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ract: -

A sensitive adsorptive stripping voltammetric protocol for measuring trace beryllium, in which the
ncentration is achieved by adsorption of the beryllium—arsenazo-III complex at a preplated bismuth-coated
n fiber electrode, is described. Optimal conditions were found to be a 0.05 M ammonium buffer (pH 9.7)
ining 10 uM arsenazo-IIl, an accumulation potential of 0.0 V (versus Ag/AgCl). The new procedure
tes the need for toxic mercury film electrodes used in early stripping protocols for beryllium. A linear
nse is observed over the 10-50 pg I' concentration range (60 s accumulation), along with a detection limit
25 ug i beryllium. A 15-s electrochemical cleaning enables the same bismuth film to be used for a
nged operation. High stability is thus indicated from the reproducible response of a 100 pg i beryllium
on (n = 40; RSD = 3.9%) over a 2-h operation. Applicability to a ground water sample is illustrated. The
tive behavior of the new sensor holds great promise for on-site environmental and industrial monitoring of

ium. Preliminary data in this direction using bismuth-coated screen-printed electrodes are encouraging.

duction

Beryllium is recognized as the most toxic element without radioactivity [1] and its poisoning occurs
rily by inhalation of dust and gas. Beryllium is toxic both as a carcinogen and agent that causes the chronic
um disease (CBD). Environmental Protection Agency (EPA) has set a maximum allowable amount of

mg I beryllium in drinking water. Despite the health hazards of beryllium, it is widely used by the
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aerospace, nuclear and defense industries. Such widespread industrial use reflects the unique properties of
beryllium, including its low density, high stiffness and high melting point [2,3]. To protect workers from
beryllium-related diseases it is essential to detect and monitor for the presence of trace amounts of beryllium.

Several methods for the determination of beryllium have been reported, including inductively coupled
plasma-mass spectrometry [4] electrothermal atomic absorption spectroscopy [3,5] gas chromatography [6] or
liquid chromatography with fluorescence detection [7]. In contrast to these sophisticated and expensive protocols,
electrochemical (stripping) procedures offer great promise for obtaining ultra high sensitivity while meeting the
portability, speed, cost and low-power demands of field detection of trace beryllium [8]. Since beryllium cannot
be readily electrodeposited it has been measured at trace levels using adsorptive stripping voltammetry (AdSV),
based on the interacial accumulation and voltammetric determination of its complexes [9,10]. Two complexing
agents, thorin [9] and beryllon III [10] have been particularly useful for such AdSV measurements of beryllium.
A limitation of these AdSV procedures, particularly for field screening applications, is their reliance on a mercury
drop detector. Reliable AdSV sensors, based on preplated film electrodes should particularly benefit field
measurements of beryllium.

Although these mercury electrodes offer an attractive AdSV performance, new alternative electrode
materials with a similar performance are urgently desired for addressing growing concerns regarding the toxicity,
handling, and disposal of mercury. The development of a reliable ‘non-mercury’ beryllium sensor should
particularly benefit .on-site (and especially in situ) measurements of beryllium. Bismuth electrodes have attracted
considerable attention as an attractive alternative to mercury electrodes used in stripping analysis [11,12]. Most
early stripping applications of bismuth film electrodes (BiFEs) focused on measurements of electrodeposited
heavy metals. The suitability of BiFEs for AdSV has been demonstrated recently in connection to trace
measurements of nickel [13], cobalt [14], uranium [15], chromium [16], molybdenum [17] or vanadium [18].

The aim of this work was to optimize and characterize an effective adsorptive-stripping voltammetric
protocol for trace measurements of beryllium at a preplated bismuth film electrode (BiFE), based on the
adsorptive accumulation of the arsenazo-11I/Be complex. The arsenazo-III complexing agent dye has been shown
useful for absorption spectrophotometric measurements of trace beryllium [19]. This dye is commonly used as an
indicator for complexometric titrations of alkali earth metals [20].

It has been reported on the measurement of beryllium at mercury electrode [21]. However, there are no
early reports on the voltammetric detection of arsenazo-III or related electrochemical measurements of its metal
complexes on BiFE. As will be illustrated below, the adsorptive accumulation of Be—arsenazo-III complex onto

the BiFE results in a highly sensitive and reproducible AdSV protocol for measuring trace levels of beryllium.
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Materials and Methods

Ammonium chloride was obtained from Mallinckrodt Inc. Sodium acetate and stock solutions of
beryllium (1000 mg 1) were purchased from Aldrich. Beryllium solutions were diluted daily as required. The 0.5
mM stock solutions of arsenazo-III (Sigma—Aldrich) were prepared by dissolving the appropriate amount of the
ligand in nanopure water. The seawater sample, collected from Cha-Am Bay, Petchburi, was used without any
pretreatment. The water was adjusted to pH 9.7 with ammonium buffer (4:1 volume ratio of water:buffer) before
the measurement. All experiments were carried out at room temperature.

Square-wave AdSV measurements were conducted using an Electrochemical Analyzer 621A (CH
Instruments, Austin, TX) connected to a personal computer. The 10 ml electrochemical cell assembly (BAS,
Model VC-2) consisted of bismuth-coated carbon-fiber working electrode, an Ag/AgCl (3 M KCl) reference
electrode (Model CHI111, CH Instruments), and a platinum wire counter electrode. The carbon fibers (Alfa
Aesar 10451, Johnson Matthey Co.,Ward Hill, MA) were pretreated first by a 12 h immersion in ethanol.
Subsequently, the fibers were dipped into a 6 M nitric acid solution for 30 s, and rinsed with distilled water. This
was followed by another wash with acetone, a thorough rinse with distilled water, and an air dry. A bundle of ca.
20 fibers was then glued to a copper wire with a silver conductive paint (SPI Supplies Inc., West Chester, PA).
The bundle of carbon fibers was then inserted into a 100 pl plastic pipette tip, exposing a 3 mm length of the
fibers at the narrow end of the tip. An internal copper wire provided the electrical contact. The narrow end of the
pipette tip was theﬁ sealed with a nail polish. All glassware were soaked in 1 M nitric acid and rinsed several
times with deionized water prior to use.

The bismuth-coated carbon-fiber electrode was prepared by a 15 min electrodeposition of bismuth at -0.8
V from a 0.1 M acetate buffer (pH 4.5) solution containing 20 mg 1" bismuth. A similar film preparation (but in
the presence of 100 mg 1" bismuth) was employed in connection to the screen-printed carbon substrates.

