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Introduction

In April of 2012, the United 
States Pharmacopoeia (USP) came 
out with a brand new ICP-OES/
ICP-MS method to determine a 
group of metallic contaminants 
in pharmaceutical products. 
The method, which has been 
summarized in General Chapters 
<232> and <233> entitled 

“Elemental Impurities – Limits and Procedures”,1,2 replaces Chapter <231>, a heavy metals 
test based on precipitation of the metal sulfide in a sample, and comparing the intensity  
to a lead standard.3 Even though this test has been used for over a hundred years, it is 
well-accepted that it is prone to error and requires a skilled analyst to interpret the  
color correctly. 

This study will focus on the practical benefits of the NexION® 300X ICP-MS coupled to the 
prepFAST in-line, auto-dilution and auto-calibration sample delivery system to determine a 
group of toxicologically-relevant elements in various pharmaceutical products. It will give 
an overview of the USP methodology, with particular emphasis on the impurity levels and  
the recommended analytical procedure. It will analyze some common pharmaceutical 
products covering the major drug delivery systems – oral, intravenous and inhalational 
– and present performance figures of merit for the system, based on the USP validation 
protocol for the method.

Benefits of the NexION 300X/350X 
ICP-MS Coupled with the prepFAST 
In-line Auto-dilution/calibrationSystem 
for the Implementation of the New USP 
Chapters on Elemental Impurities
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Elemental Impurities in Pharmaceutical Products

Chapter <232> specifies the list of elements and their toxicity limits, defined as maximum daily doses 
of the different drug categories – oral, parenteral (intravenous injection), inhalation and large volume 
parenteral – whereas Chapter <233> deals with the sample preparation, analytical procedure and QC 
validation protocol for measuring the elements, including the choice of either inductively coupled plasma 
atomic emission spectroscopy (ICP-AES), inductively coupled plasma mass spectrometry (ICP-MS) or an 
equivalent alternative technique that is fully validated. Let’s take a more detailed look at both chapters.

Chapter <232> 

Table 1 shows the maximum permissible daily exposure (PDE) values (in µg/day) for the administration 
of drug products based on an “average” 50 Kg person.4 The toxicity of an elemental impurity is related 
to its bioavailability. The extent of “chronic” exposure has been determined for each of the elemental 
impurities of interest for three routes of administration: oral, intravenous (parenteral) and inhalational. 
When the daily dose of an injection is >100 mL, the amount of element must be controlled through 
the individual components used to produce the drug product. This is known as the large volume 
parenteral (LVP) component limit (in µg/g) and is shown in the last column of Table 1. 

Table 1.  Maximum permissible daily exposure (PDE) values (in µg/day) for the administration of drug  
products, based on an “average” 50 Kg person.

 Oral Daily Dose  Parenteral Daily Dose Inhalation Daily Dose LVP Component 
Element PDE (µg/day) PDE (µg/day) PDE (µg/day) Limit (µg/g)

Cadmium 25 2.5 1.5 0.25

Lead 5 5 5 0.5

Arsenic (Inorganic)  1.5 1.5 1.5 0.15

Mercury (Inorganic)  15 1.5 1.5 0.15

Iridium 100 10 1.5 1.0

Osmium 100 10 1.5 1.0

Palladium 100 10 1.5 1.0

Platinum 100 10 1.5 1.0

Rhodium 100 10 1.5 1.0

Ruthenium 100 10 1.5 1.0

Chromium * * 25 *

Molybdenum 100 10 10 1.0

Nickel 500 50 1.5 5.0

Vanadium 100 10 30 1.0

Copper 1000 100 70 25

Note: * = Not considered a safety concern

This chapter also defines the maximum limit of the elemental impurities based on the materials’ final 
use and dosage. This is to ensure the drug manufacturers determine an acceptable level of impurity 
in the drug based on a typical maximum daily dosage of ≤10 g/day. These values are also used to 
take into account the sum of all the individual chemicals, active ingredients and excipient compounds 
(fillers) used to produce the final drug product, which is intended to be the basis of discussions 
between the drug manufacturer and the suppliers of the raw materials. 

