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Abstract This is the first publication which describes the development of a reference material (RM) for the determination of 11 trace elements (Cu, Pb, Mn, Ni, Zn, Fe, Cd, Co, V, As and Al) in rainwater at microgram per liter concentrations. An interlaboratory comparison study for the determination of trace elements in rainwater was carried out for material performance studies to establish analyte concentrations with a stated uncertainty. Fifteen reputed laboratories from Asia, Europe and North America participated in the study. These laboratories used their regular in-house methods to analyze the rainwater samples. The aim of this study is to establish concentration levels of trace elements in rainwater based on interlaboratory study results. Details of the production, homogeneity and stability of the reference sample are given in this article. The organization of the study and the quality assurance measures undertaken at the organizer’s laboratory are described. The analytical results obtained from individual laboratories and the analytical methods used for the determination of trace elements in rainwater are discussed. Based on the results obtained from the intercomparison study, certified values as well as informative values are assigned to the 11 trace elements in rainwater. © 2006 Elsevier B.V. All rights reserved. Keywords: Interlaboratory study; Trace elements; Reference materials; Quality control; Rainwater



1. Introduction Trace elements are increasingly being introduced into the environment as contaminants and pollutants, by-products of industry and human civilization [1]. An important environmental component in the biogeochemical cycles of trace elements is the atmosphere. There is considerable research interest in the atmospheric trace elements because of a number of reasons. For example, small quantities of many trace elements are of ecological interest due to their necessity as nutrients or their toxicity as pollutants. Nutrient trace elements include Mg, Mn, Cu and Abbreviations: AAS, atomic absorption spectrometry; DPASV, differential pulse anodic stripping voltametry; GFAAS, graphite furnace atomic absorption spectrometry; HDME, hanging drop mercury electrode; HG-AFS, hydride generation atomic fluorescence spectrometry; IC, ion chromatography; ICP-AES, inductively coupled plasma atomic emission spectrometry; ICP-MS, inductively coupled plasma mass spectrometry; ILS, interlaboratory study; TXRF, total internal reflectance X-ray fluorescence 夽 Presented at the 8th Asian Conference on Analytical Sciences held at National Taiwan University, Taipei during October 16–20, 2005. ∗ Corresponding author. Tel.: +65 68745132; fax: +65 67791936. E-mail address: [email protected] (R. Balasubramanian). 0003-2670/$ – see front matter © 2006 Elsevier B.V. All rights reserved. doi:10.1016/j.aca.2006.01.003



Zn, some of which become toxic at high concentrations. Others, including the heavy elements such as Hg, Cd, As and Pb are of environmental concern due to their high toxicity and widespread industrial use. As a result of these concerns, field studies to measure the levels of trace metals in hydrometeors, particularly in rainwater, have been actively pursued over the last two decades in urban, rural and remote sites at different parts of the world using different analytical techniques [2–8]. The analysis of trace elements in rainwater at such low concentration levels (ng l−1 to g l−1 ) is a daunting challenge, and often involves the use of laborious procedures for sample preparation, for example, preconcentration. A meaningful assessment of the terrestrial and coastal environments with respect to trace elements contamination, however, requires sensitive, accurate and reliable analytical data. Consequently, certified reference materials (CRMs) and collaborative interlaboratory studies (ILS) are needed for the establishment of quality control and quality assurance (QC/QA) programs. Environmental programs throughout North America and Europe have demonstrated a strong awareness of the usefulness of interlaboratory studies for disclosing the quality of analytical results. Data assessments from these studies accurately identify
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the variability of data and the presence of any outliers. CRMs or reference materials (RMs) have been developed from ILS data for a wide variety of matrices including fresh, estuarine, sea water and ground water [9–10]. However, until now, only few rainwater CRMs/RMs (simulated) have been produced for the analysis of trace elements. Furthermore, only limited ILS data are available in the literature for the quality control of trace element determinations in rainwater [11]. CRMs and ILS data on trace elements will undoubtedly support global QA in international monitoring campaign and thus enhance our understanding of their sources, transport and fate. While the ILS provides laboratories with a valuable third party verification of data quality and comparability, CRMs can also be used to confirm the accuracy of results. In this study, an attempt has been made to prepare a reference sample for the determination of trace elements in rainwater. For this purpose, large volumes of the rainwater were collected in Singapore using a wet-only sampler and homogenized. Subsequently, the bulk rainwater sample was distributed in 500 ml bottles and randomly checked for homogeneity. The stability of several trace elemental concentrations was evaluated over a period of 6 months [12]. Finally, an ILS was organized for the analysis of trace elements in rainwater. A detailed description of the ILS data and their use in certification process for rainwater RM (ESE-1) are presented and discussed. 2. Materials and methods 2.1. Sample bottles A 50 l capacity low density polyethylene (LDPE) tank (Nalgene® ) was used for collection of bulk rainwater. High density polyethylene (HPDE) bottles (500 ml, Nalgene® ) were used for storing the homogenized rainwater samples. These bottles were filled with 2N HNO3 for 3 days and subsequently with ultrapure water for 3 days. Finally, they were rinsed with ultrapure water three times and kept in plastic bags to be contamination free. 2.2. Preparation of rainwater sample During the peak monsoon period (December 2004) in Singapore, rainwater samples were collected in bulk using an automated dry–wet precipitation collector (Model 301, Aerochem Metric Inc., USA). This collector consists of a HDPE bucket with a diameter of 11.25 in., which is equipped with a sensor that detects the precipitation episodes and activates a mechanism by which the lid opens with the first drop of a shower and closes just after the rain event. The automated wet collector thus prevents the contamination of rainwater by dust fall, before and after the event. Fifty liters of rainwater were collected and filtered through 0.2 m polycarbonate membrane filter. The collected rainwater samples were then acidified to pH 2 using supra pure HNO3 (Fluka). The bulk sample thus obtained was stored in a 50 l LDPE carboy, and subsequently homogenized by sparging with purified nitrogen gas (99.99% purity) at 10 l min−1 flow rate for about an hour. The pH of



