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Abstract

Analytical methods for the determination of trace amounts

of germanium, tin and arsenic were established using hydride

generation coupled with direct current plasma atomic emission

spectrometry. A continuous gas flowing batch system for the

hydride generation was investigated and was applied to the

determination of germanium(Ge), tin(Sn), antimony(Sb) and

lead(Pb) (Preliminary results suggest that it is also applicable to

arsenic)As) ). With this system, the reproducibility of signals was

improved and the determination was speeded up, compared with

the conventional batch type hydride generation system. Each

determination was complete within one minute. Interferences

from a number of transition metal ions, especially from Pd(II),

Pt(IV), Ni(II), Cu(II), Co(II), and Fe(II, III), have proven to be

very serious under normal conditions, in the determination of

germanium, tin, and arsenic. These interference effects were

eliminated or significantly reduced in the presence of L-cystine or

L-cysteine. Thus, a 10-1000 fold excess of Ni(II), Cu(II), Co(II),

Fe(II), Pt(IV), Pd(II), etc. can be tolerated without interference, In

the presence of L-cystine or L-cysteine, compared with absence of

interference reducing agent. The methods for the determination of

Ge, Sn, and As were examined by the analyses of standard

reference materials. Interference effects from the sample matrix,

for example, in transition metal-rich samples, copper, iron and

steel, were eliminated by L-cystine (for As and Sn) and by L-
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cysteine (for Ge). The analysis of a number of standard reference

materials gave excellent results of As and Sn contents in

agreement with the certified values, showing there was no

systematic interference. The detection limits for both germanium

and tin were 20 pg ml- I .

Preliminary studies were carried out for the determination of

antimony and lead. Antimony was found to react with NaBH4,

remaInIng from the previous determinations, giving an analytical

signal. A reversed injection manner, i.e., injection of the NaBH4

solution prior to the analyte solution was used to avoid uncertainty

caused by residual NaBH4 present and to ensure that an excess of

NaB H4 was available. A solution of 0.4% L-cysteine was found to

reduce the interference from selected transition metal ions, Co(II),

Cu(II), Ni(II) and Pt(IV). Hydrochloric acid - hydrogen peroxide,

nitric acid - ammonium persulphate, and potassium dichromate ­

malic acid reaction systems for lead hydride generation were

compared. The potassium dichromate - malic acid reaction medium

proved to be the best with respect to reproducibility and minimal

interference. Cu(II), Ni(II), and Fe(II) caused strong interference In

lead determinations, which was not reduced by L-cysteine or L­

cystine. Sodium citrate, ascorbic acid, dithizone, thiosemicarbazide

and penicillamine reduced interferences to some extent.

Further interference reduction studies were carried out uSIng a

number of amino acids, glycine, alanine, valine, leucine and histidine,

as possible interference reducing agents in the determination of

germanium. From glycine, alanine, valine to leucine, the interference

reduction effect in germanium determinations decreased. Histidine
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was found to be very promising In the reduction of interference. In

fact, histidine proved more efficient than L-cystine and L-cysteine In

the reduction of interference from Ni(II) in the determination of

germanium.

Signal enhancement by easily ionized elements (EIEs), usually

regarded as an interference effect in analysis by DCP-AES, was

studied and successfully applied to advantage in improving the

sensitivity and detection limit in the determination of As, Ge, Sn, Sb,

and Pb. The effect of alkali and alkaline-earth elements on the

determination of the above five hydride forming elements was

studied. With the appropriate EIE, a signal enhancement of 40-115%

was achieved. Linear calibration and good reproducibility were also

obtained in the presence of EIEs.
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Literature Review and Introduction: DCP 1

Chapter 1. Literature Review and Introduction

I. Development of direct current plasma

Atomic emission spectrometry (AES) is a useful tool for analytical

chemistry. Initially, arc and spark excitation sources in various forms

were used (1). Although both arc (2) and spark (3) have some desirable

characteristics for AES, they also have deficiencies. The arc is sensitive

but is difficult to stabilize, while the sensitivity of the spark is low.

Therefore, a search for an improved excitation sources was initiated

and soon centered on plasmas as discussed in a number of review

papers (4-6). A plasma can be defined as a gaseous assembly of atoms,

ions, molecules, and electrons, with a high percentage of ions.