The ammonium buffer (0.05 M, pH 9.7) supporting electrolyte solution contained 5 uM of the arsenazo-
III complexing agent. The solution was first purged with nitrogen for 5 min to remove the dissolved oxygen. The
electrode was poised at a potential of 0.0 V for 90 s for adsorbing the Be-ligand complex. The stirring was then
stopped and after 15 s the square-wave voltammogram (SWV) was recorded over the 0.0 to -1.0 V range (using a
step potential of 4 mV, amplitude of 25 mV and a frequency of 25 Hz). A 15 s ‘cleaning’ period (with stirring at

-1.0 V) was employed between successive runs.

Results and Discussion
A comparison of a typical linear-sweep (A), square-wave (B) and differential pulse (C) AdSV signals at

the bismuth-film electrode for 100 pg I beryllium in the presence of 5 pM arsenazo-III recorded following a 90 s
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accumulation in an ammonium buffer medium (pH 9.7) is illustrated in Figure 1. The square-wave (B) and
differential pulse (C) stripping modes resulted in well-defined beryllium signals of different sizes (Ep = -0.43 V
for both (A) and (B)). A larger background slope and unwell-defined beryllium signal were observed using the
linear scan mode. Both differential pulse and square-wave techniques corrected for the charging-current
background contribution and yielded better signal-to-background characteristics. Square wave voltammetry was

selected for all subsequent work due to its distinct speed and sensitivity advantages.

* 1 il ] 1

A A} L T R I T I T T T T T O N T T T S T S S S T T ¥

1 10, pA | . . |

Current

) 4 ] 3 1 £l

203 -0.4 -0.5
Potential/'V
Figure 1. Comparison of different stripping modes: linear scan voltammetry (A); square-wave voltammetry (B)
and differential pulse voltammetry; (C). Conditions: bismuth-coated carbon-fiber electrode; supporting
electrolyte, 0.05 M ammonium buffer (pH 9.7) containing 100 pg i beryllium and 5 uM arsenazo-III; nitrogen
purging time, 5 min; pre-conditioning potential, -1.0 V; pre-conditioning time, 15 s; accumulation potential, 0.0
V; accumulation time, 90 s; quiet potential, 0 V; quiet time, 15 s; scanning potential window, 0.0 to -1.0 V. Scan
rate, 0.1 V/s (A); amplitude, 0.025 V (B); and 0.05 V (C) potential step, 0.004 V (B and C); pulse width, 0.05 s

(C); pulse period, 0.2 s (C); frequency, 25 Hz (B).

The influence of the pH on the Be AdSV peak current was examined over the 6.0—11.0 range (Figure
2A). The response increases slowly between pH 6.0 and 8.3, and very rapidly between pH 8.3 and 9.7. A sharp
decrease of the signal is observed at higher pH. Such profile reflects the effect of the pH upon the complexation,
adsorption and redox processes. The peak potential of the Be—arsenazo-III complex shifted gradually (from -0.43
to -0.48 V) upon increasing the pH from 6.0 to 9.7 (not shown). All subsequent work involved a solution of pH

9:3.
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Figure 2. Effect of the pH (A), accumulation potential (B) and arsenazo-III concentration (C) upon the square-

wave adsorptive stripping response of 100 pg I beryllium. Other conditions, as in Figure 1B.

The influence of the accumulation potential on the Be stripping peak current was examined over the
range of +0.10 to -0.20 V (Figure 2B). The peak rises rapidly between +0.10 and +0.05, and then more slowly up
to 0.0 V. The response decreases sharply between 0.0 and -0.05 V and more slowly at more negative potentials.
An accumulation potential of 0.0 V led to the highest degree of adsorption and was thus used for the further
measurements. The effect of the arsenazo-III concentration upon the Be peak current is shown in Figure 2C. As
expected for sucﬁ adsorptive accumulation processes. The response increases rapidly up to around 3 pM
arsenazo-III, more slowly up to 4 uM, and levels off thereafter.

The influence of the accumulation time upon the Be-arsenazo-III stripping peak current increases
linearly with the accumulation time up to 60 s, then more slowly up to 120 s and starts to level off for longer
periods (not shown). The resulting current-time dependence thus displays a curvature characteristic to AdSV
measurements, reflecting saturation of the surface at longer accumulation periods.

The coupling of the effective adsorptive accumulation of the Be—arsenazo-III complex at the BiFE with
the fast square-wave voltammetric scan results in a highly sensitive beryllium response. Figure 3 displays
stripping  voltammograms for increasing concentrations of beryllium in 10 pg I steps following a 90 s
preconcentration time and using the optimised parameters. Such short accumulation results in well defined peaks
for these low beryllium concentrations. As expected for adsorptive accumulation processes, the response
increases linearly with the beryllium concentration up to 50 pg l-], then more slowly above 60 ug I Although a
curvature, characteristic of adsorption processes, is observed above 60 pg 1", no leveling off is indicated even at
high beryllium levels. (see inset for the resulting calibration plot; slope of the linear portion, 80 nA 1 pg-];
correlation coefficient, 0.998). While the data of Figure 3 (curve a) indicate a detection limit of around 3 ng 1!

(based on the signal-to-noise characteristics; S/N = 3), a substantially lower detection limit can be obtained in
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connection to longer accumulation times and a background subtraction operation. Such background-subtraction
AdSV response for a 2 pg I beryllium solution following a 10 min preconcentration has been investigated (not
shown). A well defined response, with favorable signal-to-noise characteristics, is observed, indicating a
detection limit of around 0.25 pg ' (278 nM) beryllium. Such detection limit meets the requirements of

monitoring of contaminated sites and of most water quality applications.

T e
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Figure 3. Adsorptive stripping square wave voltammograms for increasing levels of beryllium in 10 ug I steps
(curves a—e) along with the background response (dotted line). Also shown (inset) is the resulting calibration plot.

Other conditions, as in Figure 1B.