the homogenized sample was measured to be less than 2. Then, six sub-samples (10 ml) were collected from this tank and analyzed for trace elements to confirm that they are contamination free. Finally, these samples were transferred to 500 ml HDPE bottles (∼500 ml), filled to their capacity with no headspace, stored in polythene bags and secured in a clean room to avoid contamination. 2.3. Homogeneity and stability studies The homogeneity of the sample was investigated by selecting 5 bottles randomly from a total of 100 bottles and analyzing the trace elements contents in them. Then, the stability of several trace elements concentrations was investigated over a period of 6 months. Measurements of trace elements were carried out using ICP-MS (Perkin-Elmer Model 6100). The standard operating parameters maintained during the ICP-MS analysis are described elsewhere [13]. The QC/QA study was carried out based on the standard addition method in the rainwater matrix. The recoveries obtained were generally in the range of 95–103% for the 11 elements included in the ILS. 2.4. Interlaboratory collaborative study After ensuring homogeneity and stability of the rainwater samples, an interlaboratory study was conducted. Seventeen laboratories from various countries in Asia, Europe and North America (Austria, France, Germany, India, Japan, Russia and USA) participated in this intercomparison exercise. All participating laboratories are experienced in the analysis of trace elements in rainwater. Prior to the distribution of samples, laboratories were asked about their ability of providing data, taking into account the time schedule and the requirements of the comparison. The rainwater samples were then distributed to the participants in a safe container with the relevant instructions for storage and calibration of the analytical equipment. The participants were requested to analyze the sample for Cd, Co, Cu, Pb, Mn, Ni, Fe and Zn mainly and other elements as much as possible. Each participant was asked to report the concentration values for six independent replicate determinations of each element together with the analytical procedure applied. Out of 17 laboratories, only 15 laboratories have reported the results in time and the other 2 laboratories had some technical problems. Therefore, the data from the 15 laboratories were only considered. One of the participants took special interest in reporting the results separately for different analytical techniques. These results were independently considered in the data analysis. Laboratories verified that the analyses were carried out with methods under control, i.e. the standard deviations observed in the laboratory were in accordance with the good laboratory practice. These results were independently considered in the data analysis. The organizer guaranteed the full respect of confidentiality as regards the identity of the participants in the ILS. At the completion of the study, each laboratory received a report with comments about its performance and the overall outcome of the exercise.
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Table 1 ANOVA test for homogeneity Elements



Pb Cu Zn Cd



Sum of squares



Mean squared values



BB



WB



BB



WB



0.018 0.625 7.19 0.7E−04



0.124 0.814 9.43 0.4E−03



0.005 0.156 1.80 1.67E−05



0.008 0.054 0.63 2.43E−05



F



P-value



F critical



0.549 2.87 2.86 0.69



0.702 0.702 0.06 0.61



3.06 3.06 3.06 3.06



BB, between the bottles; WB, within bottles.