Interactions in a plasma occur primarily between ions, or ions and

neutral species. High temperature can be readily achieved with a

plasma (6). Well developed plasmas nowadays include the inductively­

coupled plasma (ICP), the direct current plasma (DCP), the microwave­

induced plasma (MIP), and the capacitively-coupled microwave plasma

(CMP) (7). Only the DCP source will be discussed in detail in this paper.

The first DCP devices intended for spectrochemical analysis were

independently developed by Margoshes and Scribner (8) and Korolev

and Vainshtein (9) in 1959. The basic design for the flame-like

"plasmajet" developed by Margoshes and Scribner (8) IS shown in

Figure 1. Graphite disk electrodes are used for both anode (lower

electrode) and cathode (upper electrode). A d.c. plasma is ignited

between the electrodes. A tangential stream of inert gas (helium)



Literature Reviev~' and Introduction: DCP 2.

entering the chamber blows the plasma through an openIng In the

cathode. A direct injection nebulizer using argon as t.he spra)'ing gas

was used to spray 0.5 to 1 ml rnin- 1 of the sample solution into the

plasma. A standard d.c. arc power supply was used with currents of

about 15 t.o 20 amps. Thus a simple DCP source for spectrochemical

anal)Tsis 'A'as achieved. The major shortcoming of this device, however,

was the tendency of the cathode spot to wander slowly ·and erratically

around the surface of the cathode disk.

GAS"'"
DC

+

\ I
I I
\ ,
, I
\ I
\ I
\ I
\ I
\ f
\ I

[
-------~-=-'-~.-.=-Ij) !.-I.,....,....,..~

.1'
~+~~

- ,~~-~
'-L ........ \
(:11:~

I j{+- - - ffl- ,J

Figure 1. Basic diagram of a d. c. plasma excitation

unit
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In 1961, Owen (10) showed that a considerable improvement in

plasma stability was achieved by using a third electrode maintained at

the same potential as the cathode ring. Following Owen's work,

Margoshes and Scribner (11,12) modified their origin.al design to

include a third electrode mounted vertically above the orifice of the

cathode disk and to use water to cool the electrodes. The ring electrode

which originally served as the cathode was used as the control ring.

Further modifications and applications of this and closely related

devices have been the subject of a number of subsequent papers (13­

20).

Based on these plasma designs and investigations, Spex

Industries (Metuchen, New Jersey, USA) introduced the first

commercially available DCP in mid 1960's, similar in design to the

modified Scribner and Margoshes (12) system. Helium was normally

used as the tangential gas and argon served as the nebulizing gas for

the introduction of sample solutions.

Other major modifications on DCP devices investigated in 1960's

include those designed by McGinn (21), Dranz (22,23), Jahn (24),

Yamamoto (25,26), and Goto and Atsuya (27,28).

In 1970, Valente and Schrenk (29) described another design of

DCP source. This has an inverted "V" flame-like configuration when

operating. The plasma IS ignited with the cathode vertically aligned

with the anode. The cathode is then rotated to form a 30° angle with

the anode. A relatively stable, sensitive plasma resulted. Sample, along

with argon, was transported to the anode chamber tangentially just

below the control orifice and thence to the plasma. Temperatures in the
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plasma were about 6000 K with a d.c. source operating at 300 V and 10

A and required less than 2.5 L min- 1 of argon. Elliott(30) placed a

second tungsten cathode along and slightly to the side of the plasma

plume from the graphite ring cathode. This arrangement helped to

stabilize a zone in the plume in which the excitation process occurred

and resulted in some increase in stability.

0.125- ELECTRODE
Conode.posifive)

SA'..IPLE AND
ARGON INPUT

\ e~~~~~/O.04o- ELECTRODE
(cathode. neoot;we)

WATER INLET
~

____ ARGON INLET

Figure 2. Schematic representation of Spectrametrics

SpectraJet DCP
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Ten years after Owen's work (10), a similar gas-stabilized arc

device was described by Elliott (31) and offered commercially as the

SpectraJet by SpectraMetrics, Inc. (Andover, Massachusetts, USA). As

shown In Figure 2, the tungsten rod cathode was positioned off the

central arc column axis, producing a nearly right-angle bend in the

column. A "flame-like" plasma was formed above the bent primary arc.

The argon flow that carried the sample into the plasma jet chamber

was introduced tangentially. The sample aerosol particles generated by

a pneumatic nebulizer were desolvated during their passage through a

heated spray chamber prior to the jet mixing chamber. The SpectraJet

required 5 liters per minute of argon and operated from a specially

designed power supply requiring only 500 W of input power. A core

plasma temperature of about 10,000 K with temperatures in the plume

ranging from 4000 K to 8000 K were estimated (31).