The new electrochemical detection is suitable for measuring beryllium in natural water systems. The
determination of beryllium in such water systems is indicative of the metal uptake through dust or gas sources
[2]. Figure 4 demonstrates the suitability of the system for monitoring low levels of beryllium in an untreated
seawater sample. Well defined peaks (Ep = -0.41 V) are observed for increasing beryllium concentrations in 20
ug I steps (a—g). The peak height increases linearly with the Be concentration up to ca. 100 ug I" and then more
slowly (slope of the initial linear portion, 50 nA 1 pg'l; correlation coefficient, 0.995, not shown). The smaller
slope, compared to that observed in the synthetic sample (of Figure 3), appears to reflect matrix effects, including
co-existing calcium and magnesium ions and surface-active macromolecules. The low background response

(unspiked sample; dotted line) indicates the absence of potential interferences.
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Current

Potential (V)

Figure 4. Adsorptive stripping square-wave voltammograms for a seawater sample spiked with increasing levels
of beryllium in 20 pg iy steps (a—g) along with the response for the unspiked sample (dotted line). The water
sample was adjusted to pH 9.7 with ammonium buffer (4:1 volume ratio of water:buffer) before the

measurement. Other conditions, as in Figure 1B.

The long-term stability of 40 repetitive voltammograms recorded, for a seawater sample containing 100
ug I beryllium, at 3 min intervals over a prolonged (120 min) period is illustrated (not shown). A highly stable
response, with a mean peak current of 14.6 pA and a relative standard deviation of 3.9%, is observed for these 40

runs. Such stability indicates no apparent surface fouling by surface-active substances of the seawater matrix.

Conclusions

We have demonstrated a highly sensitive cathodic stripping protocol for detecting trace beryllium based
on the adsorptive accumulation of the Be-arsenazo-III complex at a bismuth film electrode. Because of the
toxicity, handling, and disposal of mercury, the new procedure obviates the need for the large mercury-drop
electrode, mercury film electrode and related mercury disposal issues. The same pre-plated bismuth film could
thus be employed for multiple measurements of beryllium. The new electrochemical protocol offers great
promise for meeting the portability, sensitivity, speed, cost and low-power demands of field detection beryllium.
Future efforts in this direction will focus on developing single-use screen printed electrode (SPE) for on-site

measurements of beryllium.
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Abstract: A sensitive adsorptive stripping voltammetric
protocol for measuring trace beryllium, in which the
preconcentration is achieved by adsorption of the
berylllum-arsenazo-III complex at a preplated bismuth-
coated carbon fiber electrode, is described. Optimal
conditions were found to be a 0.05 M ammonium buffer
(pH 9.7) containing 10 pM arsenazo-III, an accumulation
potential of 0.0 V (versus Ag/AgCl). The new procedure
obviates the need for toxic mercury filin electrodes used
in early stripping protocols for beryllimmn. A linear
response is observed over the 10-50 pg I”* concentration
range (60 s accuulation), along with a detection limit of
0.25 pg ! beryllium. A 15-s electrochemical cleaning
enables the same bismuth film to be used for a prolonged
operation. High stability is thus indicated from the
reproducible response of a 100 pug I'! beryllium solution
(n = 40; RSD = 3.9%) over a 2-h operation. Applicability
to a ground water sample is illustrated. The attractive
behavior of the new sensor holds great promise for on-
site  environmental  and industrial monitoring of
beryllium. Prelimminary data in this direction using
bismuth-coated screen-printed electrodes are
encouraging.

Introduction

Beryllium is recognized as the most toxic element
without radioactivity [1] and its poisoning occurs
primarily by inhalation of dust and gas. Beryllium is
toxic both as a carcinogen and agent that causes the.
chronic Dberyllium disease (CBD). Environmental
Protection Agency (EPA) has set a maximum
allowable amount of 0.004 mg I' beryllium in
drinking water. Despite the health hazards of
beryllium, it is widely used by the aerospace, nuclear
and defense industries. Such widespread industrial use
reflects the unique properties of bervllium. including
its low density. high stiffness and high melting point
[2,3]. To protect workers from beryllium-related
diseases it is essential to detect and monitor for the
presence of trace amounts of beryllium.

Several methods for the determination of beryllium
have been reported. including inductively coupled
plasma-mass spectrometry [4] electrothermal atomic
absorption spectroscopy gas chromatography [6]
or liquid chromatography with fluorescence detection
[7]. In contrast to these sophisticated and expensive
protacels. elecrochemical (stripping) procedures offer
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great promise for obtaining ultra high sensitivity while
meeting the portability, speed, cost and low-power
demands of field detection of mwace beryllium [8].
Since beryllium cannot be readily electrodeposited it
has been measured at trace levels using adsorptive
stripping voltammetry (AdSV), based on the interacial
accumulation and voltanmmnetric determination of its
complexes [9.10]. Two complexing agents. thorin [9]
and beryllon III [10] have been particularly useful for
such AdSV measurements of beryllimm. A limitation
of these AdSV procedures. particularly for field
screening applications. is their reliance on a mercury
drop detector. Reliable AdSV sensors, based on
preplated filin electrodes should particularly benefit
field measurements of beryllium.

Although these mercury electrodes offer an
attractive  AdSV  performance, new alternative
electrode materials with a similar performance are
urgently desired for addressing growing concerns
regarding the toxicity, handling, and disposal of
mercury. The development of a reliable ‘non-mercury’
beryllium sensor should particularly benefit on-site
(and especially in situ) measurements of beryllium.
Bismuth electrodes have attwacted considerable
attention as an attractive alternative to mercury
electrodes used in stripping analysis [11.12]. Most
early stripping applications of bismuth film electrodes
(BiFEs) focused on measurements of electrodeposited
heavy metals. The suitability of BiFEs for AdSV has
been demonstrated recently in counnection fo trace
measurements of nickel [13], cobalt [14], uranium
[15], chromium [16]., molybdenum [17] or vanadium
[18].

The aim of this wortk was to optimize and
characterize  an  effective  adsorptive-stripping
voltanunetric protocol for trace measurements of
beryllium at a preplated bismuth film electrode (BiFE).
based on the adsorptive accumulation of the arsenazo-
II'Be complex. The arsenazo-III complexing agent
dye has Dbeen shown wuseful for absorption
spectrophotometric measurements of trace beryllium
[19]. This dye is commonly used as an indicator for
complexometric titrations of alkali earth metals [20].

It has been reported on the measurement of
beryllium at mercury electrode [21]. However, there
are no early reports on the voltammetric detection of
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arsenazo-III or related electrochemical measurements
of its metal complexes on BiFE. As will be illustrated
below, the adsorptive accumulation of Be-arsenazo-III
complex onto the BiFE results in a highly sensitive
and reproducible AdSV protocol for measuring trace
levels of beryllium.

