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Abstract—Laboratories providing environmental measure-
ments will gain on improving analysis” efficiency, robustness, and
reliability by automating sample preparation for the analysis
of toxic elements, such as arsenic, cadmium, mercury, and
lead. Nevertheless, automating analytical sample preparation is
still an unsolved challenge due to the fact that commercially
available, automated platforms are not suitable for environmental
applications. However, using the developed system for automated
mercury analysis results in less cost and time consuming steps.
The developed system enables precise and reliable sample prepa-
ration. Besides, results are in excellent agreement with the true
value corresponding to a level of confidence of approximately 95
% (P =95%).

Index Terms—mercury determination, sample preparation, life
science automation, analytical analysis.

I. INTRODUCTION

Entering the environment, toxic elements, such as mer-
cury and cadmium, can lead to adverse health effects and
potentially death. Nevertheless, recognizing and minimizing
common sources of toxic elements, dangerous exposures can
be prevented [1]. Accordingly, laboratory testing that is ca-
pable of detecting and managing toxic element exposure is
required. For determining total mercury content, laboratory
testing has to provide precise, fast and sensitive methods.
Thus, laboratories, that provide environmental measurements
are constantly faced with the demands for improved quality,
better economical results, and shorter sample turnaround times
[2].

By automating sample preparation, laboratories will gain on
all of these demands [3] since sample preparation techniques
are currently the rate limiting step in testing processes [4], [5].
Thereby, automated systems reduce the variability in sample
preparation [6], [7], improve the accuracy of the experiment,
and allow for rapid analysis. Furthermore, automated systems
ensure the safety of the analyst by removing risk-involving
procedures, such as handling of highly active substances
including toxic elements, from the operator. Moreover, based
on the high costs of many reagents, the trend in laboratory
automation is toward increasing miniaturization [8]. Thereby,
automated systems enable less consumption of solvents [9]
and decrease the costs for waste disposal [10].

Biological applications are the prime candidates for labora-
tory automation [11] due to the fact that they use the Multi-
Titer-Plate (MTP)-format, which is provided by commercially

available automated platforms. In contrast automating analyt-
ical sample preparation for environmental measurements is
still an unsolved challenge due to the fact that commercially
available platforms are not suitable for the requirements of
analytical sample preparation. In detail, analytical sample
preparation necessitates higher volume ranges and can require
the utilization of highly active (aqueous) solutions, such as
concentrated acids or toxic organic solvents with different
viscosities. Besides, for performing analytical sample prepa-
ration, non-standard temperatures and pressures are needed
demanding the utilization of inert materials and various sample
preparation vessels.

Automating the most complicated analytical procedure is
possible using current automation technology. Due to the fact
that the problem is solely economic automating analytical
sample preparation is still an unsolved challenge. In detail, in-
struments used for repetitive analytical analysis are frequently
equipped with automatic sample processors [12], [13]. These
plant components are capable of doing serial pipetting and
dilution conveniently. However, they automate only one or
two steps of a full analysis scheme. Besides, they merely
enable pipetting of lower volume ranges. In addition they are
not capable of handling the wide range of vessels needed for
performing analytical sample preparation.

Thus, automating analytical sample preparation calls for
various workstations, which have to be capable of handling
a wide range of vessels. These workstations have to provide
liquid handling options allowing automated pipetting of both,
small and higher volume ranges. Besides, workstations have to
enable sample handling options fulfilling capping and storage
of the samples. Furthermore, for automating analytical sample
preparation, a system integrator moving vessels between the
peripheral devices is needed.

II. METHOD DEVELOPMENT

Fleischer and Thurow [14] developed and described an an-
alytical method that allows the sensitive determination of total
mercury content in wood materials. In a first step the method
for the analysis of mercury was enhanced and miniaturized.

In detail, after adding the ICP MS Rhenium Standard to
the acid (Aqua Regia), 2ml of the prepared acid were added
to 62,5mg of the sample. The samples were predigested for
a period of 20 minutes. One blank sample was included at

5" IMEKO TC19 SYMPOSIUM, ISBN: 978-92-990073-6-5 66



P I R S T SR
- - - - - - .

Fig. 1. Concept for the suitable automation system for automated analytical sample preparation for mercury analysis including two ORCA®robots mounted on
a linear rail enhancing the accessible workspace (1 +2), the re-grip station for handing over the samples including bar-coding options for sample identification
(3), the ORCA®hotel with sample storage options (4), the Biomek®2000 liquid handler with housing and exhausting system enabling dealing with evaporating
samples and fluids (5), the self-developed liquid handler for pipetting of higher volume ranges up to 10ml (6), the weighing station (7) — not used in the
presented application, the thermoshaker (8) — not used in the presented application

every digestion run. The basic microwave digestion was the
same procedure for both, the original and the miniaturized
sample preparation. After cooling down, the Xpress microwave
digestion vessels were uncapped. Finally 1ml of the clear
sample solution was transferred to an analysis vessels filled
with 11.5ml of ultra pure water. The rhenium standard allows
appraisal of potential evaporation during the microwave di-
gestion run, and thus, provides amendment of the calculated
results of measurement. If there is no evaporation at all,
rhenium concentration has to be 100ppb.