In 1974, Elliott (32) described a new version of his right-angle

plasma. This was subsequently introduced by SpectraMetrics and called

a "Spectrajet II". As shown in Figure 3, the plasma formed between

thoriated tungsten electrodes partially withdrawn into ceramic tubes

through which argon flowed as the coolant gas. The flow of argon from

the anode and cathode intersect to form a continuous plasma shaped

like an inverted letter "V u
• Sample aerosol generated in a chamber type

pneumatic nebulizer was directed toward the top of the inverted "V U

by a third argon stream through a sample introduction tube under the

plasma. Unlike all the previous plasma devices described, the optimum

region of observation with this device was at the crook position of the

nv u
, which was below the current-carrying arc column. This results in a
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noticeable reduction of emission background intercepted by the

entrance slit of the spectrometer.

Plume

Plasma Column
(Backoround continuum) Excitation reQion

~-- Ceramic sleeve

~-- EJectrode

Aerosol from
____ ~~ra~ham~r/'-- -

" "

}:on Aro~

_...-/

Figure 3. Schematic representation of Spectrametrics

SpectraJet II DCP
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In 1978 , SpectraMetrics introduced the SpectraJet III, shown in

Figure 4. This is a three-electrode d.c. plasma. The three electrodes

consist of a front and a rear graphite anode and a top tungsten cathode,

forming an inverted "Y" plasma when operating, the cathode forms the

"leg" of the "Y". The electrodes are located inside water-cooled blocks

and can be moved relative to each other VIa argon-activated pistons.

This design results in improved stability and better detection limits

than previously reported for the DCP. Of particular importance is the

stability of the plasma in the presence of varying solvent types such as

those containing large amounts of salts, organics, high acid or alkaline

concentrations. The sample excitation region and photometric

observation area of the SpectraJet III is centered uniquely in the crook

of the Y where spectral contribution from the plasma continuum is

minimal. The plasma requires less than 1000 W of power and is

sustained by a low voltage of approximately 40 V and a current of 7.5

A after ignition. Approximately 8 L min- 1 of commercial grade (99.5%)

inert argon is used as the plasma support gas. The argon performs

three functions in the SpectraJet III; (i) it is used as the support gas

through each electrode to form the plasma and to sustain thermal pinch

effect of the plasma (33,34); (ii) it is used as the nebulizer and aerosol

carrier gas; (iii) it actuates the piston used to move the electrodes into

position for ignition.

Compared with two-electrode plasma (Spectrajet II), the three­

electrode plasma (SpectraJet III) has proved to be superior in terms of

improved stability and lower background (35-37). The SpectraJet III is
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the presently available DCP source from Applied Research Laboratories

(ARL) (Sunland, California, USA.)

Plasma column

"'"

Cathode block

\

Anode

Cathode

Excitation region

sleeve

Sample
and
argon

Figure 4. Three-electrode d. c. plasma (Spectrametrics

Spectra Jet III)
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Other interesting designs include three phase DCP (38, 39),

rotating arc DCP (40, 41), and conical DCP (42). In these designs, the

aerosol sample is introduced into the DCP concentrically. They result in

an extended interaction between the sample aerosol and arc discharge.

For example, a conical DCP has recently been described a design based

on the three-electrode DCP (42). Orientation of three electrodes

symmetrically about a flat-topped 30° cone with a centrally located

aerosol injection tube is employed to increase aerosol transfer into the

conical DCP. Interaction by the aerosol yields distinct regions of sample

decomposition and excitation visible in the axial region of the plasma.

This facilitates separation of atomic from ionic emission zones in the

discharge similar to those displayed by an Iep. The linear dynamic

range and detection limits for six elements studied, according to the

reports (42), were improved compared to the commercial DCP source.

The DCP has been applied as an excitation source for atomic

fluorescence spectrometry (AFS) (43,44), as a primary

pseudocontinuum radiation source for wavelength-modulated atomic

absorption spectrometry (45), as an atomizer for a Zeeman AAS system

(46), and as an ionization source for mass spectrometry (MS) (47-50), it

has often been utilized as an effective excitation source for AES.
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II. Detection System

With temperatures as high as 10,000 K, the DCP sources provide

an extremely rich spectrum. One is not limited to ground state

transition lines, but can choose from first or even second ionization

state lines for detection. This provides an opportunity to determine a

wide variety of elements. On the other hand, it also creates a problem

which is an increased occurrence of spectral interferences. To solve this

problem, a resolving device capable of reliably isolating the line of

interest is required.

