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Summary 

Low-level analysis of food matrices has placed a demand on 
manufacturers, testing laboratories, and instrumentation 
vendors worldwide. Stricter regulations, better analytical 
instrumentation, and greatly improved sample preparation 
(pre-analytical) techniques have focused eff orts to simplify 
and standardize these analyses. Often overlooked, the preana-

lytical step determines the quality of the resulting data and 
requires careful attention to a number of details, including 
sample size, digestion parameters, and the level of detection 
needed. This article describes the selection of critical fac-
tors used in the optimization and simplifi cation of food and 
mixed-batch food microwave digestion.
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Food and contract testing laboratories are in 
an uphill battle in determining the best ap-
proach in processing foodstuff s.  

Regulatory bodies such as the Food and Drug Administration 
(FDA), United States Department of Agriculture (USDA), and 
European Commission (EC) have established element concentra-
tion limits on food and agricultural products. A recent addition 
to the methods menu from the FDA provides a guideline for the 
pre-analytical step for microwave sample digestion followed by 
inductively coupled plasma–mass spectrometry (ICP-MS) analysis 
of trace metals in food (1). Many publications and the Association 
of Analytical Communities (AOAC) performance methods have 
validated microwave digestion as a standard approach to food 
analysis. In fact, Method 4.7 from the FDA is an example of an 
internal validation exceeding standards set forth by the AOAC. 
The USDA has also recently updated their chemistry laboratory 
guidebook for the analysis of food utilizing inductively coupled 
plasma–optical emission spectrometry (ICP-OES) and ICP-MS 
following sample microwave digestion (2). The important feature 
in many of these methods relates to the choice of analytical tools 
and sample preparation technique, which leads to the questions: 
What is the best way to perform sample preparation and which 
instrument is best for multi-element analysis within a lab setting?

Sample preparation is given little attention in the overall process 
for the analysis of trace metals, and for many sample types it 
turns out to be routine. Normally, scientists simply look at the de-
tection limits for an ICP-OES or ICP-MS system and calculate back 
from a detection level or interferences to determine the instru-
ment of choice. Unfortunately, with highly organic sample types 
and the breadth of complexity increasing, the need for a good 
quality digestion process is more critical. A list of pre-analytical 
contributing factors that can aff ect the backend analysis includes 
sample size, acid digestion volume, sample fat and organic 
content, contamination, throughput, and post-digestion residual 
carbon content. Each of these will play a role in the methods 
chosen for processing a food sample.

Larger samples sizes  have been used because of the limits of 
analytical detection and sample inhomogeneity. The consider-
ation on what to use for the sample preparation then becomes 
a choice between ashing and microwave digestion. Ashing is 
complicated by the loss of critical elements such as Cd, Pb, and 
Hg along with contamination issues (3). Microwave digestion 
also historically has been a concern with the lack of vessel 

temperature and pressure capability for complete digestion of 
reasonably sized sample amounts. This picture becomes even 
more opaque with incomplete digestions causing problems for 
the ICP-OES or ICP-MS analysis with a resulting high residual car-
bon content (4–6). While ICP-OES dominates the testing labora-
tory environment, there is consistent movement toward ICP-MS 
with all of the advantages and trace metal regulations it off ers (7).

Conventional closed-vessel microwave digestion has been 
recognized for the past two decades as the most eff ective 
technique for the digestion of the widest range of sample types 
in metals analysis, largely because of its ability to operate at 
high temperatures and pressures. Because the digestions are 
in a closed vessel, cross-contamination and the loss of volatile 
elements are eliminated (8). Additionally, microwave sample 
preparation techniques have overcome challenges of poor 
digestion quality by providing better digests with low residual 
acidity, lower carbon content, and lower concentrations of dis-
solved solids, a critical feature necessary for back-end ICP-MS 
and ICP-OES analysis (9). It was recently suggested that an ideal 
sample preparation procedure would be capable of digesting 
large sample amounts, provide high throughput, be compatible 
with multi-element analysis, and be safe, green, and easy to use 
(9). A recent publication illustrates the importance of sample 
size, lower acid consumption, complete digestion with low 
residual carbon, and the eff ects of temperature and pressure 
with a variety of food samples in a conventional microwave and 
a new single reaction chamber technology (10). This research 
goes a long way into the basic understanding of how to think 
about sample preparation as a process. To further illustrate the 
completeness of sample preparation, we used a single reaction 
chamber (SRC) microwave digestion approach for processing 
mixed-batch and large food samples. 

