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Abstract:
Microwave
with

nitric acid

digestions of mercury in Standards Reference Material

and hydrogen peroxide

by using flow

digestion

to deliver

show good agreement with

Teflon® vessels

high values, while the digestion results from

certificate values

and better standard deviations.

Trace level elements (Ag, Ba, Cd, Cr, Co, Cu, Fe, Mg, Mn, Mo, Pb, Sn, Ti,
used

oil

and residual

oil

coal samples

were compared with Teflon® vessel

injection cold vapor atomic absorption spectrometry.

gave poor reproducibiUty and tended
quartz vessel

in quartz vessels

(SRM)

V

and Zn) in

samples were determined by inductively coupled plasma-optical

emission spectrometry. Different microwave digestion programs were developed for each sample

and most of the
values for

results are in

Ag was

due

good agreement with

to the precipitation

recoveries from the spike

test,

of Ag

which suggests

certified values.

The disagreement with

V

and Zn values had good

in sample;

while Sn,

that these certified values

might need

to

be

reconsidered.

Gold,

silver,

copper, cadmium, cobalt, nickel and zinc were determined

by continuous

hydride generation inductively coupled plasma-optical emission spectrometry. The performance

of two sample introduction systems:
respective

optimum

MSIS™ and

conditions, MSIS^"^

Ag, Cd, Cu, Co and similar values

for

showed

gas-liquid separator

better sensitivity

Au, Ni and Zn

were compared. Under the

and lower detection limits for

to those for the gas-liquid separator.
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Introduction

1.

Heavy metal contamination of environmental samples
Environment contamination from heavy metals has become a great concern by

environmentaUsts and analysts for a long period of time because of their chronic or instant
toxicity. Industrialization is a

major source of

initializes increasing

contamination of our

environment with heavy meals.

From

the viewpoint of health, metals can be divided into the following four

major groups:
(1)

Metals which are essential to

life

processes, e.g. copper, zinc, chromium(in),

manganese, iron and cobalt;
(2) Metals that are probably not essential to living systems, e.g.

(3)

Metals that are toxic to some

(4)

Metals that are highly toxic to living system,

chromium

life

aluminum;

process, e.g. tin and arsenic;

e.g.

mercury, cadmium and lead,

(VI);

In the following section, the toxicology of some highly toxic elements will be discussed

1.1

Heavy metal

toxicology

Mercury
For
issue.

many

years people have identified mercury as a serious environmental pollution

Three most commonly existing forms of mercury are found

in the

environment

mostly by three forms: elemental mercury, Hg°, which exists in liquid form

at

room

temperature, inorganic mercury Hg^^, and organic mercury (mostly methyl-mercury

HgCH3*)
effects.

[1].

Mercury has no known

human

beneficial function in

beings but only toxic

Releases of mercury into the environment are a major concern because of their

on human health and especially when the mercury

potential toxic impact

which has been recognized

Humans

in diseases

and reported in many research papers

are exposed primarily to the elemental

form of mercury,

system and

is

it

through the blood-brain barrier (BBB)
the nervous system,

insomnia, timidity

[7].

harm

Other than

mercury vapor

which can cause progressive tremor,

[8].

in aquatic

human's brain by passing

to

this,

vapor in

Hg*', as

becomes organic mercury by reacting with bacteria

transferred into food chain to cause

[2-6].

The elemental mercury has

industrial setting such as coal production, metal smelting etc.

no health hazards unless

methylated,

is

loss

is

also toxic to

of short-term memory

Inorganic divalent mercury in very low concentration can cause

death by kidney failure, because

enzyme can make them

Hg

binding to cysteine

[9],

amino acids

lose the biological functions and finally cause

[10] in

damage

and

to the

kidney.

Based on those serious influences of mercury
should

way

know

to control

likely to

up

there

to

air is

in

environment and

human

being,

we

a valuable task to find out the source of the contamination and the

Firstly,

due

to the

be evaporated from ground

30%

mercury

it.

is

to

high vapor pressure, metallic mercury
soil into the

of mercury in the atmosphere

is

fi-om

atmosphere.

It

is

the

most

has been estimated that

man-made source

[11].

Trace content of

environment can be toxic to human, since the threshold value for mercury in

only 0.05mg/m^ [12]. Therefore, one source of human's absorption of mercury

resulting from inhalation of the mercury vapor or

mercury contaminafion environment

its

is

inorganic salts in an external

[13]; another general division

of mercury source

is

from

direct or indirect

man's

action.

Man's

utilization

and exploitation of mercury and

mercury-related technology such as paints, pharmaceuticals, paper products, mercury
batteries, especially

burning product

like coal

can produce large amount mercury into

environment. Mercury can be transferred into body through the food chain.

common

cases of individual

like fish,

because fish

environment,

their

is

human poisoning

usually result from eating food products

good accumulator of mercury.

a

body

can

absorb

and

treated with alkyl

mercury

contained food, large portion of

Hg

If fish live in

accumulate

biomagnification. Additionally, bread, porridge have been

which are

The most

fiangicide [13].

most

mercury

made from

mercury related
likely

by

cereal seed grains,

Once people consume

mercury-

that

can be transferred into man's body, therefore the

health will be directly affected.

Cadmium:
Cadmium

is

regarded as one of the most toxic elements in the environment.

It is

also

a widely spread element that in the environment. The potential hazards to people and

animal are due to
in various types

its

rapid uptake and accumulation from food chain.

of rocks,

soil,

well as coal and petroleum.

cadmium

is

Cadmium

and water and some man-made products

A

is

present

like batteries, as

fraction of the total emissions to the

atmosphere of

from natural sources; the remainder largely comes from combustion of

petroleum products such as residual

Cadmium can be

oil.

absorbed and accumulated efficiently by the lungs, liver and

kidneys by being transported in the blood and widely distributed in the body [14]. The

mechanism of cadmium

toxicity to the

body

is

from cadmium binding

to proteins [15]; all

these molecules are important to the organs.

When

capturing

cadmium

,

it

will cause loss

of their functions. The symptoms of long time exposure or inhalation of cadmium have

been reported as headache, chest pains, cough or bloody sputum, and muscular weakness;
and death can even occur with severe exposure

[15].

Lead

Lead
through

is

diet,

widely spread in water and
breathing

air,

soil.

Exposure

to lead for

man

occurs mostly

drinking water, and ingestion of dirt or paint chips [16].

Release of lead from the environment into the body has become a

fatal threat to health.

Gasoline containing lead has been almost forbidden around the world because of the
dramatic effect on people's health. Central and peripheral nerve systems damage, kidney

damage, disorder of immune system, and reproductive system from toxic
have been reported from workers

in lead industry [17].

Even

effect

of lead

trace lead levels in blood (40-

60 ug/dL) can cause nerve damage and the lead-induced symptoms include

loss

of

appetite, metallic taste, constipation, weakness, insomnia, headache, pain in muscles,

joints,

and

fine tremors [16].

Chromium:
Chromium
Cr(III)

in the

is

ubiquitous in nature and most

and hexavalent Cr(VI). Merial [18] reported

60%

from metal use and

pollution. In the environment, Cr(III)

is

is

mobile toxic and carcinogenic

7%

two

states: trivalent

3%

of chromium

from general ore

from coal burning and gasoline

generally immobile and

to

in

that the global sources

environment contain man-made emission (70%), including

and metal production,

Cr(VI)

commonly found

man and animals

is

[19].

not very toxic, whereas

Chromium(III)

not easy to be absorbed, whereas chromium (VI)

is

absorbed by the body

[20]. Chromium

can be released into

clay or soil, combustions and emission

air,

is

more

readily

from wind erosion of shale,

by the industry and enter water by

rain or drainage

then deposited into sediment. So chromium content in water, sediment and soil can reflect
the extent of industrial activity in that area. Occurrence of lower level

may due to
in

the edible plant or animals being

grown or

fed

chromium

in food

by contaminated water or grown

Liver necrosis or even death could happen

chromium-polluted environment.

when

people have lOmg/kg of hexavalant chromium in the body and the excessive inhalation of

chromium can cause

nasal ulcers and perforation of the nasal septum [20]. Certain types of

cancers can be induced

According

to the

WHO

by exposure

to high-level

[21], the content

chromium

in the

working environment.

of hexavalent chromium in

air

about 4*10"^ Hg/ni^, drinking water containing about 50ppb chromium
unacceptable. But,

it

cell or

is

considered to be

under certain

is difficult

because after penetration of the membrane of

pH or redox condition,

the hexavalent form can be reduced to the

trivalent form. Therefore, the determination

of hexavalent chromium

analysts or environmental scientists. Total

chromium determination can be a

popular

way to

life risk

should be noticed that to distinguish the biological effects caused by

hexa- and trivalent chromium

body

posing a

is

a big challenge for

direct

and

qualify the environment contamination level.

Nickel:
Nickel

is

a naturally occurring metal in the environment and exists in various forms.

The burning of residual and
of nickel emissions

fuel oil,

mining and refining of nickel are the major sources

into the atmosphere.

sulphate (NiS04) mostly from fossil

The major

fiael

nickel species in ambient air

is

nickel

combustion and nickel carbonyl (Ni(C0)4), a

volatile liquid

used as a catalyst in coal gasification and petroleiun refining

[22].

From

the

industry production, they can be largely released into environment. Nickel can enter the

body through food or drinking water, but
induced

toxicity.

inhalation exposure

Certain forms of nickel

when

animals' organism. But

nickel

is

compounds have

compounds such

a primary route for nickelalso essential function to

inhalation, they will cause poisonous effect in the respiratory tract

which can induce the symptoms
profound weakness
because

it

is

pass the cell

like

been defined as a carcinogenic element

a potential cause of lung cancer the mechanism

The main

is

nickel in the ionic form can

get deposited in the nucleus and the nucleolus. [25.]

character of these heavy metals

eliminated in body by

and immune system,

coughing, dyspnea, tachycardia, cyanosis and

[23, 24]. Nickel has also

membrane and

body by

as nickel carbonyl enter

some biochemistry

is

the toxicity cannot be degraded further or

reaction due to bioaccumulation;

it

chronic toxic effect. Whereas organic contaminants can be biodegraded with

and reduce the harm to the body

[26],

heavy metal

toxicity is

can also cause

some

more severe and

proteins

difficult to

be cured and needs more cautiousness from people.

1.2

Heavy metals
1 .2.

llMercury in coal

As mentioned
results

environmental samples

in

in previous, a large source

of environmental mercury contamination

from the inadvertent release of the world's mineral resources such as coal which

can be burned and release mercury into environment. Coal contains a variety of toxic
elements and mercury

is

ubiquitous in coal. Since

many

large

power

stations

bum

in

excess of a million tons of coal per year, output of mercury from those industrial sources

was

identified

by the United

States Environmental Protection

of mercury released to the environment
conservatively from 100-200

ng

[27].

As mercury

kg"' [28], regulation

Agency

as the

major source

concentrations in coal range

of the mercury content of coal

is

perceived to be a priority by a number of countries and by the World Health Organization.

It is

important to

know

that coal containing

more than Ippm mercury

is

usually

located in or adjacent to mercury mineralization. Although the mercury content of coal

may

appear to be relatively small,

moreover,
revolution

if the

is

total

it

can

still

cause a significant harm to

amount of coal consumed

in the

human body;

world since the industrial

well developed, the amount of mercury released into the environment would

conceivably exceed the threshold people can tolerate. In the world,

if there are

over 1000

million tons of coals produced, assuming lOppb level mercury exist in the coal; this will
represent about 20,000 pounds of additional mercury released into the environment each
year. Estimates reported

by

EPA

[29] based

on ICR (Information Collection Request)

data agreed that approximately 75 tons of mercury-entered coal fired utility boilers during

1999 and

that about

45 tons were emitted into the atmosphere.

environmental concern for

how much

increased amounts of coal.