Materials and Methods

Ammonium  chloride  was  obtained from
Mallinckrodt Inc. Sodium acetate and stock solutions
of beryllium (1000 mg I™') were purchased from
Aldrich. Beryllium solutions were diluted daily as
required. The 0.5 mM stock solutions of arsenazo-IIT
(Sigma-Aldrich) were prepared by dissolving the
appropriate amount of the ligand in nanopure water.
The seawater sample, collected from Cha-Am Bay,
Petchburi, was used without any pretreatment. The
water was adjusted to pH 9.7 with anunonium buffer
(4:1 volume ratio of water:buffer) before the
measurement. All experiments were carried our at
room femperature.

Square-wave AdSV measurements were conducted
using an Electrochemical Analyzer 621A (CH
Instuments, Austin, TX) connected to a personal
computer. The 10 ml electrochemical cell assembly
(BAS, Model VC-2) consisted of bismuth-coated
carbon-fiber working elecrode, an Ag/AgCl (3 M
KCl)  reference  elecrode  (Model CHILII.
CHInsmuments). and a platinum wire counter
electrode. The carbon fibers (Alfa Aesar 10451,
Johnson Matthey Co.,Ward Hill. MA) were pretreated
first by a 12 b imumersion in ethanol. Subsequently. the
fibers were dipped.into a 6 M nitric acid solution for
30 s, and rinsed with distilled water. This was
followed by another wash with acetone, a thorough
rinse with distilled water. and an air dry. A bundle of
ca. 20 fibers was then glued to a copper wire with a
silver conductive paint (SPI Supplies Inc., West
Chester, PA). The bundle of carbon fibers was then
inserted into a 100 pl plastic pipette tip, exposing a 3
mum length of the fibers at the narrow end of the tp.
An internal copper wire provided the electrical contact.
The narrow end of the pipette tip was then sealed with
a nail polish. All glassware were soaked in 1 M nitric
acid and rinsed several times with deionized water
prior to use.

The bismuth-coated carbon-fiber electrode was
prepared by a 15 min electrodeposition of bismuth at
~0.8 V from a 0.1 M acetate buffer (pH 4.5) solution
containing 20 mg 17 bismuth. A similar film
preparation (but in the presence of 100 mg I™ bismuth)
was employed in connection to the screen-printed
carbon substrates.

The amumonium buffer (0.05 M, pH 9.7) supporting
electrolyte solution contained 3 M of the arsenazo-III
complexing agent. The solution was first purged with
nitrogen for 5 min to remove the dissolved oxygen.
The electrode was poised at a potential of 0.0 V for 90
s for adsorbing the Be-ligand complex. The stirring
was then stopped and after 15 s the square-wave
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voltammogram (SWV) was recorded over the 0.0 to
—1.0 V range (using a step potential of 4 mV,
amplitude of 25 mV and a frequency of 25 Hz). A 15 s
‘cleaning’ period (with stirring at —1.0 V) was
employed between successive runs.

Results and Discussion

A comparison of a typical linear-sweep (A), square-
wave (B) and differential pulse (C) AdSV signals at
the bismuth-film electrode for 100 pg I™* beryllium in
the presence of 5 M arsenazo-III recorded following
a 90 s accumulation in an ammonium buffer medium
(pH 9.7) is illustrated in Figure 1. The square-wave
(B) and differential pulse (C) stripping modes resulted
in well-defined beryllium signals of different sizes (Ep
= -0.43 V for both (A) and (B)). A larger background
slope and unwell-defined beryllium signal were
observed using the linear scan mode. Both differential
pulse and square-wave techniques corrected for the
charging-current background contribution and yielded
better signal-to-background characteristics.
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Figure 1. Comparison of different stipping modes:
linear  scan  voltammeny  (A); square-wave
voltammetry (B) and differential pulse voltamumetry:
(C).  Conditions:  bismuth-coated  carbon-fiber
electrode: supporting electrolyte, 0.05 M ammonium
buffer (pH 9.7) containing 100 pg I™* beryllium and 5
UM arsenazo-IIT; nitrogen purging time, 5 min: pre-
conditioning potential, —1.0 V: pre-conditioning time,
15 s: accumulation potential, 0.0 V: accumulation
time, 90 s: quiet potential, 0 V: quiet time. 15 s:
scanning potential window. 0.0 to —1.0 V. Scan rate,
0.1 V/s (A): amplitude, 0.025 V (B): and 0.05 V ©
potential step. 0.004 V (B and C): pulse width, 0.05 s
(C): pulse period, 0.2 5 (C); frequency, 25 Hz (B).
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Square wave voltammetry was selected for all
subsequent work due to its distinct speed and
sensitivity advantages.

The influence of the pH on the Be AdSV peak
current was examined over the 6.0-11.0 range (Figure
2A). The response increases slowly between pH 6.0
and 8.3. and very rapidly between pH 8.3 and 9.7. A
sharp decrease of the signal is observed at higher pH.
Such profile reflects the effect of the pH upon the
complexation, adsorption and redox processes. The
peak potential of the Be-arsenazo-III complex shifted
gradually (from —0.43 to —0.48 V) upon increasing the
pH from 6.0 to 9.7 (not shown). All subsequent work
involved a solution of pH 9.7.

i B C
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0 by v s
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Figure 2. Effect of the pH (A). accunulation potential
(B) and arsenazo-III concentration (C) upon the
square-wave adsorptive stripping response of 100 jig
I”! beryllium. Other conditions, as in Figure 1B.

The influence of the accumulation potential on the
Be stripping peak current was examined over the range
of +0.10 to -0.20 V (Figure 2B). The peak rises
rapidly between +0.10 and +0.05, and then more
slowly up to 0.0 V. The response decreases sharply
between 0.0 and —0.05 V and more slowly at more
negative potentials. An accumulation potential of 0.0
V led to the highest degree of adsorption and was thus
used for the further measurements. The effect of the
arsenazo-III concentration upon the Be peak current is
shown in Figure 2C. As expected for such adsorptive
accumulation processes. The response increases
rapidly up to around 3 pM arsenazo-III, more slowly
up to 4 uM, and levels off thereafter.

