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The European Union has put a set of 
directives into place to further protect the 
environment. The first directive regulates 
recycling of waste electronic and elec-
trical equipment (WEEE). The second 
directive requires reduction of hazardous 
materials (RoHS) through the restriction 
of products containing 60.1% Cr VI, 
Hg, and Pb, and 60.01% Cd in homo-
geneous materials. The RoHS directive 
also regulates two brominated flame 
retardants. This rule may be expanded in 
the next several years.1

Although these directives are only 
enforceable in Europe, they are affect-
ing manufacturing around the world. 
Most global companies ship to many 
places in the world, and it would be 
expensive and time intensive to seg-
regate the merchandise manufactured 
for European consumption. Therefore, 
this regulation has far-reaching effects 
on all manufacturing firms. This 
becomes even more significant as addi-
tional countries, such as China, and 
sections of the United States, such as 

California (effective January 1, 2007), 
implement similar regulations.2,3 The 
list of materials considered hazardous, 
concentration levels permitted, and 

the method of sampling or what may 
be considered a homogeneous sample 
may differ in each regulation. Efficient 
analysis with suitable detection limits 

Figure 1	 Examples of electrical components and raw plastic materials to be measured for 
RoHS compliance.
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Table 1	 Draft ISO standard analysis guidelines*
		  Polymer	 Metal	 Electronics
Steps	 Substances	 materials	 materials	 (PWBs/components)
Mechanical sample		  Direct measurement	 Direct measurement	 Grinding 
  preparation		  grinding	 grinding
Chemical sample		   
  preparation		  Microwave digestion	 Acid digestion	 Microwave digestion
		  Acid digestion		  Acid digestion
		  Dry ashing		  Solvent extraction
		  Solvent extraction
Analytical technique	 PBB/PBDE	 GC-MS	 NA**	 GC-MS 
  definition (including		  HPLC-UV		  HPLC-UV 
  typical margins of	 Cr VI	 Alkaline digestion/ 
  errors)		  colorimetric method	 Spot-test procedure/	 Alkaline digestion/ 
			   boiling-water	 colorimetric method 
			   extraction procedure
	 Hg	 ICP-AES, ICP-MS, CVAAS, AFS
	 Pb/Cd	 ICP-AES, ICP-MS, AAS

*PWBs: printed wiring boards; PBB: polybrominated biphenyl; PBDE: polybrominated diphenyl ether; CVAAS, cold vapor atomic 
absorption spectrometry; AFS: atomic fluorescence spectrometry
**NA: not applicable.
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for a wide range of elements in small 
samples is desirable to be prepared 
today and in the future.

Analyses to ensure compliance with 
this regulation require the digestion of 
a wide variety of materials. An exam-
ple of the types of materials that may 
be observed is shown in Figure 1.

This paper will discuss sample prepa-
ration challenges and solutions. The 
analysis of the materials after digestion 
will be described, and the choice of 
inorganic analysis technique explored.

Experimental
Samples of old electronic components 
were obtained from various sources. 
One wire cover and clip sheath were 
reported to be undergoing a manufac-
turing change because of RoHS non-
compliance and were included in the 
sampling. Raw plastics were obtained 
from a manufacturer in China.

Samples were digested using the 
Multiwave™ 3000 (PerkinElmer 
Analytical Sciences, Shelton, CT). 
Electronic components were cut into 
small pieces and the pieces mixed thor-
oughly before weighing approximately 

0.1 g into a quartz or PTFE digestion 
vessel. Electronic components were 
digested with 6 mL HNO3/2 mL H2O2/1 
mL HF. Raw plastics were digested with 
9 mL HNO3. Samples were digested 
with a 45-min power program:

•	 Ramp from 0 to 600 W for 5 min, 
hold for 15 min

•	 Ramp from 600 to 1400 W for 5 
min, hold for 20 min.

Digestates were transferred and diluted 
to 50 mL with ASTM Type I water.

