shown in Table 
I) as was determined using the formula 
shown in equation 3. Also contributing 
to the peak at mass 52 are chromium 
impurities in the methanol, as a result of 
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FIGURE 1: Layout of the four quadrupoles (Q0 through Q3) in multi-quadru-
pole ICP-MS technology.
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FIGURE 2: Product ion scan with Q1 set to mass 52, Q3 set to scan masses 
4–100 in “triple quad mode” and NH3 gas flow of 1 mL/min. 
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the methanol HPLC gradient grade 
being used (≥ 99.8% HiPerSolv Chro-
manorm, VWR Chemicals BDH). 

Equation 3:
Calculated abundance of 15N = (15N 
cps)/ (14N cps + 15N cps) 
As evidenced in Figure 2, it can be 
clearly observed that additional species 
have formed from the NH3 in the cell, 
even though only mass 52 was allowed 
through Q1 and the 40Ar12C interference 
was removed via the reaction mode. 
However, once dynamic bandpass mass 
tuning was applied by increasing the RPq 
(shown in Figure 3), it can be clearly seen 
that all peaks that had been generated 
from the reaction gas are completely 
eliminated, leaving behind a clean and 
significantly smaller peak (ca. 500 cps) at 
mass 52, which equates to ~5 ppt Cr im-
purity, which could be due to the fact that 
methanol has been traditionally stored in 
stainless steel containers. 

By plotting the background equiva-
lent concentrations (BECs) against the 
RPq, the benefits of an active cell are 
apparent, as exemplified in Figure 4. 
Operating in “triple quad mode” at an 
RPq of 0.05, the BEC was around 966.7 
ppt. By using the power of dynamic 
bandpass mass tuning a significant 
lowering of the BEC down to 5 ppt can 
be clearly observed.

Figure 4 highlights why, despite the 
effective way that triple quadrupole 
designs deal with interferences, it is 
challenging for these systems to reach 
sub-1 ppt BECs for some elements 
using hot plasma conditions. However, 
with the use of multi-quadrupole tech-
nology, BECs of <1 ppt in a hot plasma 
can easily be achieved. 

Let’s take a more detailed look at 
two very important application seg-
ments for ICP-MS where ultra-low 
detection capability and interference 
reduction is critically important—semi-
conductor and biological applications.

Semiconductor Industry
As can be expected, the cleanliness of 
chemicals in the semiconductor indus-
try is critical to guaranteeing the quality 

and improved yields of semiconductor 
products (7). Ultrapure water is one such 
chemical and is used in a variety of dif-
ferent processes throughout this indus-
try. For this reason, the Semiconductor 
Equipment and Materials International 
(SEMI F63-0918) (5) and American Soci-
ety for Testing and Materials International 
(ASTM D5127-13) (6) have developed stan-
dards associated with the production 
and point of delivery of ultrapure water. 
The SEMI F63-0918 “Guide for Ultrapure 
Water Used in Semiconductor Process-
ing,” for example, has set a target value 
of <1 ppt for the maximum allowable 
concentrations of 26 metallic contami-
nants with the exception of boron (50 ppt)  
and nickel (3 ppt). 

As described by Pruszkowski (7), 
using the multi-quadrupole ICP-MS 
instrument in hot plasma mode and 
100% NH3 or O2 (depending upon 
the analyte) as reaction gases, the 
detection limits for all 26 elements 
essential to the semiconductor indus-
try were found to be <0.3 ppt (shown 
in Figure 5), easily satisfying the 1 
ppt requirement of SEMI and ASTM 
standards (7). The BECs for most of 

these elements were in fact found to 
be less than 0.5 ppt and as such dem-
onstrates the efficiency of spectral  
interference removal (7).

Biological Samples
Another application area where accu-
racy at low levels is extremely important 
is in the measurement of trace metals 
in whole blood and serum. Blood is a 
complex mixture of water, red and white 
blood cells, proteins, hormones, glucose, 
and mineral salts (8). Serum is derived 
from blood via centrifugation, and has 
a similar composition despite lacking in 
red and white blood cells and fibrino-
gens (8). Aside from being a very com-
plex mixture, blood panels are typically 
run to make decisions about the health 
of the patient where sometimes the pres-
ence of extremely low concentrations of 
the metal in the patient can lead to ad-
verse effects, hence the need for good 
accuracy with low method detection 
limits (8). As described by Pruszkowski 
(8), Figure 6 demonstrates that, despite 
the complex matrix of the blood sam-
ples and diluent being used (1% HNO3 
+ 0.05% Triton X), extremely low MDLs 
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FIGURE 3: Product ion scan with Q1 set to mass 52, Q3 set to scan masses 
4–100 with an RPq of 0.7 “multi-quad mode” and an NH3 gas flow of 1 mL/min.