Methods and Materials

SRC microwave digestion has been utilized extensively in the last 
several years. The operation, specifi cation, sequence of operation, 
and application have been published for further reading (11,12). 
The SRC uses a large, pre-pressurized chamber where multiple in-
dependent sample types are digested simultaneously up to 300 °C 
and 199 bar (including multiple acid combinations for determining 
the right digestion chemistry). By choosing diff erent size racks to 
fi t inside the chamber, diff erent sample sizes and throughput can 
be performed, depending on internal needs. Pre-pressurizing the 
chamber allows a single microwave method to be chosen for all 
types without the need for extensive method development. 
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All digestions were developed using an UltraWAVE based on the 
SRC design. The microwave delivers 1500 W of microwave power 
to a 1L stainless-steel reinforced PTFE chamber that can hold 
sample racks of 5, 15, or 22 vessels depending on sample and acid 
volume. Direct temperature and pressure control provide direct 
control of each sample (all samples reach the same temperature 
and pressure). The experiments described in this article were 
performed using a 15-position rack with 15 mL disposable glass 
vials and a 5-position rack with quartz vials for large sample sizes. 
An Agilent 7700x ICP-MS system was used for the analysis of all 
elements. The operating conditions for the ICP-MS system were 
as follows: RF applied power to the torch, 1.55 kW; carrier gas 
fl ow, 0.95 L/min; dilution gas fl ow rate, 0.15 L/min; plasma mode 
normal, He cell gas fl ow, 4 mL/min. Operating in He collision mode 
for samples allowed for routine robust analysis. 

Microwave Sample Preparation

Samples were selected to include a variety of food types along 
with standardized reference materials. The primary "big four" toxic 
metal profi les were used to establish a microwave method and 
instrument baseline numbers. Following this approach, an ex-
panded set of metals was determined using the same microwave 
method. The fi nal experiment examined a set of samples with sizes 
greater than 2 g to illustrate the feasibility of processing larger 
food samples with an identical microwave method established in 
the previous experiments (expands the capability to use ICP-OES 
in the well established food industry). 

Typical food samples (0.5 g) were placed in disposable glass test 
tubes and placed in a 15-position rack for microwave operation. 
The samples were treated with a 4 mL nitric acid and 0.5 mL 
hydrochloric acid combination (for Cd, Pb, As, and Hg stabilization) 
or 5 mL of nitric acid for the expanded list of elements and placed 
in the microwave chamber (note: the PTFE liner contains 100ml 
of water, 10 mL of hydrogen peroxide, and 3 mL of sulfuric acid 
as the microwave load for parameter control) Following pre-pres-
surization  of the chamber with nitrogen to 40 bar, the samples 
were digested using the following time–temperature microwave 
method: Ramp to 240°C over 30 min, hold at 240°C for 15 min, 
cool to 60 °C, and depressurize the chamber for analysis. The total 
time was 55 min. It should be noted that pressures can reach 
100 bar or greater during the course of a digestion and sample 
decomposition, illustrating one of the critical needs to have a 
system capable of higher temperatures and pressures for quality 
digestions. Systems or vessels venting during the course of these 
conditions would preclude development with the loss of volatile 
elements at a partial digestion point during a method. 