Analysis was performed using inductively 
coupled plasma-optical emission spec-
trometry (ICP-OES) and flame atomic 
absorption spectrometry (FAAS). Default 
conditions were used for the analysis of 
Pb and Cd using the AAnalyst™ 400 
atomic absorption system (PerkinElmer 
Analytical Sciences).

The  Opt ima™ 5300  ICP-OES 
(PerkinElmer Analytical Sciences) 
was used for a full suite of elements, 
including mercury.

•	 Axial mode for elements where 
increased sensitivity was required, 
such as Sb, As, Be, Cd, Cr, Cu, Pb, 
Hg, and Se

•	 Radial mode for elements expected 
at higher concentrations, such as 
Ba, Mg, and Mn

•	 Low-flow GemCone nebulizer 
(PerkinElmer Analytical Sciences)

•	 Cyclonic spray chamber
•	 On-line addition of internal standard.

Total analysis time was approximately 
3 min per sample.

Results and discussion
Sample digestion can be a challenge due 
to the homogeneity of the sample. The 
regulations are unclear as to whether 
each component or subassembly should 
be sampled or whether a composite bet-
ter represents the product for regulation. 
China’s regulation more clearly defines 
that homogeneous sample analysis is 
desired and that analysis at the smallest 
component level will be required. Many 
companies are taking their best guess at 
how to interpret the current regulations 
and comply with testing.

Some of the samples tested here were 
clearly homogeneous, such as the plas-
tic raw material and yellow plastic 
sleeves. Some were not homogeneous, 
such as the circuit board and ribbon 
cable. With more sophisticated grind-

Table 2	 Plastic results (mg/kg in the solid)
	 #1 Plastic	 #3 Plastic	 #4 Plastic	 #5 Plastic	 #6 Plastic	 #7 Plastic
	 (white)	 (white)	 (white)	 (green)	  (black)	 (black)
Cadmium	 ND*	 ND	 ND	 ND	 ND	 ND
Chromium	 1.39	 1.37	 0.96	 13.4	 5.18	 10.0
Lead	 1.53	 1.90	 1.12	 14.1	 16.4	 14.6
Mercury	 ND	 ND	 ND	 ND	 ND	 ND
Aluminum	 ND	 ND	 ND	 11,140	 87,475	 11,378
Antimony	 6.61	 5.78	 4.39	 4685	 9.54	 6744
Arsenic	 ND	 ND	 ND	 10.4	 9.55	 13.2
Barium	 ND	 ND	 ND	 2.43	 21.6	 1.84
Beryllium	 ND	 ND	 ND	 ND	 ND	 ND
Calcium	 25.2	 64.8	 34.0	 86,690	 108,600	 90,290
Copper	 21.0	 17.0	 14.2	 50.6	 14.9	 16.5
Iron	 ND	 ND	 ND	 175	 48.4	 172
Magnesium	 3.96	 3.51	 2.04	 2249	 1149	 2298
Manganese	 ND	 ND	 ND	 22.8	 26.1	 20.6
Nickel	 2.03	 2.57	 1.38	 0.42	 1.93	 ND
Selenium	 12.8	 13.1	 9.91	 ND	 ND	 ND
Silver	 ND	 ND	 ND	 ND	 ND	 ND
Thallium	 ND	 ND	 ND	 ND	 ND	 ND
Vanadium	 ND	 ND	 ND	 8.85	 ND	 8.12
Zinc	 82.9	 78.1	 45.1	 325	 1024	 317

*ND: not detected.



ing tools, the homogeneity of the sam-
ple for replicate digestions could have 
been improved.

Microwave digestion proved satisfactory 
for the wide range of materials digested. 
Increased temperature and pressure 
ensure that resistant components are 
solubilized and the closed system retains 
the mercury in solution. The acid ratio 
was adjusted on the least homogeneous 
sample until a clear digest was obtained. 
This program was used for the rest of the 
electronic component samples.