Chapter <233> 

This chapter describes the ICP-OES/MS analytical procedures (including sample preparation), together 
with the validation protocol for the determination of the elemental impurities in the drug products 
described earlier.5,6 Let’s take a closer look at the ICP-MS methodology, and the suggested sample 
preparation procedure.
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ICP-MS Method: The instrumental methodology is very generic in nature, with no details about 
instrumental parameters or the best masses to use. It basically includes a number of QC/QA validation 
protocols to ensure the method is working correctly. The method specifies:

• Target (element) limits (known as “J” values) defined as the acceptance value for the elemental impurity 
being evaluated, based on the weight, number of doses, and frequency of taking/administering the drug.

• Calibration using two matrix-matched calibration standards and a matrix-matched blank. For each 
element the high standard is twice (2J) the target limit and the low standard is half (0.5J) the target limit.

• Samples are diluted so the concentration does not exceed 2x (2J) the target limits.

• Samples are analyzed according to the manufacturer’s suggestions for instrumental conditions and 
analyte masses, taking appropriate measures to correct for matrix-induced polyatomic interferences. 

• A collision/reaction cell may be used to reduce the polyatomic spectral interferences.

• A series of QC validation protocols, including spike recovery, accuracy, precision and stability tests, 
must be followed to ensure method is generating credible data. 

Sample Preparation can be approached in four different ways: 

• Analyze neat, undiluted sample, if sample is in suitable liquid form.

• Dilute the sample in an acidified aqueous solution if sample is soluble in water.

• If sample is not soluble in water, dilute in appropriate organic solvent. 

• Use closed vessel microwave acid digestion for insoluble samples.  

Careful consideration should be given to choice of acids, because of the potential for matrix-induced 
spectral interferences generated in the ICP.

Instrumentation

The objective of this study was to evaluate the capability of the NexION 300X ICP mass spectrometer 
(PerkinElmer Inc., Shelton, CT) coupled with the prepFAST automated in-line auto-dilution and 
auto-calibration system (Elemental Scientific Inc., Omaha, NE). The NexION 300 technology has 
been described in the literature, but it is basically an ICP-MS system that offers the simplicity and 
convenience of a traditional collision cell together with the exceptional detection limits of a true 

reaction cell. Using the patented 
Universal Cell Technology™ (UCT), the 
most appropriate collision or reaction 
cell technique can be chosen for a 
specific application. Together with 
the instrument’s Triple Cone Interface 
(TCI) and Quadrupole Ion Deflector 
(QID) technology, drift is minimized, 
contamination of the interface region 
is reduced, and routine maintenance 
and cleaning is kept to an absolute 
minimum. The NexION 300X ICP-MS 
is a single-channel version, which 
enables the instrument to be used in 
either the Collision (KED) mode or the 
Reaction (DRC) mode using one cell 
gas, in addition to the Standard (or 
normal) ICP-MS mode of operation.7 

Figure 1.  The prepFAST system illustrating a two-step process of loading 
sample into a loop and in-line dilution.



The prepFAST is an auto-dilution system that is fully-integrated with the NexION 300X ICP-MS for 
in-line auto-dilution of sample and stock standard solutions.8 Solutions are rapidly and reproducibly 
vacuum loaded from each autosampler location into a sample loop. This process is shown in Figure 1. 
During syringe reset in Step 1, the loop is rapidly (vacuum) rinsed and loaded with the sample, while 
the nebulizer and spray chamber are rinsed with carrier. In Step 2, the sample is injected into the 
NexION ICP-MS along a flow path where in-valve addition and mixing of diluent (port 3) and internal 
standard (port 7) occurs. Syringe delivery of all solutions ensures accurate and precise dilutions, while 
maintaining a constant, total flow rate. Dilution, internal standard addition and mixing all occur in-line 
in the mixing valve. The high-resolution syringe-based delivery of all solution flow rates ensures precise 
and accurate dilution factors while maintaining a constant total sample flow rate. The system is used 
to auto-calibrate the NexION ICP-MS and perform in-line dilutions of samples. Some of the benefits of 
this approach for the demands of a high-throughput pharmaceutical laboratory include:

• Real time dilutions up to 200-fold

• Dilution in valve head 

• Elimination of the errors associated with manual dilution steps

• Reduction of reagent volumes required for high dilution factors

• Rapid uptake and washout

• Reduced risk of contamination

Pharmaceutical Products Evaluated

The medications investigated are shown in Table 2, which represented three different categories  
of pharmaceutical products defined in Table 1 – oral, inhalation and large volume parenteral 
(intravenous injection).