The influence of the accumulation time upon the
Be-arsenazo-III swipping peak curent increases
linearly with the accumulation time up to 60 s, then
more slowly up to 120 s and starts to level off for
longer periods (not shown). The resulting cuurent—time
dependence thus displays a curvature characteristic to
AdSV measurements, reflecting sawration of the
surface at longer accunulation periods.

The coupling of the effective adsorptive
accumulation of the Be-arsenazo-III complex at the
BiFE with the fast square-wave voltanunetric scan
results in a highly sensitive beryllium response. Figure
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3 displays stripping voltamunograms for increasing
concentrations of beryllium in 10 pg 1" steps
following a 90 s preconcentration time and using the
optimised parameters. Such short accumulation results
in well defined peaks for these low beryllium
concentrations.  As  expected for adsorptive
accumulation processes. the response increases
linearly with the beryllium concentration up to 50 pg
1”". then more slowly above 60 ng 1. Although a
curvature. characteristic of adsorption processes, is
observed above 60 ug I'', no leveling off is indicated
even at high beryllium levels. (see inser for the
resulting calibration plot: slope of the linear portion,
80 nA 1 ug™; correlation coefficient, 0.998). While the
data of Figure 3 (curve a) indicate a detection limit of
around 3 pg I' (based on the signal-to-noise
characteristics: S/N = 3), a substantially lower
detection limit can be obtained in connection to longer
accumulation times and a background subtraction
operation. Such  background-subwaction AdSV
response for a 2 pig I* beryllium solution following a
10 min preconcentration has been investigated (not
shown). A well defined response, with favorable
signal-to-noise characteristics, is observed. indicating
a detection limit of around 025 pg I'! (27.8 nM)
beryllium. Such detection limit meets the requirements
of monitoring of contaminated sites and of most water
quality applications.

R
= 0 6 8
& Conc./ppb
5
&

R

03 04 -05

Potential (V)
Figwre 3. Adsorptive swipping square wave

voltammograms for increasing levels of beryllium in
10 pg I'! steps (curves a—e) along with the background
response (dotted line). Also shown (inset) is the
resulting calibration plot. Other conditions., as in
Figure 1B.

The new electrochemical detection is suitable for
measuring beryllium in natural water systems. The
determination of beryllium in such water systems is
indicative of the metal uptake through dust or gas
sources [2]. Figure 4 demonstrates the suitability of the
system for monitoring low levels of berylliwm in an
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unuweated seawater sample. Well defined peaks (Ep =
-041 V) are observed for increasing beryllium
concentrations in 20 pg I'' steps (a—g). The peak
height increases linearly with the Be concentration up
to ca. 100 pg I™" and then more slowly (slope of the
initial linear portion, 50 nA 1 pg™: correlation
coefficient, 0.995, not shown). The smaller slope,
compared to that observed in the synthetic sample (of
Figure 3), appears to reflect matrix effects. including
co-existing calcium and magnesium ions and surtace-
active macromolecules. The low background response
(unspiked sample: dotted line) indicates the absence of
potential interferences.

~N
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3 ; i
T Ll 1
03 04 -05
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Figure 4. Adsomptive stripping  square-wave

voltammograms for a seawater sample spiked with
increasing levels of beryllium in 20 ug 17 steps (a—g)
along with the response for the unspiked sample
(dotted line). The water sample was adjusted to pH 9.7
with ammonium buffer (4:1 volume ratio of
water:buffer) before the measurement. Other
conditions. as in Figure 1B.

The long-term stability of 40 repetitive
voltammograms recorded, for a seawater sample
confaining 100 pg I'' beryllium. at 3 min intervals over
a prolonged (120 min) period is illustrated (not
shown). A highly stable response. with a mean peak
current of 14.6 pA and a relative standard deviation of
3.9%, is observed for these 40 runs. Such stability
indicates no apparent surface fouling by surface-active
substances of the seawater matrix.

Conclusions

We have demonstrated a highly sensitive cathodic
stripping protocol for detecting trace beryllium based
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on the adsorptive accumulation of the Be-arsenazo-IIT
complex at a bismuth film electrode. Because of the
toxicity. handling, and disposal of mercury, the new
procedure obviates the need for the large mercury-drop
electrode, mercury film electrode and related mercury
disposal issues. The same pre-plated bismuth film
could thus be employed for multiple measurements of
beryllium. The new electrochemical protocol offers
great promise for meeting the portability, sensitivity,
speed. cost and low-power demands of field detection
beryllium. Furure efforts in this direction will focus on
developing single-use screen printed electrode (SPE)
for on-site measurements of beryllium.
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S. Ruengsri . T. Sripanlom and S.Thongngamdee

Department of Chemistry. Faculty of Science and Technology, Nakhon Pathom Rajabhat University.
Muang Nakhon Pathom, Thailand

. < ; ]
E-mail:suwimonn@hotmail.com

Abstract: Electrical vesistivity of Wihire Popinac,
Bamboo, Coconur Shell and Eucalyprus wood charcoal
produced under different carbonizing conditions were
determined. The results showed that electrical
resistivity of the charcoal indicated strong and
systematic dependence on the calcination temperature.
The appropriate conditions for all were started from
400, 700 and up to 1000 +C. The soaking time at the
highest temperature were 30 minutes for all samples,
while the electrical resistivity of the charcoal powders
were found to be 5.1, 9.7, 19.8 and 4.1 « *for White
Popinac, Bamboo, Coconut Shell and Eucalyptus,
respectively. After that the prepared powders were
placed in containers, electrical resisitivity were also
determined.

Introduction

Wood charcoal is an important functional
materials [1] which are widening use in structural
applications such as carbon fibres [2]. carbon fuel
cells and carbon electrodes [3]. During 1970,
Stanford Research Institute (RSI) developed a coal
base fuel cell in molten lead at temperature of 500 to
900 <€ [4.5]. while Gur and Huggins constructed a
high temperature fuel cell (725 to 955 *€) that
employed stabilized zirconia as a solid electrolyte
and a graphite anode [6]. In 1810 carbonized charcoal
electrodes were use in arc lamp, and in 1830
carbonized charcoal was used as an electrode for
primary batteries. These electrodes were made from
powdered charcoal or coke bonded with sugar syrup
or coal tar, pressed and carbonized at high
temperatures [7].