3. Results and discussion



Table 2 Concentration of trace elements in rainwater (organizer’s values)



3.1. Homogeneity and stability



Elements



Mean ± S.D. (g l−1 )



Aluminium (Al) Arsenic (As) Cadmium (Cd) Cobalt (Co) Copper (Cu) Iron (Fe) Lead (Pb) Manganese (Mn) Nickel (Ni) Vanadium (V) Zinc (Zn)



15.0 0.13 0.08 0.09 4.66 21.1 2.39 1.21 1.20 1.69 18.8



Homogenization is a very important character for a CRM preparation, and needs to be tested and adapted for each case. The homogeneity was tested by selecting five samples randomly from the whole lot and analyzing them for 12 trace elements. The analytical data obtained for four different elements, with concentrations ranging from 0.08 (Cd) to 19.8 (Zn) g l−1 , were statistically analyzed based on an analysis of variance (ANOVA) test using Microsoft Excel® . The results are presented in Table 1, from which it can be seen that the F values obtained are less than the critical values, and thus confirmed that the homogeneity of the rainwater sample is satisfactory. The next criterion is stabilization which is also considered to be a critical phase in the preparation of water CRMs. Acidification with nitric acid or hydrochloric acid has been successful for stabilizing trace elements in sea water and estuarine waters [14,15]. We have acidified our samples with nitric acid. The stability of several trace elements was tested over a period of 6 months. The data for selected trace elements are shown in Fig. 1. As can be seen from the figure, there is no significant change in the concentrations of the trace elements in rainwater samples, preserved with nitric acid, over the 6 month period. The concentrations of 12 trace elements the rainwater sample measured in the organizer laboratory at NUS are given in Table 2. The standard deviation (S.D.) values presented in the table were calculated from the analysis of same batch replicates.



Fig. 1. Concentration of selected trace elements measured over a period of 6 months.



± ± ± ± ± ± ± ± ± ± ±



1.1 0.01 0.02 0.01 0.12 1.2 0.03 0.03 0.03 0.06 0.7



3.2. ILS data A summary of the analytical results received from the participants is presented in Table 3. It should be noted that not all participants analyzed the rainwater sample for all recommended elements. Four of the participating laboratories reported for some of other trace elements in rainwater (Ba, Sr, Na, Si, K, Ca, Mg, Sb, Se, etc.). However, these data were not considered for statistical analysis since they are rather limited. Therefore, the data analysis has been carried out for 11 trace elements. The statistical analysis of interlaboratory results was performed using robust statistical methods [16]. The grand mean concenTable 3 Summary of interlaboratory study data Element (g l−1 )



N



S.D. Grand Meana (minimum–maximum)(minimum–maximum) meanb , X



Cu Pb Mn Ni Zn Fe Cd Co V As Al



15 13 14 15 15 12 9 8 7 5 6



3.9–38.5 0.93–4.18 0.92–4.5 0.72–11.5 9.8–20.0 13.0–29.9 0.055–0.18 0.06–0.20 1.33–2.79 0.11–0.17 13.9–23.0



0.04–1.63 0.02–0.5 0.02–0.8 0.01–1.37 0.1–2.8 0.1–9.2 0.003–0.07 0.001–0.011 0.01–0.59 0.01–0.05 0.23–1.41



4.44 2.16 1.21 1.06 15.8 18.8 0.066 0.084 1.62 0.14 14.5



N, number of participating laboratories. a Individual laboratory mean values (values reported as less than detection limits were not considered in the statistical analysis). b Grand mean were calculated after eliminating outliers.
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trations and the corresponding standard deviations, reported for 11 elements (Cu, Pb, Mn, Ni, Zn, Fe, Cd, Co, V, As and Al), are presented in Table 3. The S.D. values presented in the table were provided by the participants, and reflect the repeatability of the analytical data of respective metals upon analyzing the replicate samples from the same batch. The mean concentrations reported for each element by the individual laboratories are compared to the grand mean values in Fig. 2(a–k). The error



bars shown in the figure represent the standard deviation about the mean values for each element at 95% confidence level. In order to protect the identity of the laboratories participating in the intercomparison exercise, the analytical data are shown against the codes assigned to each of the participants. In general, the concentrations of trace elements reported by the participants are quite similar after eliminating the outliers. At least, more than 70% of the results were consistent for all 11 elements. It



Fig. 2. Graphical representation of analytical data reported by individual laboratories: (a) copper, (b) lead, (c) manganese, (d) nickel, (e) zinc, (f) iron, (g) cadmium, (h) cobalt, (i) vanadium, (j) arsenic and (k) aluminium. The solid line represents the grand mean (X) for each element calculated from the analytical data reported by the individual laboratories after eliminating the outliers with respective uncertainty (with a coverage factor of 2).
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Fig. 2. (Continued).



was observed that several participants reported the concentrations of one or two of trace elements with a significant bias, which was presumably due to contamination or blank contribution. These types of errors can be corrected if intralaboratory quality assurance protocols can be developed and practised by using appropriate RMs. Only two of the participants have quality assured data by using RMs before analyzing the rainwater samples.