Table 2.  List of medications evaluated in this study.

Pharmaceutical  Delivery Type Form Sample Preparation Dilution Factor

Arthritis Pain Medication Oral Tablet Microwave digestion 1 g to 50 mL

Cold/Flu Remedy Oral Powder Hot plate digestion  1 g to 50 mL

Allergy/Asthma Spray (a) Inhalation Solution Dilution 1 g to 50 mL

Lactated Ringer’s Solution (b) Large Volume Parenteral Solution Dilution 1 g to 50 mL

(a) The allergy/asthma spray contained a number of recognized homeopathic medications including ammonium 
carbonicum, antimonium tartaricum, stannum metallicum, chlorinum, and kali carbonicum. 

(b) Lactated Ringer’s solution is a liquid with the same osmotic pressure and viscosity as human blood and is used for 
the intravenous administration of drug compounds. There are many variations of this solution, but it typically contains 
sodium, potassium and/or calcium chloride (~1%), lactose in the form of sodium lactate and a glucose solution.

Sample Preparation

One gram of the sample was taken and brought into solution with an acid mixture of 2% HNO3/ 
0.5% HCl. The arthritis pain medication was crushed into a powder and digested in the Multiwave 3000 
microwave digestion system, (PerkinElmer, Inc., Shelton, CT), and made up to a final volume of 50 mL. 
The flu/cold remedy was just dissolved in the acid mixture, warmed on a hot plate, and made up to  
50 mL. Both the allergy medication and the lactated Ringer’s solution were already in liquid form, 
so they were prepared by diluting 1 g to a final volume of 50 mL. The oral medications were further 
diluted 10-fold in-line, using the prepFAST system to a final dilution factor of 500:1. It’s worth 
emphasizing that if many different medications are being analyzed with large variations in daily 
dosage, the target values (J) change, requiring additional sample dilution or a new calibration graph. 
One of the major benefits of the prepFAST in-line auto-dilution approach is that this can be done in  
a fully-automated manner, without the need to make additional manual dilutions. 
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Instrumental Parameters

The instrumental operating parameters for this analysis are shown in Table 3. 

Table 3.  ICP-MS instrumental conditions for the analysis of pharmaceutical compounds.

Component/Parameter Type/Value/Mode

Nebulizer  PFA ST Microflow

Spray Chamber  Quartz Cyclonic 

Triple Cone Interface Material Nickel

Plasma Gas Flow 16.0 L/min

Auxiliary Gas Flow  1.1 L/min 

Nebulizer Gas Flow  0.99 L/min 

Sample Uptake Rate  400 µL/min 

RF Power 1600 W

Analytes (run using Collision 51V, 52Cr, 60Ni, 63Cu , 75As, 95Mo, 101Ru, 103Rh, 105Pd, 114Cd, 189Os, 193Ir, 195Pt,  
mode with He gas) 202Hg, 208Pb

Internal Standards  69Ga, 74Ge 115In, 159Tb  

Auto-dilution/Auto-calibration  
Sample Delivery System ESI prepFAST

Replicates per Sample 3

Measurement Time (3 reps)  1 min 35 sec 

Analysis Time (sample to sample)  2 min 40 sec 

Calibration

Depending on the target values (J) for the analyte of interest and the sample preparation technique 
used for the different drug compounds, USP defined calibration solutions at half (0.5J) and twice (2J) 
the target values are required. Table 4 shows the PDE values (µg/day) for the oral drugs and target 
concentration values (µg/L) calculated based on a daily dose of 10 g/day and a final sample dilution 
of 500:1 (10-fold in-line dilution of 1 g/50 mL). It can be seen that correlation coefficients for all 
calibration curves generated by in-line dilution (2% HNO3/0.5% HCl) of a single stock standard are 
0.999 or better. Calibration graphs for three of the analytes are shown in Figures 2-4. They represent 
examples of low level (Pb), medium level (Ir) and high level (Cu), PDE elemental impurities.

Table 4.  Permissible daily exposure (PDE) values (µg/day) for oral drugs, together with the 
concentrations of the low (0.5J) and the high (2J) calibration standards with the respective linearity 
(correlation coefficients) for each analyte.