Charcoal is the carbon residue from thermal
decomposition with insufficient oxygen. Good
quality of charcoal has fixed carbon content.
measured by ASTM D 1762-84. to about 70%. These
charcoals prepared by heating up to 400-500 *C.
Chemical formula for charcoal is CHo 600013 [8].
Higher quality of charcoal corresponded to the higher
carbon content, which prepared by treated higher
carbonizing temperature to above 500 *€. Carbon
content can have in excess of 94% in high
temperature carbonized charcoal. Some carbonized
charcoals are purer than natural graphite [9]. and
electrical properties are closely related to degree of
graphitization in wood charcoals [10].

467

Accordingly. the objective of this work was to
find out the suitable carbonizing conditions of White
Popinac, Bamboo, Coconut Shell and Eucalyptus
charcoal which affected to their electrical resistivity.

Materials and Methods

Wood samples of White Popinac, Bamboo,
Coconut Shell and Eucalyptus were cut into 12 cm’.
The samples were carbonized from 30 to 400 € at
the starting rate of 4 *€/min and then to 600, 700.
800. 900 and 1000+€ at the heating rate of 12*€/min
and the holding time was 30 min. After that the
charcoals were allowed to cool in the fumnace,
electrical resistivity were measured using digital
multimeter.

The charcoal powders were ground and placed in
pipette tips, which used as containers for
voltammetric electrode. Mineral oil was used as
binder. Electrical resistivities of the charcoal powders
were determined. Two probes of multimeter were
hold between the two copper wires. The first wire
was touched to the contact surface to eliminate the
resistant at the surface. while the other was inserted
to the charcoal powders at the different height of 1 to
4 cm, as see in figure 1.

// /{ Copper wire

to multimeter

/7
I

:“‘/ Contact surface

Copper wire

Figure 1. Apparatus  for  electrical

measurement

resistivity
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Results and Discussion

The relation between carbonizing temperatures
and electrical resistivity of Whire Popinac, Bamboo,
Coconut Shell and Eucahptus are shown in table 1.

Table 1: Electrical resistivity of wood charcoals at
different carbonizing temperature
Type of wood Temperature Electrical
charcoal (*©) resistivity (* 3y
400 -
600 4.15x10f
. i 700 3.72x10°
Whire Popinac 800 04
900 7.4
1000 Sl
400 -
600 2.36.\:101
700 1.75x10
Bamboo 800 236
900 10.5
1000 9.7
400 -
600 6.96x10§
. 700 1.51x10
Coconut Shell 800 108.3
900 263
1000 19.8
400 -
600 2.25x107
Eucalyptus 780 1.76x10°
2 800 112
900 5.6
1000 4.1

From the table, the wood charcoals showed
electrical  resistivity  decreases as increasing
carbonizing temperature. At room temperature to
about 400 €. the removal of insulating volatile
matters and breakage of C-H bonds has occurred.
After the temperature increase to about 800 €, C-H
bonds are completely broken whereas the loss of
volatiles predominates and results in an increase in
both fixed and total carbon contents in wood charcoal
[11]. Such reason depicts that electrical resistivity of
wood charcoals had much decrease during
carbonization temperature up to 800 *€,

Above 800 °€. electrical resistivity slightly
decreases due to the breakage of the C-H bond
resulting in the formation of free valence electron and
appears to contribute to the electrical conductivity of
wood charcoals. According to Neely [12], increase of
carbonizing temperature affected to higher C/H ratio
in wood charcoals. This means that the extent of
aromatization increases with increasing carbonization
temperature. The aromatization of wood charcoals
leads to decrease in its resistivity of aromatic nuclei
[13]. And from Kuma and Gupta [3]. the soaking
time (2 to 5 hours) is not the strong function to the
carbon content in wood charcoals.
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Figure 2. Suitable carbonizing conditions for wood
charcoals

From table 1. electrical resistivity of White
Popinac, Bamboo, Coconut Shell and Eucalyptus are
close but slightly different due to the different in
principal chemical constituents in wood. Cellulose,
which has an electrical insulating effect, has higher
electrical resistivity and energy gap than lignin [13].
The ratio of cellulose:lignin in wood indicated
electrical resistivity, the higher ratio in wood, the
high electrical resistivity in charcoals. Bamboo, white
popinac and coconur shell have higher electrical
resistivity due to their higher ratio of cellulose than
Euncalyprus.

From these results, the suitable carbonizing
temperatures to all wood charcoals were obtained.
The heating temperature increases stepwise from
room temperature to 400°€ at the heating rate of 4
*€/min and from 400 - 700. 700 - 1000 *€ at the
heating rate of 12 *€ /min (figure 2). Accordingly.
the soaking time was 30 min for completing the
reaction in each step.

4

-~ cogonut
shell

-=-white
popmac

.
<,
%

Electrical resisitivity(- 3

Distance (¢m)

» -==- cucalypius

Figure 3. Electrical resistivity of wood charcoals
after forming
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After forming by placing the charcoal powders
into the containers. electrical resistivity was
observed. as shown in figure 3. Electrical resistivity
increases with increasing distance between two
copper wires in all samples.

Conclusions

Carbonizing conditions affected to the electrical
resistivity of White Popinac, Bamboo, Coconut Shell
and Ewcalyptus wood charcoal. The suitable
conditions were started from 400, 700 and up to 1000
+€. The soaking time at the highest temperature were
30 minutes for all samples. Electrical resistivity of
the charcoal powders were found to be 5.1, 9.7, 19.8
and 4.1 ¢ *for White Popinac, Baniboo, Coconut Shell
and Eucahptus, respectively. After forming,
electrical resistivity increases with increasing
distance between two copper wires in all samples.
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BISMUTH-MODIFIED ELECTRODES FROM EUCALYPTUS
CHARCOAL POWDERS FOR ANODIC STRIPPING VOLTAMMETRIC
DETERMINATION OF LEAD AND CADMIUM

Sompong Thongngamdee*, Suwimon Ruengsri and Thanyanan Sripanlom

Department of Chemistry, Faculty of Science and Technology,
Nakhon Pathom Rajabhat University, Nakhon Pathom, Thailand

Abstract

Charcoal powders (CPs) produced from Eucalyptus under different carbonization temperatures
for use as the substrate of bismuth film electrodes were examined. The electrical resistivity of
CPs within an interval of 4-5 Q was obtained by stepwise increasing carbonization
temperatures to 400, 800 and finally 1,000°C with the soaking time of 30 min. The bismuth
film can be generated onto the bare charcoal paste surface from internal plating (in-situ)
solution to make bismuth film charcoal paste electrodes (BiF-CPEs). As shown on selected
examples, BiF-CPEs exhibit a good performance in anodic stripping voltammetric analysis of
some heavy metals such as lead and cadmium.