As

It

will

become

increasing in atmospheric pollution

a serious

by burning

the United States Department of Energy struggles with

developing ways to control emissions of mercury to the environment,

it

will

become

increasingly important to develop regulatory standards for mercury in coal [30]. Besides,
coal-rich countries are looking to secure their energy supplies

their

needs will find

environment.

it

by looking

to coal to fulfill

increasingly important to control emissions of mercury into the

1

.2.2

Heavy metals

Many heavy

and sediment

in crude oil, residual oil

metals are found in different fuel

health even at very

low

level;

some

oil;

some of them can

affect people's

are at high level used as a lubricant for engine parts

such as bearings, pistons, and cylinders. After being used, heavy metals or chemicals can

be presented in used

oil,

which

is

discarded into environment. Residual

oil is the

end

product of oil refining. This type of oil can leak or percolate into the ground, even water
drainage

systems.

If these

aqueous

agricultural area,

products were

area,

disposed

it is

an

environment such as

or even residence area, the heavy metals could be

transferred into plant; fish; bird or other animals;

system. Therefore,

into

important to

know how

They could

enter

man's

living or diet

the crude oil or residual oil affects the

environment.

Sediment

is

another area that can be contaminated by heavy metals. Before they enter

the sediment, heavy metals preferentially transfer fi-om the dissolved to the particular phase

in an unperturbed environment, in

which they

are deposited

and accumulate; Therefore, the

concentrations of heavy metals in sediment are generally higher than in surface water so

that they are easier to

by

be determined.

[31]. Oil

contamination investigations have been done

researchers [32-34] for the determination of barium, chromium, copper, lead, zinc; also,

some non-metal

ions,

such as chloride, S04^',

NIli"^,

NO3' by H.O.Pucci

Significant enrichment of concentration of those elements of ions

than other sites without oil pollution.

et

al

[35].

was found and higher

2.

Heavy metal elements determination technology

AAS

2.1.

Atomic absorption spectrometry (AAS)
element determination.
eletrodeless discharge

A

is

one of the most popular techniques for

spectrum source, such as hollow cathode lamp (HCL) or

lamp (EDL) emits radiation

element atom will absorb the radiation
element. Quantification

by

AAS

is

at the

at a particular

wavelength, which

wavelength then the
is

specific for each

based on determination of the weakening of the

emission light fi"om the radiation source, which has been absorbed by the ground state

atoms of the element of

interest. Basically,

source. For example, mercury

AAS

at

each element needs a specific lamp

must be present

as Hg*' (g) in order to

light

be determined by

wavelength 253. 7nm with a mercury hollow-cathode lamp. The value of the

decreased radiation measured by detector will depend on the amount of analyte
concentrafion. Beer's

Law

equation for the absorbance of monochromatic radiation

A= 8*
Where

A

length and c

is

is

is

the molar absorptive and b

the path

mostly a single-element method used for trace metal analysis of

liquids, or oils

is

a

between the absorbance and the analyte concentration.

biological, metallurgical, pharmaceutical and environmental samples.

e.g.,

All the solids,

samples that are capable of being fully digested by concentrated acids can

be analyzed by AAS. Approximately 70 metal and semi-metal elements
table can be determined

sensitivity,

is

the concentration of the analyte. Since s and b are constants, there

linear relationship

AAS

b *c

the absorbance of analyte atom, £

is

is:

by

AAS

[36].

and easy operation. But

AAS

in the periodic

has the advantage of high precision, high

for each element,

it

needs

its

own lamp

to determine.

Changing the hollow cathode lamp

is

the

most obvious inconvenience from

analytical efficiency will be dramatically decreased

why AAS

2.2

is

due

AAS

and the

to this reason. This is the reason

not widely used in present time especially in commercial labs.

ICP-OES
Inductively coupled

analysis technique.

plasma-optical

emission spectrometry

The emission spectrum derives

is

a multi-element

fi-om the excitation, ionization

and

emission of atoms. Atoms of analyte element are excited to high energy levels by a hightemperature source. After ionization, the ions can decay to lower levels by emitting

commonly

radiation.

These

Common

high-temperature atomization sources include dc arc, ac spark, or plasma.

light

emissions are

atomic or optical emission.

called

Analyte atoms from sample solution are introduced into the excitation region where they
are desolvated, vaporized, atomized and ionized to promote the atoms into high energy

levels,

and then the atoms decay back

to

ground

by emitting

state

light at certain

wavelength. The spectra will be determined by the detector (Charge-injection device or

charge-coupled device).
Inductively coupled plasma can be generated by directing the energy of a radio

frequency (27 or 40
for

MHz)

generator into a gas source, usually argon [37]. Other options

plasma gases used are helium and nitrogen. Coupling

is

achieved by generating a

rapid oscillating magnetic field through a cooled inductive copper coil.

tesla coil initiates ionization

from the

coil then interact

A

spark fi-om a

of the flowing argon. The generated argon ions electrons

with the fluctuating magnetic

field,

which generates enough

energy to ionize more argon atoms by collision excitation. The electrons generated in the
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magnetic

field are accelerated,

well-defined

tail

which cause a

discharge plasma discharge

is

significant temperature rise.

finally created

with argon atoms in the top of the torch. Plasma

amounts of electrons and ions
the

in addition to neutral

plasma ranges from 6000-10000 K, which
atoms and ions

the analyte

is

is

by

A

brilliant,

the collision of electron

a type of gas that contains equal

argon atoms; the temperature within

the spectroscopic source.

It

contains

all

have been excited by the heat of the plasma.

that

%

rm
/\

Figurel:

Ignition sequence for plasma: argon gas

produces magnetic

field

for

is

swirled though torch (A)

RF

coil

containment (B) electrode provides seed electrons (C)

ionization of argon (D) and formation of plasma (E) [37]

When

the analyte contact with plasma,

electrons followed

by decaying

the UV/visible region of 160 to

to

ground

excitation happens to

levels.

Element specific spectra are emitted

800 nm, the accurate,

flexible

Ippm

at

in

and relatively inexpensive

wide detection region make ICP-OES a powerful technique
elements with concentrations below

analyte element

to

determine over 70

the present time [37].

Unlike atomic

absorption instruments such as flame and graphite furnace which can only run one

element or
capability:

at

most 2

at

the

same

time,

ICP-OES has multi-element determination

up to 40 elements simultaneous determinafion can be obtained within one

11

minute

in a single run [37].

technique.

The detection

The range

is

axial

from 100

view mode

[37].

This character makes

limits for

ICP-OES

ICP-OES depend on which element

|4.g/L to 1 |ag/L in radial

AAS

is

view mode and 10 [xg/L

Another advantage of ICP-OES

orders of magnitude) than

a popular and economical

is

the larger

being detected.

to 0.1 [ig/L in

dynamic range

(5.5

(2-3 orders of magnitude) [38]. Thus, the multi-element

analysis capability, high analysis speed and superior detection limits of this instrument

still

make

it

a popular technique to be utilized in research or commercial labs. Figure2

shows a simple ICPOES operation scheme.
Transfer Optics

Figure2:

2.3

A simple diagram of ICP-OES

[37]

Cold vapor generation atomic absorption spectrometry (CVAAS)
It

has been over 30 years since the cold vapor generation (CV) technique was

introduced by Hatch and Ott [39]. The cold-vapor method coupled with

common and

sensitive

method so

far

for total

AAS

is

the

most

mercury determination. Cold vapor

generation can also be coupled with atomic fluorescence spectrometry (AFS) and
inductively coupled plasma optical emission spectrometry (ICP-AES).

cold vapor generation

is

using reductants, such as

12

SnCb

The

principle of

or NaBIL*, to convert ionic metal

ions such as mercury(II) in solution to Hg*^ (g). Because mercury has a high vapor
pressure, the liberated

Hg°

(g) is entrained in an inert gas stream

passing a gas-liquid separator, the mercury vapor

part

of an atomic absorption spectrometer.

discharge lamp emits radiation

at

A

is

such as argon, after

transferred directly into the optical

hollow cathode lamp or an electrodeless

253. 7nm, which will be absorbed by mercury atom and

the absorbance will be determined.

The chemistry

principle

of cold vapor generation

is

shown below:
Cold vapor generation equation:

M^^ + 3BH4" +H* +9
The

HzO^ M*' (t) + 3B(0H)

detection limit for mercury determination

0.02 to 0.2 ng/ml [40]. Besides mercury,

CVAAS. CVAAS

cadmium

by

3

+1 IH2 (t)

CVAAS

generally ranges jfrom

[41, 42] has also

been determined by

has been a mature technique for mercury determination. Inductivity

couple plasma mass spectrometry (ICPMS) [43, 44] has also been used and a promising
technique for the determination of cold vapor mercury. There are some other techniques

coupling with cold vapor mercury generation. P.C.Rudner

et al [45]

reported using flow

injection (FI) technique and on-line preconcentration for determination of

biological samples

by ICPAES. They achieved wide dynamic range of mercury about

1000 ng/ml, and detection
vapor

mercury in

generation

limit is 10 ng/ml.

inductively

coupled

K.A.Anderson

plasma

atomic

et al. [46]

emission

5-

reported a cold

spectrometric

determination of mercury, and achieved a relatively low detection limit about 0.2ng/ml.

So

far,

many people

lower detection

still

limit,

focus on

CVAAS

for the total

high sensitivity and reasonable
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mercury determination due

cost.

to its

3.

Hydride generation Inductively Coupled Plasma Optical Emission

Spectrometry (HG-ICPOES)
The hydride generation

technique, which forms volatile hydride of element of interest,

offers superior analytical figures of merits than being analyzed

by conventional sample

introduction techniques. Early applications of hydride generation for elemental analysis

using ICP atomic emission spectrometry were described by

most common elements
antimony, selenium,

From
ionic

tin,

Thompson

for hydride generation are arsenic, bismuth,

and tellurium

et al [47]

and the

germanium,

lead,

.

the analytical point of view, the principle of hydride generation

is

based on that

element are derivatized into hydride-form volatile compound by a chemical

reducing agent mostly by sodium tetrahydro-borate
solutions [48].

The hydride compound

is

(III) in

an acidic

medium

or basic

then introduced into the ICP and determined.

The possible chemical mechanism of hydride generation has been considered

as the

following equation:

NaBH4 + 3H20+HCl-> H3BO3 +NaCl +8H
E"^ + (m+n)

Where E

is

H^ EHn

+ mH^

the hydride- forming element of interest and

This mechanism

is

'nascent hydrogen'

called

'nascent hydrogen'

m may or may not equal n.

reaction for hydride generation.

considered as 'moment of birth' [50] and plays a reduction role for

is

the metal element to form the relevant hydrides [49]. However, this

been conclusively proven. Laborda
hydrogen'

,

The

et

al.

[50]

criticized the generation

because the estimated standard potential for H*/H

E" for reducing agent

H3BO3/BH4"

is

-0.482V or Zn ^VZn
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mechanism has never

is E*'

(E'^

of 'nascent

= -2.016V, while

= -0.763V),

the

so neither

BH4' or Zn can reduce protons
of the hydrides:

SnH4

or PbH4,

MHn (M
it

means

is

to atomic hydrogen.

the metal element),

the hydrogen

Also another doubt

when

is

from the name

they are formulated as AsHa, Geitt,

shows a covalent

state

of -1

elements have no reductive capability to reduce hydrogen,

.