Consequently, the original manual procedure was changed
to smaller volumes. Thus, merely one quarter of the original
sample mass and acid volume was used providing less con-
sumption of solvents and decreased waste disposal. Further-
more, using merely the half of the digested sample after the
microwave digestion step enabled the utilization of only 12.5%
of the solvent used in the original method. The enhanced
sample preparation process was used for both, validation of
the automated process and the manual procedure. Both were
compared using ICP MS for analyzing the results.

III. AUTOMATION CONCEPT

The method includes the digestion of grounded wood sam-
ples with nitric acid under microwave conditons followed
by an ICP-MS determination of the mercury content in the
resulting liquid samples.

In general, all steps (=laboratory operation unit; LUO) in
this method are subjected to automation. A concept for a
suitable automation system has been developed (see Fig. 1).
The samples are stored in the hotel until they are processed
within the system. A classical laboratory robot (ORCA®,
Beckman Coulter, USA) is the central element and acts as
a system integrator and transport system. Liquid delivery and
dilution steps are performed on the integrated Biomek® 2000
(for volumens up to 1 ml) and a self developed diluting
station (for volumes up to 10 ml). Since nitric acid is used
in the process, the system has been covered with an housing
and can be exhausted. The complete process includes also a
microwave digestion step. Due to safety reasons, this step has
to be performed under a separate hood. Thus, a mobile robot
system has been integrated for the sample transport between
the automated sample preparation system and the microwave
hood.

A. System Integrator

Working as system integrator, two laboratory robots (OR-
CAs®) were implemented into the developed automated sys-
tem. The ORCAs® were mounted on a linear rail enhancing
the accessible workspace. Furthermore, a re-grip station for
handing over the samples and an ORCA®hotel with 196
positions for different kinds of MTPs have been integrated
providing up to 96 wells per position. The ORCA®is able
to deal with the MTP-format, and moreover, capable of
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handling individual vials and tubes. However, avoiding indi-
vidual transport of samples, the utilization of MTPs provides
accomplishing of 96 reactions simultaneously, and therefore,
less cost and time consuming steps.

Due to the fact that MTPs are not sufficient for analytical
sample preparation because of the mentioned requirements,
such as higher volume ranges, the utilization of chemically
highly active aqueous solutions, and non-standard tempera-
tures and pressures, the required sample preparation vessels
were embedded into the MTP-footprint. Embedding the ves-
sels ensures both, handling the MTP-format, and therefore,
transport of up to 24 vessels simultaneously, and moreover,
allowing the utilization of the applicable sample preparation
vessels for the analytical procedure.

B. Liquid Handling

Liquid transfer steps, such as diluting, aliquoting, and
adding of the internal standard(s) are essential for automating
standard operation procedures in multistep analytical sample
preparation. Actually, liquid handling equipment constitutes
the largest segment of the laboratory automation market.
However, commercially available automated platforms are
usually configured for handling the MTP-format. Therefore,
embedding the required sample preparation vessels into the
MTP-footprint is a suitable solution ensuring the availability
of liquid handling options for multistep analytical sample
preparation.

To ensure the entire task performance, the embedded vessels
have to meet the specifications of the liquid handler software
(as shown in Fig. 2). Seeing that the predetermined parameters
are based on the MTP-contours, the sample preparation vessels
have to be smaller than 115mm and thinner than 120mm.
Therefore, a wide range of vessels can be used. The mi-
crowave vessels used in the original manually operated sample
preparation procedure did not comply with these requirements.
Nevertheless, using miniaturization for mercury analysis al-
lows utilization of smaller microwave vessels, which were in
agreement with the specifications of the automation devices”
software.

The Biomek®2000 enables pipetting volume ranges from
Iyl up to Iml with an inaccuracy of 0.6%. For handling
higher volume ranges, a further self-developed liquid handler
has been integrated providing volumes up to 10ml with an
inaccuracy of 1% using a Hamilton® dispenser with an
incorporated 10ml syringe. Due to its Cartesian configuration
and an additional labware holder, this liquid handler is capable
of handling the conceived trays.

Enabling dealing with evaporating samples and fluids, the
housing with an included exhaust system was built for the
Biomek®2000.