 Oral Drug J 0.5 J 2.0 J Linearity 
Element/Mass PDE (µg/day) (µg/L) (µg/L) (µg/L) (Correlation Coefficient)

 Based on Daily Dose of 10 g/day  
 and a Final Sample Dilution of 1 g/500 mL

Cd 114 25 5 2.5 10 0.999886

Pb 208 5 1 0.5 2 0.999927

As 75 1.5 0.3 0.15 0.6 0.999854

Hg 202 15 3 1.5 6 0.999967

Ir 193 100 20 10 40 0.999980

Os 189 100 20 10 40 0.999977

Pt 195 100 20 10 40 0.999703

Pd 105 100 20 10 40 0.999949

Rh 103 100 20 10 40 0.999914

Ru 101 100 20 10 40 0.999919

Mo 95 100 20 10 40 1.000000

N i60 500 100 50 200 0.999932

V 51 100 20 10 40 0.999898

Cu 63 1000 200 100 400 1.000000
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Figure 3.  Calibration plot for iridium (Ir), a medium level elemental impurity (PDE – 100 µg/day).

Figure 4.  Calibration plot for copper (Cu), a high level elemental impurity (PDE – 1000 µg/day).

Figure 2.  Calibration plot for lead (Pb), a low level elemental impurity (PDE – 5 µg/day).



Results

Chapter <233> also defines a number of QC/QA protocols to validate the method, which include the 
following tests:

• Accuracy of method by spiking the material under investigation at appropriate concentration levels 
related to the target limits and measuring the % recovery 

• Repeatability of method by measuring 6 independent samples of the material under investigation, 
spiked at the target limits defined and measuring the recovery and precision of the measurements

• Ruggedness of the method by carrying out repeatability measurement testing by analyzing either 
on different days, with a different instrument, or by a different analyst – and measuring the 
recovery and precision of the measurements

• Stability of the method by measuring an appropriate concentration level of spike relative to the 
target limits, before and at the end of analyzing a batch of samples 

All four medications were first analyzed in triplicate for their trace element concentrations. Tables 5, 6, 
7 and 8 show the elemental contaminants found in the arthritis pain drug, the cold/flu remedy, the 
allergy spray and lactated Ringer’s solution respectively, together with spike recoveries at 80% of the 
target limits (0.8J). The USP-accepted criteria for this test is 70-150% recovery for each of the target 
elements. In each of the tables, the concentration limits (µg/g) for the maximum daily dose of each 
of the drug products are also given, together with method detection limit (MDL) in the original drug 
(based on the sample weight and the dilution factor used). This is intended to show how much lower 
the detection capability of the method is compared with maximum elemental contaminant levels.  
A <MDL value indicates that the element was less than the method detection limit.

Table 5.  Measured elemental contaminants in the arthritis pain medication, together with spike recoveries 
at 0.8J, and method detection limit calculated in the original drug.

 Concentration Limits 
 (µg/g) for Oral  Measured Value  Method Detection 
 Drug Products with  (µg/g) in (%) Recovery Limits (MDLs) 
 Maximum Daily  Arthritis Pain of 0.8J Spiked (µg/g) Based on 
Element Dose of 10 g/day Medication Tablet Additions 500-fold Dilution

Cadmium  2.5 <MDL 103% 0.0004

Lead  0.5 0.016 102% 0.0007

Arsenic  0.15 <MDL 110% 0.0045

Mercury  1.5 <MDL 99% 0.0080

Iridium  10 0.031 102% 0.0005

Osmium  10 <MDL 105% 0.0010

Palladium  10 <MDL 97% 0.0025

Platinum  10 <MDL 103% 0.0019

Rhodium  10 <MDL 102% 0.0002

Ruthenium  10 0.006 106% 0.0005

Molybdenum  10 <MDL 108% 0.0029

Nickel  50 0.141 105% 0.0026

Vanadium 10 0.102 109% 0.0053

Copper 100 0.011 101% 0.0021
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Table 6.  Measured elemental contaminants in the cold/flu remedy, together with spike recoveries at 0.8J, 
and method detection limit calculated in the original drug.