Since

there

all

the metal

must be some

discrepancy for those compounds. So neither atomic hydrogen nor negative hydrogen ion

is

medium. Then,

the acceptable explanation for the generation of hydrides from acidic

these people proposed a different route for this reaction, as one of alternative shown:

A""^

+ (m+n)/8 BH4" + 3* (m+n)/8 H2O -> AHn + (m+n)/8 H3BO3 + (7m-n)/8 H^
(A "^

The

from

difference

generation of hydride

donates

is

is

the analyte)

equation with the

this

H2O

'nascent hydrogen'

reaction

is

the

considered to be a hydrogenation process: boric hydride ion (BH4')

H atom to bond on the analyte element to

hydrogen from

[50]

or acid.

By

assay with deuterated reagents

form hydride species instead of nascent

supporting this mechanism, people did hydride generation

NaBD4

[51-53] and found that

produced and hydrogen atom was fransferred

to metal

MDn (M

the metal) were

is

from boron. These

results also

gave

a suggestion that the reaction happened from boron-hydrogen bond instead of the hydrogen
ion from acid and a possible intermediate

and react with analyte
generation

is

shown below

is

derived from tetra-hydroborate

to generate the volatile hydrides. This

more reasonable than that

mechanism

'nascent hydrogen' explanation.

-^

AH

+

,B^

ho' 'h
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for hydride

A variety of analytical techniques have been coupled with vapor generation methods.
Inductively coupled plasma-optical

chosen for

its

emission spectrometry (ICP-OES) was popularly

robustness, multielement determination capability, possibility of automation,

easy coupling with different techniques.

Flame

atomic

absorption

Among

the

(FAAS),

spectrometry

most used combined approaches.
atomic

electrothermal

absorption

spectrometry (ET-AAS), inductively coupled plama-mass spectrometry (ICP-MS), direct
current plasma (DCP);

microwave plasma (MIP),

microwave plasma

capacitivity coupled

(CCP) and atomic fluorescence spectrometry (APS) have been attempted

Compared

to conventional

mode

pneumatic nebulization

several significant advantages fi^om hydride generation.

transport efficiency with producing a

They

homogeneous vapor

ICPOES,

in

are:

in research fields.

1)

there are

enhanced analyte

to the atomizer (at best

sample transport efficiency can be achieved by a conventional nebulizer) [62]

2).

20%

On-line

preconcentration of the analyte to enhance the determination accuracy and precision 3)
superior detection limits are

much lower compare

ultra-trace elemental analysis 4)

to nebulization,

which can achieve

Automation of methods or couplings with different

techniques can be easily achieved, such as autosampler, flow injection.
Several reducing reagents can do the reduction to hydride form of elements. Zinc-

hydrochloric acid [54] was used as reductant agent, but the hydride generation reaction

very slow. At present time, the most popular and effective reagent for reduction

is

is

sodium

borohydride solution stablized in an alkaline solution (NaOH). Nakahara has reviewed
[56] hydride generation.

He mentioned

that

0.1-10% (m/v) NaBH4 can be used

for

hydride generation, and the concentration of alkaline solution should vary fi-om 0.1-2%
(m/v), depending on different systems.

The

acids used for hydride generation is normally

16

hydrochloric acid [57, 58] and nitric acid [59, 60], because they have the strong
dissolution capability to metals. Other inorganic acid such as sulfuric acid or aqua regia

[61, 62], or organic acid such as tartaric acid [63]

sensitive as that with

HNO3

were used, but the signal were not as

or HCl. So, the reaction of hydride generation requires a

careful optimization due to the influence of the type of acid,

pH

in

solution and

concentration of borohydride [64]. The effect of pH on the generation of hydride can not

only determine the structure of hydroboron intermediates, but also activate the analyte
substrate to

form hydoboron

species.

Some

additives are also used to increase the

efficiency of hydride generation. L-cysteine [57], C0CI2 [65] thiourea and thiols[66]

added into solution and achieved largely enhanced signal intensity
selenium, tellurium

etc. It is also

important to

hydrogen can be largely produced and

dilute

know

were

for arsenic, cobalt,

that at high acid concentration,

and analyte vapor, even

in

extreme cases

'blow out the plasma.
'

Other than the elements found
at

in past

few years which stably form

ambient temperature: arsenic, bismuth, germanium,

lead,

volatile hydrides

antimony, selenium,

tin,

and

tellurium [67], hydride generation of other elements has also been examined in recent

time.

also

The generation of volatile

species of Zn, Cd, Cu, Ag, Au, Pd, and

been reported. Guo and Guo [71] had studied the reaction of zinc

with sodium tetrahydroborate and

first

was

relatively poor.

[68-70] has

aqueous solution

reported the volatile species generation of zinc.

However, the nature of such species was not investigated
efficiency

in

Rh

in detail

and the generation

Another paper [72] described the transport of volatile

species of Ca, Cd, Co, Cr, Cu, Fe,

Mn, Mg,

Ni,

Zn and

Ti by continuous flow hydride

generation with ICP-AES. They found that the efficiency of volatile
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cadmium

species

maximum

transport reach a

at

CdH2

higher efficiency of

O.50mol/L HCl, and they also observed

generation can be obtained in

CdH2 and CuH2 have much

that

HNO3; among

comparable or
the elements,

higher transport efficiency into the plasma than do hydrides

of Co, Cr, Fe and Ni, which appear

to

form

volatile species to

some

paper only achieved significantly efficient hydride generation from

with nebulization mode. Co, Ni,

Zn Cr and Fe

did not

show

extent.

However,

this

Cd and Cu compared

better signal intensity

by

forming volatile hydride species compared to nebulization, especially no hydride reaction
occurred for Ca,

Mn

Mg,

and

Ti.

Christoph

generation introduction system with

like

Cu, Ru, Pd, Ag,

In,

M.

ICP-MS

et al. [73]

used a novel, robust hydride

to determine

selenium and other elements

Au, Hg, Tl and Pb. With the sample introduction device, they

achieved higher sensitivity and lower background from aerosol transport; also they

demonstrated that

this

system could be used for the determination of these transition and

noble metals by hydride generation.

However, hydride generation

is

not free from interferences.

interference occurs with transition metals [74],

analyte signal.

The most important

which reduce or dramatically enhance the

Also concomitant effects caused by gas phase atomization interferences

with other elements capable of generating volatile hydrides are reported [75, 76]. Other
required; foaming and

disadvantages include: Complex, on-line chemistry control

is

aerosol formation can cause worse precision for instrument;

numerous instrument and

reagent parameters to be optimized; Applicability to a limited

During the research, flow injection
injection technique

is

the

(FI)

was used

more frequently uses

for

number of elements.

mercury vapor generation. Flow

a multiple-channel peristaltic

pump

to

pass sample and reagents into a mixing chamber where the acid-borohydride reaction
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:

The primary gaseous

takes place.

into a gas-liquid separator

the

ICP

for analysis.

product, H2, plus the volatile hydrides are then swept

where the

Flow

liquid

is

drained and the gas mixture

injection technique

is

directed into

is

a convenient and easily automated

technique for sample introduction in atomic spectrometric analysis. Coupling flow
injection with

ICPOES

has advantages over the manual sample introduction technique

(batch mode), due to [77]

Higher

•

• Less

sensitivity

to the automatic injection

consumption of sample and reagents (90%

• Increased

•

due

sample throughput and

Economical and easy

less

less than batch

mode)

time consumed

to operate

Research on optimum conditions for hydride generation technique are

still

on-going

and people are also looking for new device or matrix to achieve better signal sensitivity
to

decrease the detection limits and try to avoid the disadvantages from hydride

generation.

New

hydride forming elements

is

another highlight field for researchers to

put their effort on. Flow injection and continuous flow sample introduction technique

coupling with hydride generation will be applied in this project for element hydride
generation approach.

4.

Sample preparation technique: Microwave digestion
Since most of the sample determinations by

AAS

or

AES

are

from solution, sample

preparation methods are designed to transform solid samples into solution.

digestion

is

a popular wet acid digestion technique to achieve this step.

Microwave
It

offers an

unprecedented level of control and speed to sample digestions and dissolutions that use
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The use of microwaves

acidic aqueous solutions.

reported in 1975 by

of sample and acids

Abu-Samra
in

to digest biological

[78] with a domestic

an Erlenmeyer

flask.

microwave oven heating a mixture

many

types of samples, such as

geological [79], biological [80], and environmental samples such as
coal

etc.,

[81-86].

first

Microwave digestion technique have been

widely used in analytical chemistry ever since for

oil,

samples was

soil,

water, sediment,

This technique can supply not only dramatically decreased

digestion time; but also reduction in contamination, less reagent and sample usage, a

reduction in the loss of volatile species and improved safety compared to the traditional

heating digestion technique. [87].

4.1 Principle of

microwave heating

Microwave energy
and injected

into the

various directions.

directly.

is

generated by the magnetron, propagated

microwave cavity where the mode

As

is

The varying microwave

mechanism

to

at the

electric field

rotate, ions in solution to migrate,

which tends

can distribute the energy in

a non-ionizing radiation,

without changing the molecule structure

is

the waveguide,

a result, microwave energy can penetrate into the sample and heat

Since microwave energy

Heating of solution

stirrer

down

it

can make ions migrate

commonly used frequency 2450MHz

[87]

by microwave frequency causes molecules

to

and the electrons in metallic materials to move.

generated by the collision of the rotational molecules,

moving

ions,

be stopped by collision with the surrounding molecules. The heating

is totally

different with conductively heating: the

sample

in the container is

heated by the heat transferred from the container wall. The typical time for complete a

wet digestion by conductively heating

is at least
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2 hours or even longer [87]. But in the

open or closed vessels microwave dissolution procedure,
shorter.

The

difference between

them

is

it

only takes less than an hour or

from the sample heating methods. In conductive

heating such as hot-plate heating, the vessels are poor conductors of heat, so

it

takes a

long time to heat up the vessels and transfer the heat to sample. Another reason

because of the vaporization of the surface solution, a thermal gradient
convection currents, so only a portion of fluid
the vessel.

As

a result, the sample solution

for a totally heating.

is

is at

the

is

established

same temperature

by

as the outside

not evenly heated and longer time

While microwave heating can

is

transfer the heat to

is

needed

sample

fluid

simultaneously without heating the vessel, because the vessels are transparent to

microwave energy and
and the

of heat

[87], the heated

sample inside can not lose the heat

of heating become much more quickly, which explains

rate

digestion

isolator

method can dramatically shorten

why microwave

the time for sample preparation.

sam[^

-

acid

mixturs {abSD*«
microwave energy)

vessd

wd

(transMrint to

Temperature on the outside turtee
of acid.
in excess of the boiling port

Figures Conductive heating [87]

Figure4:

:

Based on the microwave heating
materials that have low absorption for

is

ii

principle,

Microwave heating

vessels

[87]

should be constructed by

microwave energy. Teflon^'^ (tetrofluoroethylene)

a good material for construction of digestion vessels because of the resistance to
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all

microwave energy

acids and transparent to

[87].

Teflon vessels for microwave dissolution
sulfuric acid is apphed, because both

microwave energy and

microwave
because

4.2

it

its

isolator

heating. Also,

it

when phosphoric

for not using

acid or concentrated

of the two acids have boiling point above the

melting point of Teflon (306°C). Quartz
digestion vessels because of

is

But the only condition

is

another alternative material to construct

thermal and chemical

of heat, which makes

can be used for

all

it

stability.

Quartz

is

transparent to

excellent as material for vessels of

kinds of acids except for hydrofluoric acid

can attack the quartz.

Acid decomposition:
Nitric acid, hydrochloric acid,

microwave wet digestion

and hydrogen peroxide are commonly used as

reagents, because of their strong dissolved capability to metals.

Nitric acid has powerful oxidization strength at concentrations greater than

2M.