3.3. Analytical technique Six different analytical techniques, namely ICP-MS (7), GFAAS (3), TXRF (3), ICP-AES (2), DPASV (1) and IC (1), were employed by the participants; the number within the brackets indicates the number of laboratories using a particular analytical technique for the analysis of trace elements. As can be seen from Table 4, most of the laboratories use ICP-MS for
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Fig. 2. (Continued).



the determination of trace elements concentrations because of its high sensitivity, multi-element capability, and large dynamic range. TXRF is also shown to be efficient for multi-element analysis. However, this technique requires sample preconcen-



tration step for lower concentration levels. Because of this constraint, cadmium, cobalt and arsenic were not reported by those participants who used TXRF for the analysis of trace elements.



Table 4 Final concentration of trace elements in rainwater based on the data from the interlaboratory study Element Reference values Cu Pb Mn Ni Zn Informative values Fe Cd Co V As Al a



Mean ± Ua (g l−1 )



Number of accepted data



Analytical techniques ICP-MS, GFAAS, TXRF ICP-MS, GFAAS, TXRF ICP (MS, AES), GFAAS, TXRF ICP-MS, GFAAS, TXRF ICP (MS, AES), GFAAS, IC, AAS, TXRF



4.44 2.16 1.21 1.06 15.8



± ± ± ± ±



0.42 0.41 0.30 0.15 2.3



11 10 10 10 13



18.8 0.066 0.084 1.62 0.14 14.5



± ± ± ± ± ±



2.8 0.023 0.024 0.31 0.03 1.7



9 7 6 6 5 4



U represents expanded uncertainty with a coverage factor of 2 (95% confidence level).



ICP (MS, AES), GFAAS, TXRF, IC ICP-MS, GFAAS, DPASV ICP-MS, GFAAS ICP (MS, AES), TXRF ICP (MS, HG-AFS) ICP (MS, AES)
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provided. In the overall data analysis, the data from the ILS organizer were not considered. The uncertainty budgets were calculated for each element from the S.D. values, provided by the participants. The combined uncertainty was calculated based on several separate uncertainty estimates using Eq. (1) [20]. The expanded uncertainty was calculated using a k factor of 2 (95% confidence level), and the calculated values are given in Table 4.  uc (y(p, q, . . .)) = u(p)2 + u(q)2 + · · · (1)



Fig. 3. Comparison of the performance of different analytical techniques.



A comparison of the analytical results obtained by three different instrumental techniques is presented in Fig. 3. The data for Cu, Pb, Mn, Ni and Zn were quite comparable between ICP-MS and TXRF. However, GFAAS values were considerably lower for Pb and Zn as reported by two of the participants. ICP-AES, DPASV, and IC were not taken into account for comparison because of the limited datasets resulting from these techniques. ICP-AES results are quite satisfactory in comparison to the ICPMS data for all elements except for Cu. DPASV is proven to be efficient for the analysis of heavy metals using HDME and its results were within the acceptable range for Cd and Cu. However, Pb is reported to be less than the mean value. The IC data were within acceptable limits for both Fe (22.31 ± 0.69 g l−1 ) and Zn (14.3 ± 2.80 g l−1 ). However, the IC data obtained for elements such as Co (7.67 ± 2.23 g l−1 ), Cu (7.82 ± 1.63 g l−1 ) and Ni (11.53 ± 1.37 g l−1 ) are much higher than the grand mean values. This deviation may presumably be due to the inherent limitation of the direct injection method [17]. A preconcentration technique combined with IC can yield data of better quality when the analytes are present in trace levels [18]. In summary, the analytical data obtained from ICP, TXRF and GFAAS were comparable in most cases. However, each participant reported one or two element concentrations with high bias which cannot be explained based on instrument bias, and could be due to random errors. The use of an effective internal quality assurance protocol will overcome these discrepancies. 3.4. Certiﬁcation for trace elements Based on the analytical results obtained from the collaborative study undertaken, an effort was made to assign reference values for each element. Two main criteria were used for assigning a reference value for each element as suggested in the ISO Guidelines of reference material preparation [19], i.e. overall mean obtained from the analytical data from more than 10 laboratories (mean values) and the trace elements concentration obtained by at least two different analytical techniques. The results for those elements which did not fit these two conditions were separately calculated as informative values. The resulting concentrations for several elements in the rainwater sample are given in Table 4. For at least five elements (Cu, Pb, Mn, Ni and Zn) reference values could be assigned and for the other six elements (Fe, Cd, Co, V, As and Al) informative values are only