 Concentration Limits 
 (µg/g) for Oral  Measured Value  Method Detection 
 Drug Products with  (µg/g) in (%) Recovery Limits (MDLs) 
 Maximum Daily  OTC Cold/Flu of 0.8J Spiked (µg/g) Based on 
Element Dose of 10 g/day Remedy Powder Additions 500-fold Dilution

Cadmium  2.5 <MDL 105% 0.0004

Lead  0.5 0.003 106% 0.0007

Arsenic  0.15 0.006 110% 0.0045

Mercury  1.5 <MDL 105% 0.0080

Iridium  10 <MDL 105% 0.0005

Osmium  10 <MDL 105% 0.0010

Palladium  10 <MDL 98% 0.0025

Platinum  10 <MDL 105% 0.0019

Rhodium  10 <MDL 105% 0.0002

Ruthenium  10 0.002 106% 0.0005

Molybdenum  10 <MDL 105% 0.0029

Nickel  50 <MDL 106% 0.0026

Vanadium 10 0.054 105% 0.0053

Copper 100 <MDL 103% 0.0021

It should be noted that sample preparation procedure for the allergy spray and lactated Ringer’s 
solution was a 50-fold dilution with 2% nitric acid. In addition, for these two samples, V, Cr, Ni, Cu, 
As were run in Collision mode, while the other elements were run in Standard mode. Even though 
this slows the analysis down slightly, improved sensitivity was achieved for the lower concentration 
elements that don’t benefit from running in Collision mode. 

Table 7.  Measured elemental contaminants in the OTC homeopathic allergy spray, together with spike 
recoveries at 0.8J, and method detection limit calculated in the original drug.

 Concentration Limits 
 (µg/g) for Inhalation    Method Detection 
 Allergy Spray with  Inhalation Allergy (%) Recovery Limits (MDLs) 
 Maximum Daily  Medication of 0.8J Spiked (µg/g) Based on 
Element Dose of 1 g/day Measured (µg/g) Additions 50-fold Dilution

Cadmium  1.5 <MDL 101% 0.0001

Lead  5 <MDL 106% 0.0003

Arsenic  1.5 <MDL 101% 0.0001

Mercury  1.5 0.0028 104% 0.0002

Iridium  1.5 <MDL 104% 0.0005

Osmium  1.5 <MDL 107% 0.0010

Palladium  1.5 <MDL 102% 0.0006

Platinum  1.5 <MDL 103% 0.0005

Rhodium  1.5 <MDL 102% 0.0002

Ruthenium  1.5 <MDL 100% 0.0003

Chromium  25 0.0013 104% 0.0002

Molybdenum  10 <MDL 103% 0.0001

Nickel  1.5 <MDL 102% 0.0005

Vanadium 30 <MDL 104% 0.0001

Copper 70 0.00054 102% 0.0001

8



Table 8.  Measured elemental contaminants in the lactated Ringer’s solution, together with spike 
recoveries at 0.8J, and method detection limit calculated in the original drug.

 Concentration Limits    Method Detection 
  (µg/g) for Large Lactated Ringer’s (%) Recovery Limits (MDLs) 
  Volume Parenteral Solution of 0.8J Spiked (µg/g) Based on 
Element Drug Products Measured (µg/g) Additions 50-fold Dilution

Cadmium  0.25 <MDL 101% 0.0001

Lead  0.5 <MDL 97% 0.0003

Arsenic  0.15 <MDL 109% 0.0001

Mercury  0.15 <MDL 99% 0.0002

Iridium  1 <MDL 101% 0.0005

Osmium  1 <MDL 102% 0.0010

Palladium  1 <MDL 95% 0.0006

Platinum  1 <MDL 101% 0.0005

Rhodium  1 <MDL 101% 0.0002

Ruthenium  1 <MDL 101% 0.0003

Molybdenum  1 <MDL 106% 0.0001

Nickel  5 <MDL 92% 0.0005

Vanadium 1 <MDL 99% 0.0001

Copper 25 <MDL 94% 0.0001

Validation Protocol

For clarity purposes, it was decided to take just one of the medications through the rest of the QC 
validation testing. The cold/flu remedy was selected for this part of the study. The results for the 
repeatability section of the test is seen in Table 9, which shows the % recovery and % RSD of six 
different samples of the cold/flu remedy spike at 1J and then taken through the all-sample preparation/
dilution steps. It can be clearly seen that the % RSD values are well within the USP-accepted criteria 
for this test of <20% RSD for each target element.

Table 9.  Recovery (%) and precision (% RSD) of the sample preparation procedure defined by six 
independent samples of cold/flu remedy spiked at 1J.