Its

oxidizing strength can be increased by the addition of chlorate, permanganate, hydrogen

peroxide or by increasing the reaction temperature and pressure. Nitric acid

common acid

for oxidization

Hydrochloric acid

is

mixed with

a non-oxidizing acid. But

it is

properties.

nitric acid at certain proportion,

reagent: aqua regia or

the

most

of organic matrices.

low oxidizing strength and weak reducing
is

is

it

rarely used alone because

of the

However, when hydrochloric acid

becomes

to a

mixed with hydrogen peroxide can

very strong oxidizing

also largely increase the

oxidizing strength. Because the products chlorine and nitrosyl chloride are strong

oxidizing agents, which can even dissolve noble metals [88]

3HC1 + HNO3 -^ NOCl +CI2 +2H2O

2HC1 + H2O2

^ CI2 +2H2O
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primary components of samples such as clay or sediment;

Silicates are the

digestion of silicates

silicates.

acid

is

It

is difficult.

Hydrofluoric acid

to

form an ionic complex

2HF +
Because hydrofluoric acid
is

made of quartz;

and instrumentation

SiF4

is

Excess hydrofluoric

^ SiF4 + 2H2O

+ 2H2O

-> SiF6^-

+ 2H30^

a corrosive and hazardous reagent, and in addition, the

regular use of hydrofluoric acid will cause both glassware

to deteriorate.

Boric acid can be added to complex the hydrofluoric

The complexed form of HF does not

attack silica.

H3BO3 + 4HF
The

acid used to digest

to fully dissolve the silicon [88].

4HF + Si02

acid.

common

reacts with silica to give gaseous silicon tetrafluoride.

needed

plasma torch

the

is

also, total

^ HBF4 +

3

H2O

digestion reagents required for the efficient digestion of a particular sample type

are dependent

on the sample matrix and the elements

digestion efficiency can be influenced

by

factors

to

be determined. This means the

other than type of reagents, or

proportion of each reagent, also by the heating time and pressure reached during the

program. Since there

is

no standard digestion procedures which can be employed for

those samples of interest. Standard reference materials

measure

(SRM) can be used

to give a

good

to validate the digestion recovery for the elements in a sample.

4.3 Closed-vessel digestion
Closed vessel system was used in the sample digestion in
system, the sample

was placed

vessels with sealed

by caps and placed

this project. In

a microwave

together in vessels, and acid reagents were added into the

in the

microwave oven
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for irradiation

by microwave

The system

energy.

:1)

can achieve higher temperature for a digestion than open vessel

system, because the boiling point of acid can be raised by the increased pressure inside the

vessel

which can

volatile

in turn decrease the time

substances

during

microwave

needed for

irradiation

3)

consummation, because no evaporation happens. So there
reagents to keep a constant volume, which

sample or acid vapor go out so
for preventing contact with

these advantages

make

is

2) avoid of loss

full digestion.

reduce

is

sample

no need

to

and

reagent

keep adding acid

needed in open vessel digestion system

that contamination

can be avoided. 5)

produced fumes because

it

It is

;

4)

no

a safe operation

remains in the solution. [87] All

closed vessels digestion system popular in sample preparation lab.

But, disadvantages for closed vessel system also exist, such as: limited sample throughput

(maximum

Ig for inorganic samples and 0.5g for organic samples); some vessel such as

Teflon material vessels cannot allow too high temperature and the porosity of
cause

memory

can

effect.

Despite those drawbacks, the closed vessel system
that are very difficult to digest

sample digestion has used

4.4

PTFE

Microwave

this

and contained

is still

suitable system for samples

volatile element.

Most of the environment

system due to the high efficiency and speed.

digestion for coal

Microwave digestion

for coal

complex sample containing

large

sample has not been well developed because coal

is

a

amount of organic and inorganic elements. Most of the

works on coal analysis are focused on other heavy metal determination

[81, 82, 89-92].

Unfortunately, those people reported different reagents or programs for coal digestion; the

methods suggested

in those papers

seldom

result in quantatively-satisfactory analysis.
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It

may due

to

different

instrumentation, particular experimental skills or sample type.

Mercury has been determined by microwave sample
were compared by Zhou, C. Y.

et

[83]

al.

for

digestion. Different acid mixtures

mercury determination in sediment.

HNO3/H2SO4; HNO3/HCIO4; HCI/HNO3 and HCI/HNO3/HF were used
and aqua regia was

finally preferred

because of time saving,

it

for the digestion

was considered

to

be

less

dangerous and suitable for other trace element determinations. People are also looking for

new microwave

accessories or programs to improve the digestion efficiency.

Long and

Kelly [93] recently reported on the determination of mercury in coal by isotope dilution
inductively-coupled plasma mass-spectrometry following a digestion method that has been

in use at

NIST

for

some

time.

The technique of dissolution involves a complex process

that

includes the use of sealed Carius tubes for high-pressure dissolution of the coal. Although

the technique delivers accurate results,

might best be described as heroic and

it

it

is

inconvenient and not cost effective for a production laboratory because this process
required about 12 hours. Furthermore, the use of "slush baths" containing chlorinated
solvents, cooled with solid carbon dioxide presents a significant possibility of occupational

exposure that would be unacceptable in a routine analytical laboratory.

Moreover, researchers have reported problems associated with the determination of

mercury

at

trace

levels

arising

fi-om

a

strong dependence

of the signals on the

concentration of nitric and other acids in the sample matrix. In a recent paper [94],

it

was

suggested that interference in vapor generation-atomic absorption spectrometry was due
to reduction

of chloride

to chlorine,

chlorine must be generated

by

presumably by tetrahydroborate(III). Since any

oxidation,

sustained, although an argument could be

it

appears unlikely that this argument can be

made
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that nitric acid,

which does absorb

at

254

nm, the absorption wavelength of mercury, could
is

One of

not controlled.

result in errors,

where

the projects will develop a fully digestion

concentration

its

program

for coal

sample and compare two types of digestion vessels: Teflon and quartz vessels from the

mercury recovery

4.5

Microwave

results.

digestion for fuel

Because of the

consuming and
chosen for fuel

oil

of hydrocarbons

difficult mineralization

open system, time

large potential of analyte loss, closed vessel digestion system has

oil

sample preparation due

to its

Alvarado [95]
Cr,

et al

Cu,

digested

Fe,

500mg crude

V

Mn, Ni and

been

advantages over the open system. In spite

of those advantages, fiiUy microwave digestion of

determined

in

oil

fuel oil is not well

1634a with

1:3

developed so

HNO3

/H2SO4

far.

and

,

by graphite fiimace atomic absorption

spectrometry(GFAAS). They used a homemade digestion vessel- thick wall glass tube

wrapped with aluminum

foil in

the cap,

Sengutta [96] digested NIST1634b fuel
in closed

Al, Ca, Fe, Na, Ni,

V

with a mixture of 8 ml

HNO3

still

for determination

and 2ml of H2O2

of 1634b was done by Botto

V

compared with

certified values,

which suggested

needs to be improved for achieving more reliable

results.

demonstrated the applicability of microwave digestion

determination in pefroleum samples.
nine-step

be applied.

[97],

and Zn were determined by ICP-AES. High values were found

those elements except

reports

oil

to

system for 100-150 min. Nickel was the only element being determined and

showed good recovery. Another work

program

which was inconvenient and unsafe

microwave program

Recently,

to digest

Wondium,T.

NIST 1634b
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for

et al.[98]

fuel oil for

for

that this

None of

those

multi-elements
reported using a

24 elements determined

by ICPMS. Not
Sr values

still

all

the elements can achieve

good

relative standard deviation

had large discrepancies from other people's

reports.

developed microwave digestion program for two different fuel

For

oil

and Cu, Mo;

this project,

we

samples. Also, the

Buffalo River sediment was used as a representing environment sample, which could be

contaminated from the

fiiel oil

disposal.

It

was digested alone and with

respectively. Since similar contamination cases

[99,100], sediment contamination

by

oil

had been reported

the

two type of oil,

for soil in

should also be an issue of concern.
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U.S.A.

Experimental

Project

I

Determination of mercury in coal: microwave digestion:

a comparison

between Teflon® and quartz vessels

Instrumentation:
Perkin-Elmer Flow Injection Mercury System (FIMS-400)

The instrument used

for

mercury determination was a PerkinElmer Flow Injection

Mercury System Atomic Absorption Spectrometer (FIMS-400) coupling with an Autosampler AS91. Instrument was controlled by
V.2.30.

Two

peristaltic

pumps and a

of the instrument for the flow
tubing to

solution

mix sample and

Hg

the carrier gas.

which generate

will absorb the light radiation

that is

Winlab software

vapor in a gas-liquid separator. Carrier

Mercury vapor was carried by argon gas

and determined by the AAS. The optical source

electrodeless discharge lamp,

atom

AA

A manifold connected to the pumps by peristaltic

reagent, generate the

is

and Perkin-Elmer

four-channel injection valve were outfitted at the side

injection.

was HCl and argon gas

into the absorption cell

PC

from

absorbed will be shown as a signal

EDL

ultraviolet hght at 253. 7nm.

at this

is

a mercury

The mercury

wavelength and the amount of

after detection.

light

The simple schema of FIMS 400,

manifold of gas-liquid separator and cold vapor generation system are shown in Figure

7.
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5, 6,

FIMS-40Q

Compartment
for

FIMS-Cell

Power Switch
Control Light

Pump
Pump
Magazine

Gas

FIAS-Valve

Outlet with

Nonreturn Valve

Carrier

Gas

Flow Regulator

I
Hi?:

FigureS:

Flow

injection

mercury system [105]

Separator
(B050-7959)

Manifold Blocks
(B050-7962)

Figure6: Manifold of gas-liquid separator [105]
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white/black

Wue/yellow

blue/yellow

PI

Sample
Solution

4

Waste
Carrier

Gas

Reductant

RMS Cell
Manifold Blocks-

Gas/Uquid Separator'

Sample Transfer Tube

•

Figure?: Mercury cold vapor generation system [105]
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Anton-Paar Multiwave 3000
Sample digestions were

performed

all

Anton Paar

digestion system from

in a

GmbH

Multiwave 3000 programmable microwave

using the eight position carousel with either

Teflon® (tetrofluoroethylene) or quartz vessels .The microwave consists of three main
parts: rotor (FigureS), turntable rotor drive

and pressure vessels (Figure9). The rotor

offers capacity for holding vessels to ensure a uniform decomposition.

drive distributes the

microwave energy

Turntable rotor

in various directions so that the heating

of the

sample will be even and independent of position. Pressure vessels are the sample and
reagent container, where the decomposition happens.

and a cap. The Teflon

A

liner is

It

made from PTFE, which

has 3 parts: a

liner, a vessel

jacket

contains the sample and reagents.

ceramic jacket protected the liner and provides mechanical and thermal resistance to

the liner.

The cap

is

used to prevent sample and reagents from escaping. The cap forms

a seal with the liner and screws into the threads of the ceramic jacket.

venting screw, which

is

opened

after the digestion to release

The cap has a

any reagent gases formed

during the digestion. The cap also has a safety valve, which would rupture if the internal

A

pressure exceeds threshold.

method and allows the

built-in

LCD

monitor displays the microwave digestion

creation, editing, or selection

of digestion methods.

quantitative and graphical display of vessel temperature and pressure.

instrument

is

It

also

shows

The microwave

equipped with the rotor- 16 turntable system capable of digesting sixteen

samples simultaneously.

The instrument was
pressure program

controlled

was used

by Anton Parr software Multiwave 3000 V.1.25, and

for the

sample digestion.
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Rotor

lid

Decomposition vessels

Rotor tray

Rotor body

Figures

:

Microwave

rotor [106]

Syringe connector
with 0-ring

Catakjg no. 2722
Venting

Safety disk holder

Safety disk

M&H

Catabg

2720

saew

Catalog no. 5692

Catalog no. 2723

Screw cap
Catalog no. 4913

no.