Results
Three separate microwave digestion runs were performed with a 
variety of food sample types and  sizes. Each  microwave method 
formed clear digestates with lower acid volumes, that were diluted 
with water to 25 mL, followed by a 2 mL aliquot diluted to 40 mL, 
and analyzed using ICP-MS. The fi rst sample set was analyzed for 
As, Cd, Hg, and Pb. The second set was expanded to include Mg, 
Mn, Cu, Fe, and Zn. Last, larger sample sizes were digested and 
analyzed for Se and Hg. For quality control (QC) an  acid blank, 
spikes, and duplicates were analyzed as part of ongoing instru-
ment calibration verifi cation. Quantitative data, detection limits, 
and QC data are shown in Tables  1, 2, and 3.
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Table 1. ICP-MS Analysis of Mixed-Food Samples 
following SRC Digestion (0.5 g, 4 mL HNO

3
, 0.5 mL 

HCl; 30 min to 240°C with 15 min at 250 °C)

Quality Control Summary

Concentration (ppb)

Arsenic Cad-
mium

Mercury Lead

Blank 0.001 0 <0.005 0.089

Spike Concentration 100 100 100 100

Spike Result 103 103 105 106

Spike Recovery % 97 97 5 94

Spike Dup Result 101 100 103 106

Duplicate recovery % 99 100 97 94

Detection Limit (ppt) 11.9 2.9 1.2 1.3

Sample Summary

Concentration (ppm)

Apple Certifi ed 
Values

0.038 0.013 0.044 0.47

Apple SRM 1515 0.041 0.011 0.04 0.45

Apple SRM 1515 dup. 0.044 0.01 0.038 0.44

Olive Leaves 0.01 0.009 0.02 0.097

Apple Leaves 0.021 0.088 0.023 0.09

Cheese 0.052 0.062 0.054 0.132

Candy Bar 0.008 0.008 0.028 0.084

Yogurt 0.055 0.089 1.46 0.12
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Sample Summary 
Concentration (ppb) 

Selenium Mercury

Tomato 1573 Certifi ed 54 34

Tomato 1573a 52.48 35.609 

Rice 294.53 27.56

Candy Bar 33.106 26.897

Cheese 31.865 50.695

Yogurt 134.65 1463.775

Instrument QC 52.011 0.9939

Table 2.  ICP-MS Analysis of Mixed-Batch Samples 
Following SRC Digestion (2-25.g 10 mL HNO

3
, 4 mL 

H
2
0, 1 mL HCL; 30 min to 240oC w/ 15 min at 240oC)

Table 3.  ICP-MS  Analysis  of  Large Sample Sizes  Fol-
lowing SRC  Digestion (2-25.g 10 mL HNO

3
, 4 mL H

2
0, 

1 mL HCL; 30 min to 240oC 15 min at 240oC)
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Conclusion

Given the high-throughput nature of testing labs, the standard-
ization of the SRC microwave method aligns well with the use 
of  ICP-OES or ICP-MS analysis for all sample types. SRC micro-
wave digestion in food, testing, and manufacturing labs for the 
analysis of trace metals provided a single optimized sample prep 
method. To achieve complete digestions for multiple sample 
types simultaneously , an optimized temperature of 240 °C was 
used; disposable glass vials were used to eliminate the need for 
vessel cleaning in subsequent digestion runs. With a 15-posi-
tion rack and a 55-min digestion time start to fi nish, a series 
of multiple samples can be processed for multi-element trace 
metals. Standardizing the SRC method provided a way to scale 
the process to larger sample sizes without the need for extensive 
method development, batching, vessel cleaning, and assembly.

Quality Control Summary

Concentration (ppb)

Mag-
nesium

Iron Manga-
nese

Cop-
per

Zinc

Blank 0 0 0 0 0
Spike Concentration 100 100 100 100 100

Spike Result 98 100 96 106 95

Spike Recovery % 98 100 96 100 95

Spike Dup Result 96 101 94 98 100

Dup. Recovery % 96 100 94 98 100
Detection Limit (ppt) 2.8 14.8 8.5 2.7 14

Sample Summary

Concentration (ppm)

Tomato 1573 Certi-
fi ed

- 368 246 4.7 30.9

Tomato 1573a - 365.1 241.6 4.35 29.5

Tomato 1573a dup - 367.8 243.6 4.4 30.1

Apple Leaves 2.051 92.9 79.3 9.2 43.1

Olive Leaves 1.917 88.2 28.2 31.3 18.5

Cheese 6.5 124.2 38.1 45.08 65.35

Peanut Butter 6.27 67.5 12.4 16.7 31.5

Milk Powder ND 1.75 0.251 0.68 45.2