 Sample #1 Sample #2 Sample #3 Sample #4 Sample #5 Sample #6  
Element (% Rec) (% Rec) (% Rec) (% Rec) (% Rec) (% Rec) % RSD

Cadmium  103% 100% 103% 102% 102% 104% 1.4%

Lead  99% 98% 99% 98% 99% 99% 0.6%

Arsenic  105% 102% 106% 105% 106% 104% 1.8%

Mercury  105% 102% 103% 102% 104% 105% 1.2%

Iridium  102% 101% 101% 101% 103% 103% 0.9%

Osmium  100% 98% 99% 100% 100% 101% 0.9%

Palladium  106% 103% 106% 104% 105% 107% 1.4%

Platinum  91% 90% 91% 91% 92% 93% 0.9%

Rhodium  109% 106% 108% 106% 108% 109% 1.2%

Ruthenium  107% 104% 106% 105% 105% 107% 1.2%

Molybdenum  107% 105% 108% 106% 106% 108% 1.2%

Nickel  107% 107% 110% 108% 110% 110% 1.5%

Vanadium 106% 105% 106% 105% 107% 107% 0.8%

Copper 105% 105% 107% 105% 108% 108% 1.5%
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The ruggedness of the method is demonstrated in Table 10, which shows a 1J-spiked cold/flu remedy 
taken through the sample preparation steps and analyzed on three separate days. Once again, it shows 
that the % RSD values are well within the USP-accepted criteria for this test of <25% RSD for each 
target element. 

Table 10.  Ruggedness of the method is demonstrated by % recovery  
and precision (% RSD) of the cold/flu remedy spiked at 1J, and analyzed  
over a three day period.

 Sample #1 Sample #2 Sample #3 
Element (% Rec) (% Rec) (% Rec) % RSD

Cadmium  102% 100% 103% 1.2%

Lead  98% 100% 101% 1.0%

Arsenic  105% 103% 107% 1.6%

Mercury  104% 106% 106% 1.0%

Iridium  102% 104% 103% 0.8%

Osmium  100% 96% 92% 3.3%

Palladium  105% 102% 104% 1.4%

Platinum  91% 100% 97% 3.8%

Rhodium  108% 102% 103% 2.4%

Ruthenium  106% 100% 102% 2.3%

Molybdenum  107% 101% 103% 2.1%

Nickel  109% 101% 100% 3.8%

Vanadium 106% 101% 100% 2.7%

Copper 106% 103% 102% 1.7%

The long-term stability of the method is seen in Figure 5, which shows a 7½ hour stability plot of all  
15 analytes spiked at 1J, without the use of internal standardization. The USP does not specify the 
length of the stability measurement test, only to say that the drift should be assessed before and after 
the analysis of all the sample solutions. The 7½ hour timeframe of this test was not only intended to 
approximate running samples for a typical working day, but to also understand the drift characteristics 
of the instrument without using any kind of internal standard signal compensation. It is well-
recognized that a long-term stability test, such as this, is a true assessment of whether an instrument’s 
interface region and ion optics can analyze real-world sample matrices. It can be seen that the % RSD 
values are well within the USP-accepted criteria for this test of <20% RSD for each target element.
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Figure 5.  7½ hour long-term drift plot for the cold/flu remedy oral medication with all 15 analytes spiked at 1J. The data is presented 
without the benefit of internal standardization to demonstrate the excellent stability of the system. 
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Conclusion

This study has shown how the NexION 300 ICP mass spectrometer coupled with the prepFAST automated 
in-line auto-dilution/auto-calibration sample delivery system is ideally-suited to the analysis of a group of 
pharmaceutical products according to the new USP Chapters <232> and <233> on elemental impurities.  
It has shown that the technique can comfortably achieve the permissible daily exposure (PDE) limits defined 
in Chapter <232> for the four major modes of drug delivery. The data generated in this study has also 
confirmed that the instrument has easily met the quality control and validation protocols described in 
Chapter <233>.

In addition, the use of an in-line auto-dilution/auto-calibration sample delivery system makes the approach 
well-suited for the demands of a high-throughput pharmaceutical laboratory, by automating the labor-
intensive steps of preparation of calibration standards, dilution of samples and the addition of internal 
standards. Furthermore, it significantly lowers the risk of human error, as well as contamination of the 
sample, standards or blanks, because all these functions are being carried out in-line, with no manual 
intervention by the analyst.
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