Keywords Eucalyptus, Charcoal, Lead, Cadmium, Anodic stripping voltammetry

1. INTRODUCTION

Carbon electrodes as the substrates for deposition of bismuth film were first proposed as early
as in the period of initial characterization of bismuth film electrodes (BiFEs) [1-2] and
supports of this type are still of continuing interest [3— 6]. Several studies have been devoted
to the formation of the bismuth film onto different supporting transducers such as screen-
printed carbon electrode [7], glassy carbon [8], carbon fiber [9], carbon paste [10], graphite
[11], etc. Furthermore, the connection of BiFEs to stripping voltammetric procedures has been
developed for the determination of trace metals, e.g. molybdenum [12], vanadium [13],
chromium [14], uranium [15], beryllium [16], etc.

Among the various electrode materials available, carbon paste attracts immense attention
due to its inherent properties such as simple preparation, fast and effective surface renewal,
favorable signal-to-noise characteristics and the ease and variability with which carbon paste
can be modified [6]. Wood charcoal powder which can be used as carbon paste electrodes
[17] is one form of charcoal powders. The carbon paste electrodes made from charcoal
powders or coke bonded with sugar syrup or coal tar can be produced from carbonization
process at high temperatures [18]. Carbon content in high temperature carbonized charcoal
can have in excess of 94%. Some carbonized charcoals were purer than natural graphite [19], and
electrical properties were closely related to degree of graphitization in wood charcoals [20].

In this article, we report for the first time of preparing and characterizing the charcoal
powders from Eucalyptus to use as substrate for bismuth film electrodes. The bismuth-
modified electrodes from Eucalyptus charcoal powders were successfully exploited the
favorable mechanical and electrochemical properties of carbon paste electrodes. The bismuth
film charcoal paste electrodes (BiF-CPEs) revealed its attractive electroanalytical performance
in conjunction with advanced anodic stripping voltammetric analysis for trace lead and
cadmium determination.
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2. MATERIALS AND METHODS

2.1 Materials
All chemicals used for the preparation of stock and standard solutions were of analytical

reagent grade and purchased from Sigma-Aldrich. Stock 0.1 M solutions of acetate buffer (pH
4.5) were prepared in deionized water. The atomic absorption grade of BiSIII) for plating the
bismuth film and Pb(II), Cd(II) standard solutions contained 1000 mg 1" of the respective
ions. The solutions were diluted as required. Deionized water was used throughout the
experimental work. All measurements were carried out at room temperature.

2.2 Methods
Charcoal powders produced from Eucalyptus were prepared as mentioned previously [21].

Briefly, wood sample of Eucalyptus were cut into 12 cm” and carbonized to 400°C at the
starting rate of 4°C/min and then to 800 and 1000°C (soaking time of 30 min) at the heating
rate of 12°C/min. After the charcoals were allowed to cool in the furnace, the electrical
resistivity was measured. Electrodes were constructed by grinding the charcoal int.o povx"der.s,
mixing with mineral oil which is functioned as binder, and placing in a pipette tip Whlcl:l is
used for charcoal paste container. Copper wire is inserted into the paste for electrical

conductor. The design of CPEs contained in pipette tip is shown in Fig. 1.

A

B

C

D

Figure 1 Charcoal powder electrode contained in pipette tip; A, copper wire;
B, pipette tip; C, charcoal paste and D, electrode surface.

2.3 Apparatus
Square wave anodic stripping voltammetric (SWASV) measurements were conducted using a

“Potentiostat” Electrochemical Analyzer (Edaq, Australia) connected to a laptop computer.
The cell assembly consisted of BiF-CPEs working electrode, a Ag/AgCl (3 M KClI) reference
electrode (Model CHI111, CH Instruments), and a platinum wire counter electrode. All
glassware was soaked in a 1 M nitric acid solution and rinsed several times with deionized

water prior to use.

3. RESULTS AND DISCUSSION

3.1 Characterization of Eucalyptus wood charcoal

The relation between carbonizing temperatures and electrical resistivity of Eucalyptus during
carbonization process is shown in Table 1. The decrease of electrical resistivity of wood
charcoals as increase carbonizing temperature is indicated. The removal of insulating volatile
matters and breakage of C-H bonds occurred during heating up to 400°C. C-H bonds are
completely broken whereas the loss of volatiles predominates and results in an increase in
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both fixed and total carbon contents in wood charcoal when the temperature is up to 800°C.
Such reason depicts that electrical resistivity of wood charcoals had much decrease during

carbonization temperature up to 800°C [21].

Table 1 Electrical resistivity of Eucalyptus wood charcoal at different carbonizing temperatures.

Temperature (°C) Electrical resistivity ()

room temperature N/A
400 2.25x10’
800 11.2
1000 4.1

Above 800°C, electrical resistivity slightly decreased due to the breakage of the C-H bond
resulting in the formation of free valence electron and appeared to contribute to the electrical
conductivity of wood charcoals. The increase of carbonizing temperature affected to higher
C/H ratio in wood charcoals. This means that the extent of aromatization increased with
increasing carbonization temperature. The aromatization of wood charcoals led to decrease in
its resistivity [21].

Moreover, the electrical resistivity of Eucalyptus wood charcoal within an interval of 4-5
Q was obtained from 5 repetitive carbonizing experiments. However, the typical ohmic
resistivity of between 5 and 15 Q shows a well-homogenized powders [6] and can readily be
used as a substrate for bismuth film plating. Accordingly, in this work the Eucalyptus powders
of 4.1 Q resistance were used as a substrate throughout.

3.2 Bismuth film plated bare charcoal paste

The freshly renewed surface of the bare carbon paste in the pipette tip holder was coated with
the bismuth film using an internal plating (in-situ) method. The sample solutions of Pb(II) and
Cd(II) were directly spiked into the internal plating solution containing supporting electrolyte
solution (0.05 M acetate buffer (pH 4.5)) and 500 ppb Bi(III) ions.