The combination of a DCP and an echelle grating spectrometer for

AES has shown a rational match (51, 52). With extremely high

resolution, an echelle spectrometer limits spectral interferences from a

DCP source. An echelle grating spectrometer mainly consists of an

echelle grating, a prism and other optical elements for the light

dispersion of spectra at different wavelength, and a photomultiplier

(PMT) as a detector of line intensity. The principles of the echelle

grating were first described by Harrison (53) in 1949. An echelle

grating is a special type of diffraction grating having broad flat grooves

ruled with extremely high optical precision. The angle at which the

grooves are ruled such that the width of each step is several times its

height, and the spacing from one step to the next is many times greater

than the wavelength of the light being dispersed.

An echelle grating spectrometer typically has a resolution and

dispersion an order of magnitude better than normal spectrometers of

the same focal length (54-57). Because of the improved resolution and
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dispersion, the first commercial echelle spectrograph (that is

photographic readout only) was introduced by Bausch and Lomb in

1953 (58) and immediately applied to the quantitative analysis of

boron in steel (59). Prior to this application, the determination of boron

was severely limited by spectral interference using normal

spectrometers. In 1969, a commercial echelle atomic emission

spectrometer, SpectraSpan, was introduced by SpectraMetrics and was

described by Elliot (30) and Matz (60). The subsequent new version of

the echelle grating spectrometer system have shown vastly improved

capability of resolution and dispersion and light throughput. Therefore,

the echelle grating spectrometer has the resolution needed to perform

even the most complex emission experiment (61).

III. Sample Introduction System

Browner and Boorn (62, 63) have discussed factors associated

with sample introduction and summarized a number of sample

introduction techniques for atomic spectrometry. Because of inherent

problems that often restrict detection limits and produce interference

effects, the authors called sample introduction the Achilles' heel of

atomic spectroscopy. A number of papers (40, 64-67) have also

specifically addressed sample introduction as a key problem for DCP

techniques. Therefore, a variety of sample introduction techniques

have been developed and evaluated for the introduction of gaseous,

liquid, and solid samples to a DCP jet.
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Liquid sample introduction has the advantages of relative

simplicity and reliability. The conventional DCP sample introduction for

liquid samples consists of a two-channel peristaltic pump, a ceramic

crossflow nebulizer, a spray chamber, and a sample tube through which

the aerosol is directed to the plasma. Approximately 1-2 ml min- 1 of

sample solution is taken with transport efficiency of approximately

15% (37, 66, 68) and droplet size of aerosol between 3-10 Jlm reported

by Zander(33) and 1-20 Jlm reported by Mohamed et ale (69). This

overall sample loading is relatively higher than both ICP and flame

AAS (62).

Not only the analyte, but also the accompanytng solvent are

introduced into the plasma. Large amounts of solvent may have a

significant effect in lowering the temperature or even extinguishing the

plasma discharge. The solvent effect becomes particularly significant

when volatile organic solvents are used. The effect of organic solvents

on the DCP has been described by Gilbert and Penney (70). With a

slight modification of the sample introduction system to avoid carbon

deposit on the ceramic sleeves formed from organic vapor and aerosol,

hexane, dichloro-, trichloro-, and tetrachloromethane, and 4-methyl-2­

pentanone as sample solvents were introduced to the DCP. Because

these solvents were extensively vaporized in the nebulization system,

the transport efficiencies of analyte were improved, resulting in an

enhanced sensitivity. Background emission, principally from Cz and CN

bands and incandescent carbonaceous aerosol was reduced by the

addition of 0.1 L min- 1 of oxygen to the sample aerosol-nebulizer gas

flow. The nebulizer gas flow rates at 4-6 L min- 1 were optimal. Above
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this level, the plasma became unstable and even extinguished at gas

flow rate greater that 8 L min-I. The technique has been applied to

determine silicone fluid in bond paper and trace metals in coastal

seawater following solvent extraction (70).

To improve the transport efficiency of analyte to the plasma,

electrothermal vaporization (ETV) techniques were studied (71-76).