Seal

CatakDg no. 2724
Liner

F100PFA

Catalog no. 4937

Vessel jacket

PEEK
Catalog no. 2432

Vessel jacket

Ceramics
Catatog no. 2738

W^
Figure9: Microwave liner and jacket [106]
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Sample and reagents:

Mercury standard (lOOO^g

ml"')

was obtained from PE-Xpress,

.

Working standards were

obtained by serial dilution of the mercury standard solution.

Hydrochloric acid (35%v/v, Seastar),
Nitric acid (70%v/v, Seastar),

Hydrofluoric acid (64%v/v, Victoria, British Columbia, Canada.)

Hydrogen peroxide (30%v/v, Caledon Labs,

Sodium

tetrahydroborate(III) and

Ltd, Georgetown, Ontario, Canada.)

sodium hydroxide were obtained from Sigma Aldrich,

Oakville, Ontario.

Solutions of sodiimi tetrahydroborate(III)

solution

0.2% (m/v)

were prepared fresh daily and stored

Deionized water that had a minimum

in

0.05% (m/v) sodium hydroxide

in the refrigerator

resistivity

of 1 6

when

not in use.

MQ was prepared with a Maxima

Elga unit (High Wycombe, Buckinghamshire, UK).
Standard reference materials

(SRM

bituminous coals), certified for

2683b and 2592b were obtained from the National
Gaithersburg, Maryland.
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fristitute for

sulfiir

and mercury

Standards and Technology,

Sample Preparation

Teflon vessel digestion

Aliquots (160mg) of each coal samples were weighed from an

sample into Teflon® digestion vessels. Water (3ml),

nitric

hydrochloric acid (2ml, 36.5 %m/v), hydrofluoric acid (1 ml,

peroxide (4ml,

30%

air dried

(lOOC)

70%

(m/v)),

acid (6 ml,

64%

(m/v)) and hydrogen

(m/v)) were added to each vessel. All the vessels were capped and

placed in the Multiwave 3000 microwave digestion system, which was programmed

according to Table

1.

It

should be noted that boric acid (H3BO3) was added after the

preliminary digestion. This step was performed to complex

become HBF4 which could prevent

HF

in

sample solution

to

the potential attack of HF to the quartz absorption cell

of FIMS. Hydrofluoric acid also ensured complete dissolution of the sample

for total

elemental analysis and was not necessary for the determination of mercury. After the

program was completed, the

clear, colorless solutions

were transferred quantitatively

to

100 ml volumetric flasks and made up to the mark with deionized water. All the safety
attention during rurming the

microwave digestion should be paid and cleaned up

procedure was necessary before operating the next run. The
temperature in Teflon Vessels was 40 Bar and 240 °C
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maximum

pressure and

Table

1

Power (W)

:

Microwave conditions for coal digestion

in

Teflon

®

Quartz vessel digestion
Aliquots (150

mg) were weighed from an

vessels. Nitric acid (6ml,

70%

air dried

(lOOC) sample into 100 ml quartz

m/v) and hydrogen peroxide (4ml,

30%

m/v) was added to

each vessel. The vessels were capped and placed in the Multiwave 3000 microwave oven

and taken through the program outlined

wee

filtered

and transferred

mark with deionized

water.

to

in

Table

2.

Following

this treatment, the

samples

100 ml volumetric flasks and the flasks made up to the

The maximum temperature and pressure

in quartz vessels

were 80Bar and 280°C.

Table

Power (W)

2:

Multiwave3000 conditions for coal digestion

in

quartz vessels

Mercury Determination by Flow-injection mercury analysis
system (FIMS)

Table 3 showed the parameters used for the
carrier stream

FIMS

of 2%(v/v) hydrochloric acid was used

at

system

in the present

a flow rate of 10

into the

atom

cell for

it

ml min

'

A
to

to the

mixing and

reacted with sodium tetrahydroborate(III) and

was swept

propel the sample from the sample loop (sample loop capacity: 500
separation manifold where

work.

|a,L)

measurement by a flow of nitrogen. Standards were prepared with

values lying between the blank and 0.5 ng ml" 'which were matched in acid concentration

to the

sample in

4%

(v/v) nitric acid.
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Table

3:

Operating parameters for the

Reductant concentration:

0.2% (m/v) sodium

FIMS

system

tetrahydroborate(III) in 0.05%(ni/v)

sodium hydroxide
Reductant flow

rate:

S.Omlmin"'

Carrier flow rate:

lOmlmin'^

Gas flow

70 ml min"'

rate:

Table4: Operation parameters for

AA Winlab 2.3 FIMS

Results and discussion

Mercury cold vapor generation
From

the mercury vapor generation equation

shown below, we can conclude

that the

concentration of sodium borohydride and hydrochloric acid reagents fed into the hydride

generation reaction vessel were the two most important factors for hydride generation:

optimization of this

was important and may be

M^* + 3BH4" +H^ +9

different for different elements.

H20^ M*' (t) + 3B (OH)

3

+1 IH2 (t)

Optimization of reducing agent

Sodium
because of

tetrahydroborate(ni)

its

ease of use and

its

was

the preferred reagent for mercury determination

application to hydride- forming elements[101]. In flow

systems, the concentration tetrahydroborate

compared with batch
Various

applications:

concentrations

(III)

3-5% (m/v)

can be held quite low: 0.2-0.3% (m/v),

[102].

of sodium tetrahydroborate(ni) were used and

it

was

determined that concentrations above 0.1% (m/v) gave the greatest signals, the results

shown

in figure 10.

increased.

increased.

With the increasing concentration of NaBIii, the

But when using more than 0.2 %(m/v) NaBILt, the
This

concentration of

increase

in

NaBHt had

standard

deviation

Hg

signal intensity

relative standard deviations

was probably because

the

higher

a strong reaction with acid solution, the large amount of

hydrogen gas produced will cause a vigorous reaction environment
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for

Hg

cold vapor

generation. In order to achieve better sensitivity and precision at the

concentration of 0.2% (m/v) sodium tetrahydroborate(III)

prepared in 0.05% (m/v) sodium hydroxide.

0.014

was

same

time, a

selected and solutions

were

3%(v/v), which

is

shown

in figure 11, so a concentration

of 3 %(v/v) HCl was used

throughout the experiment as carrier solution.
All the mercury samples were presented in about

solution

was

4%

(v/v) nitric acid

and the

carrier

3% (v/v) hydrochloric acid.

0.005

2

1.5

3

2.5

4

3.5

4.5

5.5

Hydrochloric acid concentration (v/v%)

Figurel

1:

Effect of HCl concentration

on Ippb

Hg

signal intensity

Analytical figures of merit

Standard Curve:
Standard solutions are diluted from lOOOmg/ml

and 0.5 |ig/ml with 4%(v/v)

nitric acid to

coefficient is 0.9993 for batch

1

mass

is

stock solution, which are 0.1, 0.2

match the sample matrix. The correlation

and characteristic mass (the mass of analyte which

produce a defined peak absorbance of 0.0044)
the characteristic

Hg

is

83.0pg/0.0044A; 0.9998 for batch2 and

102.8pg/0.0044A based on peak height determination.
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Batch 1 Linear equation: Y=0.02172X+0.0002 (X=concentration; Y=intensity)

Batch2 Linear equation: Y=0.02119X+0.00006(X=concentration; Y=intensity)

Detection Limit:
The detection hmit, defined

as the

Hg

concentration which

is

corresponding to the

standard deviation of 10 times measurements of cahbration blank solution as a sample,

3ng/L; and the precision, expressed as relative standard deviation

(RSD)<3%

at

is

0.2ppb

level.

Method

validation:

Determination of mercury in

NIST coals

The proposed method was applied

to the determination

of mercury in

NIST

Standard

Reference Material Coal in quartz and Teflon® vessels. For the methods validation,

we

chose certified reference materials to compare with the recoveries of analyze in the
sample. The results of the determinations are presented in Tables 5-1, 5-2 and

It

was

clear fi-om an inspection of the tables that the quartz vessels delivered

superior results to the Teflon® ones.

of vessels
high

6.

may be due

£ind variable

to

One reason

for the difference

between the two types

contamination of the Teflon® vessels, which continued to give

blanks after scrupulous cleaning and blank digestions.

had commented on apparent

loss

of

Hg

fi-om
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A previous paper

sample solution (absorbed by the wall of

vessels) and problems relating to the 'stickiness' of the element in flow system that ledto

prolonged wash-in and wash-out time [107]. Other authors had noted that Teflon®
vessels generate low values for mercury, but

that

we

we were unable to show this

with the vessels

used for numerous digestions of coal [103,104] In the vessels that were used

this study,

recovered mercury values

initially

cycles, the concentrations determined rose

recovery data presented in Table

6.

were

in

relatively lower but after several

and became

erratic,

as illustrated

by

the

Also, the precision and standard deviation for the

two-batch determination were worse. Series unrepeatable results were received from
Teflon digestion vessels. Quartz vessels, on the other hand, delivered consistently nearzero blanks and delivered greater accuracy for the determination of mercury than did the

Teflon®

vessels. Furthermore, although they

were not

higher temperature tolerance of the quartz vessels will
higher temperature and hence more rapid determinations.
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tested in these experiments, the

make them more

attractive for

Table 4-1: Coal 2683b

(certificate value: 90|ag/kg)

Table

Batch

6:

Coal sample digestion

in Teflon vessels

procedures are two weaknesses of the method reported.

By

our Anton Paar microwave

system, safety consideration had been appHed in the instrument design: a integrated

security

cooHng system generated a cooHng

air

flow between the reaction vessels and

jacket (if the pressure had increased to a value exceeding 0.8bar/s), hence, the system

was

protected against excessive thermal and pressure stress on the rotor and vessels. Also, the

instrument door had two strong safety hooks, which allowed opening the door by a small

gap in the event of an overpressure inside the microwave chamber, while the door cannot

be opened completely. In
and the

splinters

if the vessel is

broken, pressure

was closed again fuUy-automatically via

was very advanced and promising

the Multiwave

maximum

way, even

was

still

released

were kept safely within the compartment. After the overpressure

released, the door

appliance

this

3000 system,

all

So

the safety

for being utilized for routine lab

work. For

the sample digestion

16 samples can be run

the disadvantages of the previous

at

same

work

the magnets.

work can be

finished within 2 hours;

time. This technique could absolutely

for

is fully

overcome

mercury determination, with similar analytical

figures of merit.

Microwave digestion

in quartz vessels provided a rapid

determination of mercury in coals. There

determine mercury petroleum product

at

is

and accurate method for the

limited analytical data from literature to

present time because of the complicity of sample

matrix and ultra-trace concentration of mercury. The good recovery of mercury values
trace

concentrations

by inexpensive flow

injection

atomic

convenient means to provide accurate values for regulators
for values

who

absorption

will

provides

at

a

have ongoing needs

of mercury concentrations in coals and for the development and maintenance

of controls on mercury emissions fi-om coal-using operations.
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Project 2

Microwave digestion of used

oil,

residual oil and buffalo river

sediment for heavy metal contamination analysis by ICP-OES

Instrumentation:

1.

Anton Parr Multiwave 3000 system (Anton

Parr, Austria) has

been

described in project 1.

2.

ICP-

OES 4300 systems:

Trace amounts of various elements in the digestion of 1634, HU-1, and

BRS

were

determined with an inductively couple plasma optical emissions spectrometer (Perkin

Elmer Optima 4300 DV, Norwalk, Connecticut).

was invented by

I.D.Brindle and R.L.J.McLaughlin:

the course of experiment.