The performance of individual laboratories was assessed based on the assigned values for each element and the actual values measured by the participants through the calculation of z-scores, which is a simple method of giving each participant a normalized performance score for bias; the method was adopted as a standard by ISO/IUPAC [21]. z-Scores for each laboratory and each determinant were calculated using Eq. (2). z=



x1 − x , Sb



(2)



where x1 is the reported value for the analyte concentration in the test sample (from a given laboratory), x the assigned value, or informative value (cf. Table 4) and Sb is the target value performance (12.5%). Laboratories’ performances are classified according to the following criteria: for an absolute value of z less than or equal to 2, the performance of the laboratory is considered acceptable. When the absolute value of z lies between 2 and 3, the result is of questionable quality, whereas for an absolute value of z-score equal to or higher than 3, the result is regarded as unacceptable. Table 5 summarizes the percentage of laboratories providing results falling in the three evaluation ranges for z. In general, it could be seen that more than 70% of the laboratories had satisfactory performance as regards the determination of all 11 trace elements. For each element, the laboratories whose z-scores were more than 3 were requested to review its experimental protocols, detect any shortcomings in the analytical work (e.g., calibration errors or reagent contamination) and implement corrective actions.



Table 5 Percentile performances of the participating laboratories based on three ranges of z-score [consensus values obtained from ILS data were used as external target values and 12.5% of target value as target standard deviations] Element



Total number of data



|Z| < 2 (%)



2 < |Z| < 3 (%)



|Z| > 3 (%)



Copper Lead Manganese Nickel Zinc Iron Cadmium Cobalt Vanadium Arsenic Aluminum



15 14 14 14 15 12 9 8 8 5 6



80 72 72 71 76 75 78 75 74 100 68



0 7 0 14 7 8 0 0 13 0 21



20 21 29 25 7 17 22 25 13 0 21
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In summary, it can be concluded that the intercomparison study undertaken in cooperation with more than 10 laboratories from different parts of the world provided reliable analytical data to prepare the reference material for 11 trace elements in rainwater. It is intended to test this standard sample by periodic analysis in order to check its long-term stability.



(BARC, India), S.V. Navada (Isotope Application Division, BARC, India), K.L. Singh and N.L. Misra (Fuel Chemistry Division BARC, India), Yoshiki Shorin (Kyoto University, Japan), Shizuko Hirata (AIST, Japan), Emelyanov (P.P. Shirshov Institute of RAS, Russia), L. Husain (State University of New York, USA) and H. Taylor (US Geological Survey, USA).



4. Summary and conclusions



References



This report describes preparation of a rainwater reference sample for the use in QA programs. The natural rainwater reference sample was prepared carefully through a series of steps (collection of a large volume of rainwater followed by filtration, acidification, storage in bottles, etc.) and confirmed to be contamination free. Upon confirming the homogeneity and stability of several trace elements concentrations, an interlaboratory study was conducted among 15 participants from different countries. In addition to the evaluation of the performance of individual laboratories, the laboratory results have been grouped according to the analytical methods used by the laboratories, with the aim to investigate the correlation between method parameters and data quality. Based on the results obtained from the intercomparison study, reference and informative values could be assigned to as many as 11 trace elements in rainwater. The rainwater sample with reference values for 11 trace elements is available from the authors upon request.
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To Explore and Improve the Industrial Use of EC Wheats 

Page 1 ... meeting of the Scientific Management Committee in next September. .... performance demonstrated a lack of correlation with white breadmaking ...










 








Development of a technological post processor to improve the 

Laboratory for Machine Tools and Manufacturing Engineering, Mechanical ..... the percentage of 10%, since larger than that value creates problems not only in ...










 








Introduction to the Finite Element Method 

equation (1.3) by shape functions, integrating over the element and equating to zero: a .... Quadratic elements give exact nodal values for the cubic solution etc.










 








introduction to the finite element method 

using so-called Mechanics of Materials approaches whereby, subject to making .... elements available in the element library. ..... The user needs to be mindful.
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