TABLE I: Calculated relative abundance of peaks at mass 18 and 19 equating 
to 14N1H4

+, 15N1H4
+

Isotope CPS
Theoretical 

Relative 
Abundance

Calculated 
Relative 

Abundance
14N 591019 99.6337% 99.6174%
15N 2270 0.3663% 0.3826%
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were achieved (Note: MDLs were deter-
mined by analyzing the diluent 7x, and 
the resulting standard deviations multi-
plied by 50 (the dilution factor) and 3.14 
(99% confidence limit)) (8).

To demonstrate the accuracy of this 
methodology, ClinChek Levels I, II, and III 
whole blood control standards were ana-
lyzed using the same sample preparation 
procedure and comparing them against 
calibration curves prepared by 50x, 

100x, and 200x dilutions of a ClinCal 
calibration standard (8). The results in 
Table II show percent recoveries com-
pared to the normalized results of the 
mean certificate values. It can be seen 
that recoveries are well within the certi-
fied values (8).

Conclusion
In conclusion, multi-quadrupole ICP-MS 
technology offers a distinct advantage 

over traditional approaches in the re-
moval of spectral interferences, by not 
only controlling the ions that enter the 
cell, but also the reaction products within 
the cell. For example, there is an im-
provement of approximately two orders 
of magnitude in the background equiva-
lent concentrations when the bandpass 
is applied for chromium, which has a di-
rect impact on the detection limit. This 
allows for the accurate sub-ppt quantifi-
cation of analytes in the semiconductor 
industry even in the hot plasma mode, 
which does not suffer from the same 
non-spectral matrix effects as are often 
observed when using cold plasma condi-
tions. Furthermore, this technology can 
be extremely useful in the field of bio-
monitoring studies, effectively removing 
the spectral interferences to provide high 
accuracy at low levels in complex sample 
matrices. The application of this technol-
ogy is not limited to these application 
fields, but can be extended to other ap-
plications where spectral interferences 
are a significant limitation such as envi-

TABLE II: Percentage recoveries of ClinChek I, II, and III whole blood control solutions based on the median of the 
certified ranges (8) 

Element

ClinChek I ClinChek II Clinchek III

Unit
Clinchek I  

Range
ClinChek I 
Analysis

Clinchek II  
Range

ClinChek II 
Analysis

Clinchek III  
Range

ClinChek III 
Analysis

Mg 23.9-29.2 25 31.4-38.5 33.7 38.9-47.6 42.2 mg/L

P 312-467 348 294-441 359 306-459 365 mg/L

Cr 1.03-1.72 1.17 4.20-7.01 5.35 8.44-12.7 10 μg/L

Mn 7.09-10.60 7.59 12.3-18.5 14.5 17.7-26.5 21 μg/L

Co 1.24-1.87 1.46 5.70-8.55 6.88 10.4-15.7 12.8 μg/L

Ni 1.41-2.35 1.72 3.74-5.61 4.17 10.3-15.5 12.2 μg/L

Cu 0.542-0.813 0.65 0.885-1.33 1.11 1.34-2.01 1.72 mg/L

Zn 3.67-5.50 4.4 5.02-7.53 6.12 6.39-9.58 7.67 mg/L

As 4.34-6.51 5.12 7.97-12.0 9.96 15.5-23.2 18.9 μg/L

Se 60.2-90.3 75.3 100-150 128 134-201 170 μg/L

Mo 1.65-2.48 2.02 3.58-5.37 4.43 6.97-10.5 8.18 μg/L

Pd 0.578-0.867 0.71 1.34-2.01 1.62 3.38-5.07 4.05 μg/L

Ag 1.48-2.22 1.74 3.50-5.25 4.22 6.81-10.2 8.55 μg/L

Cd 0.987-1.48 1.24 2.30-3.45 2.9 5.06-7.59 6.28 μg/L

Pt 1.34-2.00 1.67 1.95-2.92 2.44 3.97-5.95 4.96 μg/L

Hg 0.885-1.640 1.3 5.15-8.59 6.86 8.59-12.9 9.23 μg/L

Tl 0.656-0.984 0.82 3.35-5.03 4.02 6.70-10.1 7.69 μg/L

Pb 43.6-65.3 54.5 176-263 212 340-510 406 μg/L
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FIGURE 4: Lowering of background equivalent concentrations (BECs) (ppt) for Cr 
with increasing RPq.
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ronmental, geochemical, petrochemical,  
and academic research. 
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