^^

is

shown

A

sample introduction system, which

MSIS ^^ [108] was used

The simple scheme of the sample

in Figurel2;

47

throughout

introduction device:

MSIS

)

Drain

SdeVtew

TopViaw

Figurel2: Multimode Sample Introduction System

MSIS™

The
which

consists of a cyclonic spray

™

chamber with two additional conical

tubes,

are located vertically in the center of the spray chamber. This device can be used

for both nebulization

advantage.

nebulizer

When
port

and vapor generation of analyte, which

the

most exciting

and nebulization will happen inside the chamber along with Ar

When operating

in the

vapor generation mode, sample and reductant

were introduced through opposite tubings by a
react over the large

into the

is

operating in the nebulization mode, the sample tubing connects with

carrier/stripping gas.

waste.

(MSIS

peristaltic

pump. The mixed solutions

will

ground surface and vapor from analyte element will be transferred

plasma by argon

carrier gas

A Burgener Mira Mist ^^

was applied throughout

and the residual solution will be pumped out into

nebulizer

was used

the experiment.

48

for this system. Nebulization

mode

The

optical emissions spectrometer operating conditions are

shown

in

Table?: Operation parameters of ICP-OES4300

ICP-OES

Table

7.

Sample and reagents:

1.

Chemical Standard Stock Solutions

•

Mg (Lot # 6-1 82MG), Cr (Lot # 6-205CR), Mn (Lot # 5-148MN),
Co
Ba

(Lot # 6-145CO), Fe (Lot # 6-172FG),
(Lot

lOOOug/mL
•

in 2

%(

v/v)

Ti (Lot # 6-26 ITI),

1

•

6-86BA), Ni

#

OOOug/mL

in

H2O

(Lot #

HNO3

Mo

#

6-129NI)

High Purity Standards,

(Perkin Elmer)

(Lot #

6-176MO) High

Purity

Standards,

(Perkin Elmer)

Al (Lot # SC3101237),

Zn

(Lot

V (Lot # 6-247V),

Ag

SC3 105294) ICP

(Lot # SC3105282),
Standards,

1

Cu

OOOug/mL

in

(Lot # SC3050831),

4%(v/v)

HNO3 (SCP

Science, Bale D'Urfe, Quebec)

•

Pb (Lot # SC7237500), Cd (Lot # SC7206392) ICP Standards, 1 OOOug/mL
in 2-5%(v/v)

•

HNO3 (SCP

Science, Bale D'Urfe, Quebec)

Sn (Lot # SC7 167263) ICP Standard

1

OOOug/mL

in

20%(v/v)HCl (SCP

Science, Bale D'Urfe, Quebec)

All working

solutions

deionized water that had a

were prepared

minimum

in

resistivity

Class

A

of 16

MQ

volumetric

Maxima Elga Unit (High Wycombe, Buckinghamshire, UK).
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glassware using

which was prepared with a

Acid reagents:

2.

Nitric acid:

HNO3,

70.0

%

(v/v),

OmniTrace high

purity acid.

(EMD

Chemicals

Inc.,

Darmstadt, Germany)

Hydrochloric Acid: HCl, 38

% (v/v). (BDH Chemicals, Toronto, Ontario, Canada)

Hydrogen Peroxide: H2O2, 30%

(v/v).

(Caledon Laboratories Ltd., Georgetown,

Ontario, Canada)

Hydrofluoric acid: HF,

3.

64%

(v/v), Victoria, British

Columbia,Canada.

Samples:

HU-1 Used oil (SCP
Residual

oil

NIST

Science Quebec)

SRM 1634a (The National

Bureau of Standards,

US

Department of

Commerce, Washington, D.C).
Buffalo River Sediment (US Department of Commerce, National Institute of Standards

and Technology, Gaithersburg, Maryland).
Standard Reference material, accompanied by a

certificate,

property values are certified by a procedure which establishes

one or more of whose
its

traceability to

an

accurate realization of the unit in which the property values are expressed, and for which

each certified value

is

accompanied by an uncertainty
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at

a stated level of confidence

Sample and standard solution preparation
The two
and

SCP

oils

used for analysis during

oils

Many

experiment were

NIST

Residual Oil (1634)

Science Used Oil (HU-1). Both oils were thick and viscous. The residual

dark black while the used

The

this

oil

was dark brown and was more viscous than

were collected by environmental departments

in

Canada and

oil

was

the residual

USA

oil.

in 2003.

metallic elements existes within these oils but only the metals with certified

concentrations on their Standard Reference Sheets were compared to experimental

findings.

to the

About 200mg

oil

samples were weighed and mixed with acids then transferred

microwave and digested completely during microwave program This procedure

completely decomposed the hydrocarbons within the sample, leaving the metallic
elements dissolved within an colorless aqueous solution. All the sample solution was
transferred into

100ml volumetric

flasks

All the standard solutions contained

Atomic Spectroscopy Standards) found
Buffalo River sediment.

and same matrix (4

A

series

and diluted to the mark with deionized water.
all

the stock solution elements (Perkin

in the Standard

Ekner Pure

Reference Sheets for the

oils

and

of standard solution were prepared by deionized water

% HNO3 (v/v) )with sample solution.

Calibration and detection limits:
20, 50 and lOOppb

The

calibrations

mixed standard solutions were prepared

fi-om the stock solutions.

were conducted by using the standard solutions and the
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results

were given

in

Table

8,

followed by tge estimation of the instruments detection

short integration period of 1-5 seconds (automatic)

was used during

limits.

The

this analysis.

relatively

It

would

be expected that better figures of merit would be achieved had a longer integration period

been used. The shorter integration time was used specifically
of a busy contract

lab.

Thus the

results reported

achieved in a well-maintained commercial

to replicate the

were comparable

to those that

lab.

Tables Calibration parameters of method by ICP-OES
:

Element

environment
could be

time used. Different combinations of reagents were used and compared:

HNO3+H2O2+HCI; Aqua
with the two

oil

regia;

HNO3+H2O2+HF.

HNO3+H2O2;

Buffalo River sediment was digested

samples respectively with the same microwave program and reagents.

Results and discussion

l.HU-luseoil
The programs we used

for use oil

HU-1

are:

600W/20 min and 0W/20min

(PI);

350W/15min, 450W/20min, 0W/20min (P2) with 5ml HNO3, 1ml HCl and 3ml H2O2 as

recommended reagent from Anton
were compared with evaluate
Al, Ba, Cd, Cr, Cu, Fe,

The

Parr manual. Experimental values and certified values

analytical accuracy (percentage recovery) for elements

Mn, Mo,

Ni, Pb, Sn, Ti, V, and Zn. Results

recoveries were calculated based on the

mean

values divided

was shown
by

in

Ag,

Table

9.

certified values for

each element.

From Table

9,

we

could see that the recoveries obtained form program 1 and program

2 were similar and satisfied for most of the elements except Ag, Al, Ti, and Sn. Also,

program

1

had bad recovery

power (600W) was

for

Mo

(<60%). The possible reason was that when higher

applied, the venting of vessels took place and

more oxidant was

needed, which caused the uncompleted digestion or loss of the sample. So,

we

chose the

lower power program (P2) as the digestion program for HU-1 and then investigated the
effects

of different reagent.
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Table9: Recoveries (%) of elements from HU-1 with 5ml

H2O2
Program 1
Metal

Prograin2

HNO3, 1ml HCl and 3ml

In the following work, different combinations of reagent

of HU-lused

HNO3

which

oil,

[70%(v/v)]

6ml

are 1)

+ 3mlH202

HNO3

[30%(v/v)]

were used

in digestion

[70%(v/v)]+3mlH2O2 [30%(v/v)]; 2) 6ml

+ 0.5mlHCl[38%(v/v)];3) 6ml Aqua

[4.5mlHCl:38%(v/v) +1.5mlHN03: 70%(v/v))]; 4)

6mlHN03

regia

+ 3ml

[70%(v/v)]

H2O2[30%(v/v)]+ lmlHF[64%(v/v)]. The recoveries obtained from different reagent

were shown

digestion

combination of 6ml

was

efficiency and

with

HF

Table

in

4.

From

the

results,

we

HN03+3ml H2O2+O.5 ml HCl showed
way

the best

had the worst recovery

concluded that the
the highest digestion

to

decompose the HU-1 used

for

most elements. The use of 6ml HN03+3mlH202

oil.

The combination

and aqua regia gave incomplete digestion because of a lack of HCl or H2O2,

From

respectively.

the

HNO3/H2O2/HCI

we

reagent digestion procedure,

good recoveries from 95-113%; the problematic elements

are

Ag

obtained

and Sn. Even

though the other reagent procedures did not obtain good recoveries for most of the
elements,

Sn,

we

still

obtained similar values from different reagent digestion for

which raised a doubt of the

the bottle, after pouring out

of the

oil.

We

all

certified value. Firstly,

the

oil.

we checked

Ag

and

the oil sample in

A white substance was observed on the bottom

took some of the white material and ran through the digestion

procedure and then into the ICP for determination with same method as the previous
run.

oil

The

result

showed very high concentration of Ag. That suggested

the

Ag

in the

sample had precipitated from the sample matrix. Therefore, the sample

was not homogeneous

for

lab to get fiirther confirmation.

At

received

for a review

Ag, and

we

this point,

of this standard.
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reported this result to the

SCP had

SCP

we

science

not responded to our request

TablelO: Recoveries (%) and
reagents.

Metal

(RSD

% with n=3) of metals from HU-1 with different

Figure 13: Recovery comparison for elements with certified values

in

different

reagents:

Value comparison from different digestion
reagent
120

B certified
B reagent 1
reagent2

reagents
j

Ag

Al

Ba Cd Cr Fe Mg Mn Mo

Ni

Pb

Ti

a reagent4

V Zn

Element

Value comparison for Cu,Sn from different
reagent
3500

3
3

3000

I
I

2000

§
o

1000

u

g certified
B reagent 1

2500

reagent2

1500
reagent3
reagent4

500

Sn
Element
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Spiking recovery

test:

Spiking recovery

test

was a

quality control

method

to calculate the recovery

of

analyte spike added to sample prior to sample preparation. Determination of spike

recovery was based on results provided by spiked and unspiked sample.

account for matrix effects and sample preparation losses. For Sn,
the sample to check if there

Since

we

we

It

was used

to

did the spike test in

were problems during the sample preparation procedure.

found about Ippm in sample solution, Ippm Sn standard solution then was

added into about 0.2g sample. The spiked sample was digested with the same microwave

program and determined under the same parameters of ICPOES instrument. The
the spike test

was shown

in Table 11.

From

the result,

we

result

of

could see that the spiked

sample got almost 100% recovery, which meant there was no loss or other contamination
during the sample preparation process. Therefore,
that the values

this

we

got for

Sn were

correct.

It is

we

confidently draw the conclusion

worthwhile for people

to

urmiatched value.

Table
Element

11

:

Spike

test for

Sn (vapor generation)

in

HU-1

pay

attention to

2.

NIST 1634a
As

is

shown

in the former hterature [98], the digestion

program (power and

time),

and the volumes of the digestion reagents were the most important variables in the
decomposition

of NIST 1634b.

microwave digestion program.
different time at the

Also,

We

these

people

recommend

lower

power

compared the two programs, which were used

same power and the same reagents (6ml HNO3: 70%v/v + 3ml

H2O2: 30%v/v) for about 180mg sample. The microwave programs were shown in
Table 12-1, 12-2. After digestion, both of the digested samples did not contain any
undigested particles and became clear solution.

Before determining the sample, a calibration curve was made. The correlation
coefficient

8.

After

and detection

that, the

limits

of all the elements in the sample were shown in Table

samples were analyzed and the concentrations in solution were

determined. All the concentration resufts in solution (ng/L) were converted into
concentration in sample (^g/g) and compared with the certified values, which
finally present as recoveries.