C. Sample handling

Screwing the vessels is an underestimated challenge due to
the fact that the vessels have to be transferred to a screw-
tightening robot one by one. Furthermore, the screw heads are
solely suitable for a low range of port diameters. Therefore, to
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Lid length < 130mm
(A) Lid width < 100mm
(B) Top width < 120mm
(C)Lid on height <120mm
(D) Lip height < 60mm
(E) Lid height < 60mm
(F) Lifter height < 60mm
Top height <115mm

Fig. 2. Labware configuration software of the commercially available liquid
handler.

provide a wide range of various diameters, screw heads have to
be replaced automatically. To avoid these time-consuming and
cost intensive steps, the presented concept comprises the idea
of capping the whole MTP-footprint with all the implemented
vessels with just one lid.

The Biomek®2000 gripper tool is capable of gripping
this lid irrespective of the port diameter in one single step
allowing opening of up to 24 vessels simultaneously. For
gripping this lid, the conceived trays have to be smaller than
120mm. Moreover, for gripping the whole tray, a gripper lip is
necessary. Depending on the labware configuration, the highest
feasible level of this lip amounts to 60mm. Furthermore, to
avoid collisions between the vessels and the gripper, ensuring
especially this level is necessary. A second lip has been
attached providing the tight fit of the vessels.

IV. RESULTS AND DISCUSSION

The developed system had to fulfill automated sample
preparation for mercury analysis in organic samples. Both, the
automated and the miniaturized manual sample preparation
procedure were compared while using one quarter of the
original sample mass and acid volume. ICP MS was used for
analyzing the results.
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CV (%) repeatability conditions

CV (%) reproducability conditions

0 2 4 6 8 10 12 14
CV (%) reproducability conditions CV (%) repeatability conditions
® automated sample preparation 11,13 8,6
®mmanual sample preparation 11,14 11,5
mmaximum value (Horwitz definition) 11,52 11,52

Fig. 3.
ICP MS for analyzing the results

A. Bias Error, Discrimination Threshold and Calibration

Bias error of the measuring instrument (ICP MS) was
0.026pug/1, which corresponds to a Coefficient of Variation
(CV) of 1.6%. Bias error was calculated while performing
ten measurements of the same sample. Discrimination thresh-
old was 6.1ng/l and calculated from the mean value of ten
blank measurements and the threefold of the value’s standard
deviation (SD). Determining 5 calibration points in the range
of 0.1 up to 10pg/l, the coefficient of determination for both
mercury calibration curves was > 0.9999 while using Blank
offset and linear curve fit.

B. Repeatability Standard Deviation

Preparing 25 samples per day, repeatability SD was calcu-
lated while using repeatability conditions for the automated
and the manual sample preparation procedure. Repeatability
SD of the automated process was 0.051mg/kg (CV = 8.6%),
and therefore, 25% lower than the repeatability SD of the
manual procedure, which was 0.067mg/kg (CV = 11.5%).
Furthermore, repeatability SD of both procedures did not
exceed the maximum value (CV = 11.52%) according to the
Horwitz” definition [15].

C. Reproducibility Standard Deviation

Preparing 10 samples per day on five consecutive days,
reproducibility SD was measured under reproducibility con-
ditions. Using the automated system, reproducibility SD was
0.064mg/kg (CV = 11.13%). Thus, the reproducibility SD was
similar to the reproducibility SD of the manual procedure,
which was 0.063mg/kg (CV = 11.14%). Moreover, results did
not exceed the maximum value (CV = 11.52%) according to
the Horwitz” definition. Results are shown in Fig. 3.

Coefficient of Variation, CV (%)

Repeatability and Reproducibility Coefficient of Variation — calculated for the automated and the manual sample preparation procedure while using

D. Results of Measurement

Using reference material for validating the automated sys-
tem, the true value of mercury was 0.60£0.14mg/kg according
to the Certificate of Analysis, ERM®-CD 100 (BAM, Berlin,
Germany). Results of the measurement for the automated
sample preparation process were 0.574+0.018mg/kg (n = 50),
which corresponds to an amount of 95.7% of the true value
of mercury. Consequently, results of measurement were in
excellent agreement with the true value of mercury. Veri-
fied by the David test, all measured values followed normal
distribution including a level of confidence of 95 % (P =
95%). Results of the measurement for the manual procedure
were 0.566+£0.018mg/kg, which corresponds to an amount of
94.3% of the true value of mercury. Consequently, results of
measurement were in excellent agreement with the true value
of mercury. Verified by the David test, all measured values
followed normal distribution including a level of confidence
of 95 % (P = 95%).

V. CONCLUSION

The system’s functionality has been confirmed in the valida-
tion sequence. Using the developed system enables precise and
reliable multistep analytical sample preparation for mercury
analysis in wood materials. Results are in excellent agreement
with the true value corresponding to a level of confidence of
approximately 95% as defined in the Guide to the expression
of uncertainty in measurement, ISO, 1993. Moreover, using
automated sample preparation enables mercury analysis in
wood materials for up to 480 samples per day.
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