Inorganic analysis using FAAS, ICP-
OES, and inductively coupled plasma-
mass spectrometry (ICP-MS) techniques 
were evaluated for possible analysis of 
samples. AA requires the lowest initial 
investment and is simple to use. How-
ever, it measures a single element at a 
time, which can be slow if a large num-
ber of elements need to be measured. 
Also, a separate analysis is needed for 
mercury using the cold vapor technique. 
ICP-OES requires a moderate initial 
investment and is a fast multielement 
technique. Mercury can be included in 
the multielement list of analytes and 
determined at the same time. Since 
additional elements increase the analysis 

time by a negligible amount, elements 
that may be of interest in the future can 
be monitored. ICP-MS requires a higher 
initial investment and also provides a 
fast multielement technique. It offers 

lower detection limits for the use of 
a smaller sample size or compliance 
with lower limits. Like ICP-OES, 
mercury can be included in the suite 
of analytes, and additional elements 
can be included for screening.

The concentration in solution after 
digestion may be several parts per 
million, indicating that ICP-OES 
may be the best choice. Axial con-
figuration ICP-OES will be evalu-
ated and compared with flame AA, 
with similar concentration range 
strengths. Table 1 shows a recent 
draft ISO standard listing guide-
lines for sample preparation, both 
mechanical and digestion, and 
analysis. It seems logical to mea-
sure total chromium first and only 
measure chromium VI if the limit is 
exceeded with the total amount.

The results of ICP-OES analy-
sis of the raw plastic matrices are 
shown in Table 2. None of the 
limits specified in the guidelines is 
exceeded. High levels of antimony 

are observed in the colored plastics and 
may be of concern in the future. Table 
3 shows the results from the various 
electrical components measured. Lead 
and cadmium levels are exceeded for 

Table 3	 Electrical components (mg/kg in the solid)
	 #7 Circuit	 #6 Wire	 #4 Red	 #3 Ribbon	 #2 Yellow
	 board	 insulation	 connector sheath	 cable	 sleeve
Cadmium	 ND*	 297	 ND	 ND	 ND
Chromium	 25.7	 44.9	 4.36	 72.9	 ND
Mercury	 ND	 ND	 ND	 ND	 ND
Lead	 1610	 14.4	 0.95	 4920	 1.67
Aluminum	 5009	 20,885	 59.2	 65.5	 40.1
Antimony	 2225	 6.46	 ND	 1549	 ND
Arsenic	 38.1	 10.0	 ND	 ND	 ND
Barium	 1985	 495	 2.60	 2650	 3872
Beryllium	 ND	 1.22	 ND	 ND	 0.66
Calcium	 33,642	 90,011	 101	 13,367	 ND
Copper	 192,470	 70.2	 17.1	 329,995	 89.9
Iron	 634	 1255	 1027	 27.1	 5.0
Magnesium	 1123	 2214	 ND	 37.4	 ND
Manganese	 22.8	 29.1	 5.08	 7.53	 ND
Nickel	 61.5	 33.5	 3.39	 ND	 1.53
Selenium	 ND	 10.9	 10.4	 5.9	 11.9
Silver	 10.7	 ND	 ND	 16.1	 ND
Thallium	 ND	 ND	 ND	 ND	 ND
Vanadium	 11.2	 39.6	 ND	 ND	 ND
Zinc	 1122	 68.1	 9.70	 166	 9.16

*ND: not detected.

Table 4	 Precision—relative percent difference
	 #6 Wire	 #5 Wire
	 insulation (mg/kg)	 insulation (mg/kg)	 % Difference
Aluminum	 20,885	 20,416	 2.3
Antimony	 6.46	 7.08	 9.2
Arsenic	 10.0	 11.3	 13
Barium	 495	 360	 31
Beryllium	 1.22	 1.27	 3.7
Cadmium	 297	 210	 34
Calcium	 90,011	 88,347	 1.9
Chromium	 44.9	 48.4	 7.4
Copper	 70.2	 64.9	 7.9
Mercury	 ND*	 ND	
Iron	 1255	 1508	 18
Lead	 14.4	 11.8	 20
Magnesium	 2214	 2544	 14
Manganese	 29.1	 28.2	 3.2
Nickel	 33.5	 38.4	 14
Selenium	 10.9	 1.35	 156
Silver	 ND	 ND	
Thallium	 ND	 ND	  
Vanadium	 39.6	 40.8	 2.9
Zinc	 68.1	 64.1	 6.0

*ND: not detected.



several of the products. Several other 
elements are also present and may be 
of concern.