From

the results of recoveries

(shown

was

in Table 10),

we

could see that the best digestion was from the longer time microwave program, which

means

that the longer time

microwave digestion was

Then we added one more ml HNO3
former, the resuUs

102%

showed

to the

60

fiiel oil

sample and compared the

that the recovery

for Ni).

suitable for

was even

better

digestion.

result

(99.7%

for

with the

Mn

and

Table 12-1: Microwave programs for 1634a with 6ml
Progrml:

PowerAV

HNO3+3H2O2

calculation

was given

in

digestion and the recovery

Table 13 and 7ml

HNO3

was given by Table

14.

Table 13: Recovery for metals
Elements

Value

in

sample ng/g

in

/3ml H2O2 was added for further

NIST1634a by PI and P2 program

Recovery PI (%)

Value
sample

in

(ig/g

Recovery

P2
(%)

Mn
Ni

for

Certified

value ng/g

Spiking recovery

During

all

test:

V

the different procedures,

the certified values,

and Zn had never been in agreement with

which made us perform the spike

the sample preparation. Since there were about

sample solution,

we

spiked 500ppb

V

test to

SOOppb

check the recovery fi-om

V

and no Zinc found in

and 5ppb Zn into the residual

Sample microwave digestion program was used and run ICP-OES
content of element

that

Zn

V

oil

to analyze the

and Zn under the same instrument condition, the

result

our digestion results had good recoveries standard deviations (n=3) for

existing in sample that

was shown

had discovered and made a notice

TablelS: Spike

Element

test for

Value
sample

Table

in

V, in NIST1634a (SOOppbV, 5ppb Zn)

Value from spiked
sample

(|ig/g)

5083

Zn

_

(|ag/g)

1016^9

SD

for

V is 6.3
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showed

V and no

This was another point our work

to the public.

fi-om

V

15.

sample.

Recovery

(%)
102

From

the above,

it's

clear that the

two samples were both contaminated by heavy

metals and attention should be paid by environmental researchers that looking for the

way

proper

to prevent these pollutions.

evidences that these contaminated

oil

Because our following work showed more

can transfer the pollution into sediment or

soil

sample, which had closer contact with living environment of human being.

3.

Buffalo River Sediment
Buffalo River Sediment

(SRM

area of the Ohio Street, Buffalo,

8704) was collected from the Buffalo River in the

NY. Our work was

metal can be found in this sediment and

and

fiiel oil

about

1634a had made

200mg

to the sediment.

Buffalo River Sediment with

programs and reagents we obtained
and

The elements we analyzed

17.

how much

in

To

to analyze

how much heavy

contamination the

HU-1 used

investigate these issues,

HU-1 and 1634a

we

oil

digested

respectively with the

above work, which were shown in Table 16

are Cd, Cr, Cu,

Mn,

Ni, Pb, V, and Zn,

which were

existed in oil as well. After digestion, the solutions need to be filtered in the

volumetric flasks, because
silicon

compounds

Table

18.

obtained,

we

did not add any

in sediment.

The

Good agreement with

results

HF

decompose

the high content of

of ICP-OES determination were shown in

certified values

which meant the microwave program

64

to

for

of Buffalo River Sediment were

HU-1 and 1634a were

suitable for

sediment sample as well. Additionally,
oil

and residual

oil

we

found that the trace element profile of used

mixed with the Buffalo River sediment could be determined

accurately.

Table 16: Microwave Digestion Program for
Oil Sample:

BRS

in

used

oil:

Table 18: Contents of metals

in

BRS and mixed

sample (BRS&oil)

Certified value

Certified

InHU-1

In 1634a

inHU-1

value in

(ug/g)

(ug/g)

(Mg/g)

(^Wg)

1634a (ug/g)

Cd

2.94

15

18.3

2.92

Cr

121.9

15

133

124.1

Co

13.57

11.8

13.50

Cu

98.6

3132

3360

97.0

Mn

544

18

Ni

42.9

Pb

150

Certified value

in

BRS

94.6

Zn

408

0.7

The methods

for

microwave digestion

HNO3/H2O2 developed NIST1634a
respectively.

The microwave

for

HU-1 used

oil,

using

HNO3/H2O2/HCI and

residual oil in closed-pressurized vessels as reagents

digestion had

shown many advantages such

as simple, fast,

reduced contamination, safe and easy controlled. From our optimized program and
reagents,

more reproducible and

with The

SD

of the methods

accurate resuhs with

utilized for

86-113%

recoveries were obtained;

each sample elements that were shown in Table

19 and 20. Most the standard deviations

among

three batches determination

were

less

than l|ag/g, which meant that the method applied in these determinations had good
reproducibility and precision.

microwave digestion program
Botto

et al. [97]

Al, Ca, Fe, Na,

Compared

[98], they didn't achieve

work

good agreement

for nine-step

Ba and

for

Ni

V and Zn, only V had good recovery compared with the certified value.
for oil

samples could achieve good recoveries for most of

the elements of interest and even though

recoveries,

we

got

some unmatched

results.

which meant they were under consideration

programs were also suitable

for digesting

to

sediment sample, since

be

we

They showed
correct.

we

obtained

good recoveries of the heavy metal elements from not only individual sample but
oil

and sediment sample, so

existing in environment

by depositing

we were

Those

got the good

recovery from Buffalo River Sediment. With the sample digestion methods,

mixture of

Fe;

applied 3 hours digestion for residual oil for determining seven elements

The programs we developed

good spiking

to the previous paper's

also the

confidently to determine these elements

in used/residual oil or sediment.

The

results

we

obtained could be the useful reference for environmental researchers and the sample
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preparation programs could be used for the decomposition of other solid sample which

had similar material with sediment, or

that has similar

compounds with

oil.

Table 19: Standard Deviation for determination of HU-1 and 1634a

Table 20: Standard Deviation for determination of Buffalo River

Sediment

in

HU-1 and Buffalo River Sediment

HU-l + BRS BatchL

in

1634a

Projects

Hydride generation study of Au, Ag, Cu, Cd, Co Ni and Zn and
comparison with different sample introduction systems

Instrumentation:

Inductively Coupled Plasma Optical Emission Spectrometer

A

Perkin Elmer

4300DV model

Inductively Coupled Plasma Optical Emission

Spectrometer with WinLab32 software was used throughout this project. The instrument
operation parameters were different with different sample introduction systems used. All

of these parameters will be shown in Table 21 and 22. For hydride generation study, a
continuous flow system was used for the sample introduction. The simple scheme was

shown

in Figure 14.

Three-channel
Peristaltic

Pump

I

NaBH
Gas/Llquld
Separator

Two-way
Blank

TolCP

Valve

(HCI)

—

Waste

Argon

Sample

Figurel4: The simplified hydride generation
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ICPOES

system[ 37]

Gas-liquid separator

An

in-house

made

introduction system.

medium)

was used

gas-liquid separator

The sample

It

and hydride form of the elements will be

can separate the vapor hydride from solution and a carrier gas-argon will

transfer the hydride through injector into plasma.

shown

one choice of the sample

solution and reductant (sodium borohydride in acidic

will react in the gas-liquid separator

generated.

for

The design of gas-liquid separator was

in figurelS:

D

6

A = inlet port for sample and reductant
B = outlet

port for waste solution

C = argon

inlet

D = gas outlet port
E=

frit

to

ICP torch

__^

FigurelS: Frit-based gas-liquid separator (All the numbers are dimensions in
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mm)

Sample and reductant solution were simultaneously pumped
separator from joint

A

and react above E which

the center of gas-liquid separator

flow to

fall

on

to the

frit

is

is

a glass

frit;

for directing the mixture

and enhance the surface area

to

The

into the gas-liquid

glass tube located in

of sample and reductant

improve gas exchange between

the hydride vapor and argon carrier gas before the solution reaches the drain.

C

flows from the bottom of the gas-liquid separator through

Argon gas

and purges the hydrides

vapor generated above E into the plasma torch from D. All the spent solution will be

pumped
the

out through

B

to

waste container by an external

ICP instrument. The tubing used

0.045mm

id (red-red)

pumped by

from Fisher

tubing with I.D.

peristaltic

for transferring the entire

Scientific Co., Pittsburgh,

3.18mm

pump

connected on

sample solutions are

PA; and waste

solution

was

(black-black) from Delta Scientific Laboratory

Products Ltd., Mississauga, Ontario.

This sample introduction system has been used for hydride generation of arsenic,

antimony, bismuth, germanium,

Co, Ni

Zn

[62]

selenium and tellurium [109] and Ag, Au, Cu, Cd,

by ICPAES 3300DV. From

ICPOES 4300DV
results

tin,

this project,

however, the conditions for

are different and the performance of the instrument

from previous work.
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showed

different

Multi-Sample Introduction System

MSIS
nebulization

was used

mode was

for

(MSIS™

)

sample introduction technique and the working principle of

described in the project

2.

In vapor generation

mode, two tubes

connect with the top and bottom joint for introducing sample and reductant solution
respectively.

The argon

carrier gas

was introduced through nebulizer gas

inlet to enter the

nebulizer port and transported the hydride vapor into plasma. Another tube connects with
the drain port to transfer the spent solution into waste

used for sample introduction
Illinois)

is

1.65mm

and for reducing solution

id.

is

by the

peristaltic

pump. The tubing

(Blue-blue, Cole-Parmer Instrument

company,

0.76mm

Scientific

id.

Delta

(Black-black,

Laboratory Products Ltd., Mississauga, Ontario); for pumping out the waste solution, the
tubing with

id.

3.18mm

(black-black.

Delta

Scientific

Laboratory

Mississauga, Ontario.) was used throughout this system. The figure of
in Figure 12.
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Products

Ltd.,

MSIS was shown

Table 21 Inductively Coupled Plasma operating parameters for gas-liquid separator
:

RP power

Working wavelength

for elements:

All the wavelengths were chosen from the recommendation listed in the software

(ICP WinLab32). Selection of the wavelength was based on the intensity of the signal

from the hydride form of the elements and quality control

results

by using a known

concentration standard as sample to qualify the instrument precision

wavelength.

Table23: Working wavelength for elements

Element

at the particular

Reagents:
Standard stock solution

1.

Ag

•

Standards,

Cd

•

(Lot #

SC3 105282), Cu

lOOO^g/mL

4%(v/v)

in

(Lot # SC3050831),

HNO3 (SCP

(Lot # SC7206392) ICP Standards,

Zn

(Lot #

SC3 105294) ICP

Science, Bale D'Urfe, Quebec)

lOOO^g/mL

in

2-5%(v/v)

HNO3 (SCP

Science, Bale D'Urfe, Quebec)

Co

•

(Lot # 6-145CO), Ni (Lot # 6-129NI) High Purity Standards,

2% (v/v) HNO3
Au

•

lOOOng/mL

in

(Perkin Elmer)

(Lot # 6-192AU)

AA

lOOO^g/mL

standard,

in

10%

(v/v)HCl (PE Xpress,

USA)
All working solutions were prepared in Class

deionized water that had a

minimum

resistivity

of 16

A

volumetric glassware using

MQ

which was prepared with a

Maxima Elga Unit (High Wycombe, Buckinghamshire, UK).
2.

Acid reagents:

Nitric acid:

HNO3, 70

%

(v/v),

OmniTrace high

purity acid.

(EMD

Chemicals

Inc.,

Darmstadt, Germany)

Hydrochloric Acid: HCl,
3.

38%

(v/v).

(BDH

Chemicals, Toronto, Ontario, Canada)

Reducing reagent

Sodium

tetrahydroborate(III),

Sigma-Aldrich Chemicals Ltd.,

Oakville,

ON,

Canada;

NaBH4

solution 0.5-1.3% (m/v)

was prepared

daily and stabilized with

(m/v) sodium hydroxide (Caledon Laboratories, Georgetown,

76

ON, Canada)

0.05%

Sample preparation:
Samples used

for

vapor generation study of each element were from standard

stock solution. For determination of these elements to form hydrides, different acid
reagents and different concentration were applied for different elements. Nitric acid

was added

in

Au,

Ag

and

Cu

solution as matrix, hydrochloric acid

Ni and Zn

solutions.

optimization

was done based on

were prepared

in

Different concentrations of the

the signal sensitivity.