The sample solution of Pb(II) (50 ppb) and Cd(I) (50 ppb) in plating solution was
accumulated with stirring by holding the potential of the BiF-CPEs at -1.0 V for 90 s.
Following the preconcentration, the stirring was stopped and after 15 s equilibration, the
square wave anodic stripping voltammogram was recorded over the -1.0 to -0.4 V range
(using an amplitude of 25 mV, a step potential of 4 mV, and a frequency of 25 Hz). After each
scan (and before the next measurement) the electrode was held at -0.4 V for 15 s (to allow
removal of the oxidized species from the surface). The response of the bismuth films
deposited on charcoal paste by using SWASV measurements is depicted in Fig. 2.

As shown in Fig. 2 the stripping voltammogram recorded at BiF-CPEs exhibited well-
defined, sharp and undistorted stripping signals for both heavy metals with peak potentials at -
0.80 and -0.56 V for cadmium and lead, respectively. The voltammogram yielded
significantly high stripping peaks for both metals, implying rich preconcentration capabilities
of BiF-CPEs. Also large response can be also attributed to the low measured resistivity of
charcoal powders produced from carbonizing procedure and sufficient mixing between
charcoal powder and mineral oil.

3.3 Analytical performance of BiF-CPEs
With the aim of attaining more insights into the electroanalytical performance of BiF-CPEs,
we followed the anodic stripping voltammetric responses of the proposed electrodes for 8



79

4 NERU Journal of Science and Technology. 2010..

R

|

&

5| Jsna A

? y\

— e’ —
T T Y ) T
-1.0 -0.8 -0.6 -0.4

Potential / V

Figure 2 Square wave anodic stripping voltammogram of 50 ppb Cd (A) and 50 ppb Pb (B) at BiF-
CPEs. Supporting electrolyte, 0.05 M acetate buffer (pH 4.5); accumulation, -1.0 V for 90 s with
stirring, anodic potential scanning from -1.0 to -0.4 V with an amplitude of 25 mV, step potential of 4
mV, and a frequency of 25 Hz.
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Figure 3 Square wave anodic stripping voltammograms for increasing levels of cadmium (A) and

lead (B) in 10 ppb steps (curves a — h) at BiF-CPEs along with the background response (dotted line).
Accumulation time, 60 s. Also shown, inset is the resulting calibration plots. Other conditions, as in Fig. 2.

successive increments of a 10 ppb additions up to 80 ppb of cadmium and lead in connection
with a 60 s deposition period at a potential of -1.0 V. Those voltammograms and linear
response plots were illustrated in Fig. 3.

The BiF-CPEs displayed excellent linear behavior in the examined concentration range
‘with a correlation coefficient (R?) of 0.998 and 0.997 for cadmium and lead, respectively. The
reproducibility tests from 10 repetitive measurements (n = 10), in connection with 60 s
deposition time at -1.0 V, yielded %R.S.D. of 3.8 and 4.5 for 20 ppb cadmium and lead,
respectively (not shown). The estimated limit of detection, based on 3¢ criterion for the 5 ppb
cadmium and lead after a 300 s deposition step, was 1.5 and 1.2 ppb for cadmium and lead,
respectively. In addition, the electrode did not show any memory effects for both analytes
under inspection, which presence could be a serious obstacle for its further application to real
samples.

4. CONCLUSION
We have demonstrated an attractive protocol of charcoal powders produced from Eucalyptus
under different carbonization temperatures for use as the substrate of bismuth film electrodes.
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The carbonizing temperature intensely affected the electrical resistivity of Eucalyptus
charcoal during carbonization. The suitable conditions were started from 400 to 800 and

finally up to 1000°C with the soaking time at the highest temperature of 30 min. The electrical
resistivity of powders within an interval of 4-5 Q was obtained from five repetitive

carbonization processes.

The bismuth film can be generated onto the bare surface of Eucalyptus charcoal paste from
internal plating (in-situ) solution to make bismuth film charcoal paste electrodes. Application
of the electrodes to determine the trace amount of cadmium and lead was successful. The
results exhibited a good analytical performance of the electrodes in connection to square wave
anodic stripping voltammetric mode. The excellent linearity of concentration dependence,
good reproducibility and low limit of detection were accomplished for both metals.
Furthermore, electrode fouling and memory effects were not found on the electrodes during
measurements. Hence, further efforts in this direction will attend on employing the electrodes
to analyze some heavy metals in real samples. The developing of single-use electrodes for on-
site measurements of cadmium and lead in the environments will also be focused.
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Abstract

The purpose of this research is to construct the graphite electrodes from eucalyptus for trace
determination of lead by square-wave anodic stripping voltammetric technique. Eucalyptus
was carbonized at 400,700 and 1000°C with the holding time of 30 min for each step. The
resistivity of the eucalyptus graphite was found to be 3.50 Q. The determination of lead using
acetate buffer (pH 4.5) on bismuth coated glassy carbon electrodes was examined and showed
the oxidation peak potential at -0.5 volts. The peak current of standard solution at the
concentration of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7 and 0.8 pg/L was found to be 4.00, 10.40,
16.00, 24.00, 46.40, 51.20, 56.00 and 62.40 nA, respectively. Response signals from lead
solution of prepared electrodes and glassy carbon electrode were similar. Furthurmore,
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electrodes made from eucalyptus graphite mixed with paraffin oil compressing into pipette tip
and pure eucalyptus graphite compressing into rod shape also showed the similar signals.

Keywords eucalyptus, voltammetry, graphite, lead
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Comparison between the Efficiency of Glassy Carbon and
Bamboo Charcoal Electrodes
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Abstract
In this research, the efficiency of glassy carbon and bamboo charcoal electrodes was studied

and compared. The suitable carbonizing condition was starting at 30 to 400 °C, raising up to
700 °C and up to1000 °C holding time at each step for 30 minutes. The electrical resistivity
measured at suitable carbonizing condition was 1.5 Q. The efficiencies of glassy carbon and
bamboo charcoal electrode were studied by analyzing of trace lead with square wave anodic
stripping voltammetric technique. It was found that, glassy carbon electrode offered the signal
to lead (II) standard solution at — 0.52 V (scan from — 1.4 to 0.3 V, deposition time at 120
second). The current at the concentration of 0, 0.3, 0.6, 0.9 and 1.1 ppb were 0, 24, 70.4, 134.4
and 174.4 nA, respectively. The linear relationship between lead concentration and response
current wasobtained, (R = 0.9588). Accordingly, the electrodes produced from bamboo
charcoal detected some signals to lead (II) standard solution.

Keywords Bamboo charcoal, Voltammetry, Glassy carbon electrode, Lead
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