Table 4 shows the precision between two 
digested aliquots of the same material. 
Most of the elements agree well; however, 
the selenium concentration differs by 
approximately 156%. This is most likely 
due to measurement near the detection 
limit, which increases variability.

To further confirm performance of the 
digestion/analytical technique combina-
tion, a predigestion spike was measured 
on a homogeneous matrix (Table 5). 
Recoveries were excellent.

Lead and cadmium determination by 
ICP-OES and flame AA were com-
pared. Table 6 compares the analytical 
results on a variety of matrices.

The results obtained with the two tech-
niques compared favorably. Flame AA 
is less sensitive then ICP-OES for these 
elements, although both provide satis-
factory results for the compliance level 
required. ICP-OES took approximately 3 
min for the analysis of 18 elements; AA 
took about 15 sec for the analysis of one 
sample for one element, after calibration. 
ICP-OES can include Hg in a multi
element analysis if the sample prepara-
tion preserves Hg. If more than eight ele-

ments are being determined, ICP-OES is 
the faster technique. Many laboratories 
may find ICP-OES to be the more suit-
able technique for this analysis because 
of the considerations mentioned and the 
versatility of the technique for other proj-
ects that may require metals analysis.

Conclusion
Microwave digestion is an excellent 
sample digestion technique for RoHS 
compliance because of sample vari-
ability tolerance and the ability to 
retain volatile elements. Digestion 
time is predictable and reduced below 
hotplate digestion time due to high 
temperature/pressure.

ICP-OES provides several benefits 
for the analyses of RoHS matrices, 
including multielement capabilities to 
provide rapid information on a variety 
of elements, suitable detection limits, 
and wide dynamic range to meet the 
needs of potentially diverse samples. 
Analysis of a variety of samples dem-
onstrates repeatability, spike recovery, 
and good precision for materials con-
taining different levels of analytes of 
interest and other elements that may 
be needed for informational purposes.
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Table 5	 Predigestion spike recovery*
	 #1 Plastic (white)	 #1 Plastic spike	 % Recovery
Antimony	 0.01	 0.88	 87
Arsenic	 ND**	 0.88	 88
Beryllium	 ND	 0.94	 94
Cadmium	 ND	 0.96	 96
Calcium	 0.05	 1.11	 106
Chromium	 ND	 1.00	 100
Copper	 0.04	 1.03	 99
Iron	 0.01	 1.04	 103
Lead	 ND	 0.97	 97
Magnesium	 0.01	 1.03	 102
Manganese	 ND	 1.03	 103
Nickel	 ND	 1.03	 102
Selenium	 0.03	 0.82	 80
Thallium	 ND	 0.86	 88
Vanadium	 ND	 0.97	 97
Zinc	 0.17	 1.08	 91

*Spike was 1 ppm in solution.
**ND: not detected.

Table 6	 Comparison of AA and ICP-OES analysis (mg/L in solution)
	 Pb AA	 Pb ICP-OES	 Cd AA	 Cd ICP-OES
#1 Yellow sleeve	 ND*	 0.004	 ND	 0.001
#3 Ribbon cable	 9.25	 9.66	 ND	 ND
#4 Red connector	 0.039	 0.002	 ND	 ND
#5 Wire insulation	 0.090	 0.020	 0.497	 0.421
#7 Circuit board	 3.44	 3.49	 ND	 ND
#1 Plastic (white)	 ND	 0.003	 ND	 ND
#3 Plastic (white)	 ND	 0.004	 ND	 ND
#4 Plastic (white)	 ND	 0.002	 ND	 ND
#5 Plastic (green)	 0.063	 0.003	 ND	 ND
#6 Plastic (black)	 0.078	 0.035	 ND	 ND
#7 Plastic (black)	 0.063	 0.030	 ND	 ND

*ND: not detected.