A

acids

series

was used

in

Cd, Co,

were selected and
of standard solutions

100ml volumetric.

Calibration Curves
The

calibration curve

was prepared by

serial dilution

of stock solution of each

element .The concentrations for each series of standard were shown in Table24.
Table24: Concentration of each standard solution for standard curve preparation

Analytes

Results

and discussion

Optimization of Argon flow rate for gas-liquid separator and MSIS:

The argon flow

rate played

an important role in the hydride generation process. As

the carrier gas, the flow of argon should be high enough to carry the volatile hydride

generated from the gas-liquid separator or

MSIS

plasma

into the

torch,

where the

desolvation and ionization of hydrides took place. But gas flow rates that were too high

can also cause decreasing of signal because of dilution of the hydride vapor. 0.4-0.8

L/min argon flow

rate

introduction systems.

in

6%(v/v)

HNO3

was

The

tried

for all the elements determination in

greater signal intensity

was achieved

for

1

00

|xg/L

two sample
Ag, Au,

Cu

and Co, Cd, Ni and Zn in 2%(v/v) HCl. Results were shown in Figure

16 by gas-liquid separator and Figure 17 by MSIS.

From

the figures

we

could see that hydride vapor from the two sample introduction

systems required different carrier gas flow
0.6

L/min argon flow

for

MSIS.

rate

was chosen

rates.

For obtaining the highest signal

for gas-liquid separator
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intensity,

and 0.5 L/min was applied

80000

0.6

Argon flow

rate:

L/min

Figure 16: Signal intensity vs argon flow rate for 500 ppb Au, lOOppb Ag,

Cu

HNO3

in

NaOH

and lOOppb Cd, Co, Ni Zn
from gas-liquid separator

in

2%(v/v) HCl with

1%

(m/v)

NaBH4

in

6%(v/v)

0.05%(ni/v)

80000
70000

.Au

^

60000

-Ag

1: 50000

-CU

•g

40000

-Cd

Ba

30000

-Go

§ 20000
•35

-Zn
10000

0.5

0.3

0.6

0.7

0.8

0.9

Argon flowrate (L/irin)

6% (v/v) HNO3
0.05%(m/v) NaOH from

Figure 17: Signal intensity vs argon flow rate for 100 ppb Au, Ag,

and Cd, Co, Ni Zn

in

2%(v/v) HCl with l%(m/v)

MSIS™
*cps: count per sencond
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NaBH4

in

Cu

in

optimization of sample and reductant flow rate
The sample
separator or

MSIS

solution and reductant solution were

simultaneously.

The flow

rate

pumped

into

the gas-liquid

of the solution had an effect on the

signal sensitivity because the faster the solution flows, the higher the signal intensity.

But

too fast sample and reductant flow rate will cause a strong and unstable vapor generation

condition resulting in poor relative standard deviation of signals. Additionally, a large

amount of

solution will be drained out without being available for reaction.

Sample and

reductant solution flow rate of 0.5-3 ml/min were varied in gas-liquid separator and
respectively

HNO3

6%(v/v)

by

by introducing standard

different

From

and Cd, Co, Ni Zn

the FigurelS,

This phenomenon

we

may due

so these elements needed

Zn achieved

Zn were

this

showed

the

Cu had maximum

signal at a flow rate

the highest signal at flow rate 1.2ml/min.

of hydride formed by different

generated slower than those of Au,

carrier gas to transfer the hydride

Ag Cu

of

Ag

and Cu,

vapor from gas-

rate. In the

MSIS,

same performance during the varying of solution flow

rate. It

liquid separator into plasma, while

the elements

in figure 18-19.

to the different kinetics

more argon

in

2%(v/v) HCl. The signal intensity of each element

can see that Au, Ag,

element. Hydrides of Cd, Co, Ni

showed

which contained 100|ig/L Au, Ag, Cu

sample introduction system was shown

0.6ml/min, while Cd, Co, Ni and

all

in

solution

MSIS

Au,

needed

less

argon flow

system had more stable and constant environment for the vapor generation to

take place. In the end,

we

0.6ml/min

Cu and

for

Ag, Au,

chose

1

1

.2ml/min sample and reductant flow rate for

.2ml/min for Cd, Co, Ni, and

80

Zn

MSIS and

in gas-liquid separator.

80000

Optimization of concentration of reductant

The reductant concentration
one of the reagents

also

had influence on the signal

for hydride generation.

intensity since

it

was

Using higher concentration of reductant can

achieve better signal intensity, but more signal noise will be produced with increasing the
concentration of sodium borohydride. Since

1

.3

%

(m/v) sodium borohydride had been

used for previous work [62] by gas-liquid separator for the same elements,

same parameters

for gas-liquid seperator as well.

we

kept the

For MSIS, the concentration of sodium

borohydride was varied between 0.5-1.3% (m/v) to determine the optimum conditions

and

results

were shown

in figure 20-21.

(m/v) of borohydride for Co, Ni and

For Au, Ag,

Zn were chosen
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Cu and Cd, 0.8%

for the further study

(m/v) and 1.3%

of MSIS.

(A

Q.

O
c
o
c

Optimization of acid concentration
Based on the chemistry,

higher concentration of acid reagent, hydride generation

at

reaction should take place faster. But too high acid concentration will produce large

amount hydrogen during

the hydride generation procedure and enter the plasma,

As

can not only dilute the hydride vapor but also 'blow out' the plasma.

optimum

concentration of the acid should be studied for an
separator, the concentration of

Cd,

Co Ni and Zn

HNO3

1-6%

Ni and Zn was studied

Ag

solution with

^g/L

Cu

medium,

HNO3 was

(v/v)

5%

in

(v/v)

to

MSIS. The

results

2%

HCl was

3300DV

compare the signal

used for Ag,

(v/v) nitric acid matrix

should be in

1%

MSIS

Au

of Ag,

Au Cu

instrument.

So we

intensity

were shown

showed

in Figure 22-24:

optimum concentration

HN03 concentration optim

maximum

for 100|ig/L Cd,

Ization

800 00
00 00

0000
50000

6

.A

u

00 00

Ao

0000
20000
10000

.Cu

4

3

2

Acid CO

4

n c e n tr a tio n

*cps: count per sencond
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100 [ig/L Au,

the best signal intensity, while 100

standard solution.

7

produced by

and Cu; l-3%(v/v) HCl for Cd, Co,

(v/v) nitric acid to achieve the

the

a result,

condition. For gas-liquid

for hydride generation

has been reported [62] by using an ICP

varied the acid concentration used in

this system.

and HCl used

which

6

(v/v%

)

signal. In

HCl

Co, Ni and Zn

Figure22: Signal intensity vs

NaBH4 as

reducing solution

HNO3

concentration for lOOppb Au, Ag,

Cu withO.8 %( m/v)

Analytical figures of merit comparison
Sensitivity:

For these two sample introduction systems, method

of the factor

to

compare the performance.

The

standard curve.

Sensitivity

sensitivity

was

selected for one

was described by

the slop of

larger the slope value, the better the sensitivity and the lower the

All the standard curves were

detection limit of the element.

made from

the series of

standard solution of each element and determined under the optimized condition.

Detection

limit

was obtained

as

times

3

the

standard

deviation

of 10 replicate

determination of standard blank. The correlation coefficient of each standard curve
presented the linearity of the curve. Table 25 showed the results of the sensitivity,
correlation coefficient of standard curves and Table 26

obtained from the gas-liquid separator,

mode. From the

Ag

MSIS

results,

than that of nebulization mode. For

nebulization

meant

MSIS

mode

that for

Au,

for

mode achieved

MSIS

nebulization

the best performance for

time over gas-liquid separator and 5 times more

Ag

and Cu, gas-liquid separator had comparable

vapor mode; they were both over 3-times more sensitive than

Ag, but

Ag

1

the detection limits

hydride generation and

vapor generation

and Cd, the sensitivity was over

performance with

MSIS

showed

and

inferior to determine

Cd

Cu by

nebulizarion mode.

determination, the preferred

way was

generation technique to achieve the sensitive and stable signal and

The

result

applying hydride

MSIS was

the better

choice for simultaneous multi-elements determination. For Cu, Co, Ni and Zn, the signal
sensitivity

and detection

limits

from vapor generation were worse than

86

that

of

nebulization, the results

showed

that nebuhzation

mode was

still

the superior technique

for determine these elements.

Table25:

Element

Summery of regression

data from calibration curve

From

this project,

we

optimized

of Au, Ag, Cu, Cd, Co, Ni and Zn
figiu"es

all

the relevant parameters for hydride generation

for gas-liquid separator

and MSIS. The analytical

of merit from the different systems were compared and showed that for the new

hydride elements such as Cu, Co, Ni and Zn, hydride generation performance
as satisfactory as that

of nebulization technique by MSIS. But

hydrides of these metals had been largely generated and

and detection

limits

had been obtained.

separator for the hydride generation.

the

MSIS

is

MSIS™ showed

From

all

much

for

is still

not

Au, Ag, and Cd,

better signal sensitivity

better sensitivity than gas-liquid

the above evidence,

we

can conclude that

a superior and efficient sample introduction system for both hydride

generation and nebulization in multi-element determination. Further

hydride generation of other

new

elements by the

88

MSIS™

.

work

will be

done on

Conclusion:

The heavy metal determination methods by atomic spectrometry technique have
been well developed during

this project.

Microwave digestion technique

an efficient and reliable sample preparation

mercury determination and

™

The used

vessels.

oil

free

tool.

oil

have been

microwave programs. For most of the heavy metals
obtained

differ

ICPOES

from

generation

determination.

certificate values,

work achieved

cadmium by

the

memory

effect

fully digested

in oil samples,

to Teflon

by the developed

V

by the spiking recovery

and Zn, which
tests.

Hydride

superior analytical figures of merits for gold, silver, copper and

Multimode Sample Introduction System, while

zinc, the nebulization

compare

good recoveries were

The experimental values from Sn,

are supported

proved to be

Quartz vessels are suitable for the

of sample matrix and

and residual

is

mode from MSIS have

the advantages for

for cobalt, nickel

low detection

high signal sensitivity over gas-liquid separator. The results proved that
superior device for these elements recently studied

89

by hydride

generation.

limits

MSIS™

and
and
is

a

Future work:

A

study of vapor generation of other elements such as

further the application

of MSIS^*^.

tetroxide (OSO4) vapor because

Osmium

OSO4

is

has been investigated to generate

a volatile

compound with

130°C; and Rhenium can form Re207, which sublimes
presented methods of generating

vapor through
generating

silica

Os04

in

Osmium and Rhenium

at

vapor generation and discovered

microwave digestion vessel and

that

it

Ag*

Based on the chemistry

ICPMS

room

Os**—>

Os'** is l.OOSEA'^,

EA^; a strong oxidative reagent such as K2S2O8 could oxidize

oxidative capability after

at

apparatus for

could take place by redox reaction with a certain

and Re''*(S208^" -^ S04^': 2.01E/V). Ag*

place

homemade

transfer the

We have investigated the possibility of Os and Re

catalyst without heating procedure. Since the redox potential of

Re"** is 0.51

a boiling point of

[111,112]. All those experiments are not suitable for routine

determination and are time consuming.

Re^*—>

osmium

250°C. Previous works has

tubing into the ICP torch [110] or other

Os04and Re207

could

is

is

the catalyst reagent since

oxidized to Ag^* by S2O8

principle, the redox

temperature. This

work can be

determination.

90

Ag

^*

Os'**

has a strong

^'

vapor generation

further carried

on

in

is

presumable taken

MSIS^*^ by ICP or

.
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