Transport mechanisms with electrothermal vaporization are much

simpler than those involving liquid sampling. A microliter amount (> 5

JlI) of the sample is introduced into a vaporization cell, usually made

from graphite or metallic (W, Ta, Pt) materials. Samples undergo drying

and ashing cycles as in GFAAS prior to vaporizing. During a high

temperature vaporization step, the sample vapor IS formed and

transported by carrier gas from the ETV to the DCP. A transient signal

is thus obtained since the sample is vaporized In one pulse under

optimal conditions. Because of the desolvation by the ETV, more

efficient introduction of analyte directly into the excitation region of

the DCP was achieved, resulting in higher sensitivities, especially for

volatile materials (elements or compounds). Relatively low transport

efficiencies of less volatile and carbide-forming species were improved

by the addition of volatilizing gases, such as freons, halocarbon, and

volatile halides, to the argon carrier gas (77,78). On the other hand, to

prevent some very volatile elements or compounds from vaporization

during sample drying stage, sodium sulfide (72), nickel salts (78), and

iodine (79) were added to stabilize mercury (72), arsenic and selenium

(78), and volatile alkyl lead compounds (79), respectively. This sample

introduction method complements the conventional pneumatic
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nebulizer for micro amount, high-salt-content samples, and VISCOUS

solutions, and may be applied to solutions consisting of suspended

particles and solid samples (80).

Slurry sample introduction to the plasma for direct analysis of

solid samples with no need for sample digestion procedure has recently

brought great attention because it reduces sample preparation time

and minimizes contamination and analyte losses. A DCP, having high

excitation temperature, showed advantages for atomization and

excitation of slurry samples. Particle size dependent effects was

observed in the case of slurry introduction (69, 81, 82). Therefore, fine

particle size for slurry was suggested in order to reach adequate

precision (69, 81-83). Ideally, a sample should be readily reduced in

particle size to less than 10 Jim and dispersed to form a homogeneous

suspension in order to prepare for a slurry sample introduction to a

DCP. Slurry methods for DCP-AES have been applied to the analysis of

coal (83), kaolin (81), soil (81), minerals (84), food (85, 86), biological

materials (85), plant material (86), turkey bones (87), refractory

carbides (88), and lubricating oil (89-91).

Hydride generation (HG) has proved to be an effective sample

introduction method for atomic spectrometry (92-94). This technique

was first combined with AAS in 1969 (95) and then with ICP-AES (96)

and DCP-AES (97-98). For DCP-AES, hydrides produced in a reaction

vessel, called the hydride generator, due to the reaction between the

hydride-forming elements and reducing agent (sodium

tetrahydroborate(III», are carried by a stream of argon and introduced

through a modified sample tube to the DCP (99). Through the hydride
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generation process, the analytes were preconcentrated and separated

from the sample matrix. Therefore, spectral interferences were

eliminated or reduced and the sensitivity was improved by a factor of

approximately 20 over the direct aqueous nebulization (67, 92).

Applications of hydride generation coupled with DCP-AES have been

found in the determination of arsenic (98-101), selenium (100-102),

germanium (103), tellurium (102), and tin (104).

Similar methods investigated for gaseous sample introduction to

the DCP include cold vapor (105) for mercury determinations, and

chloride formation for arsenic determinations (106). For more

information on hydride generation techniques, please refer to section

VI of this paper.

Another interesting sample introduction technique is

chromatography. By coupling a chromatograph directly to DCP-AES

instrument, the latter functions as a multielement detector. Van Loon

(107) has reviewed the combination of chromatography and atomic

spectrometry, while Carnahan et al. (108) summarized the application

of plasma emission spectrometry in chromatography. This application

can be carried out by two approaches: (i) independent collection of

chromatographic fractions followed by analysis, in which the

chromatography is similar to a preconcentration/separation step of

sample preparation; and (ii) direct introduction of the column effluent

into the analytical instrument. The DCP is tolerant of a wide range of

gas flow rates, gas and solvent types. This indicates that the DCP has

the versatility to interface with chromatographic techniques. Gas

chromatography (GC) (109-115), high performance liquid
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chromatography (HPLC) (68, 116-125), gel filtration chromatography

(126, 127), and ion exchange chromatography (128) have been

reported coupled with DCP-AES.

In GC-DCP-AES combination, a heated interface to prevent sample

condensation around the injector nozzle, serving as a transfer line, has

shown advantages (109, 110). The applications of GC-DCP-AES found In

literature include the determination of organomanganese compounds In

gasoline (110), iron in ferrocene and haloderivatives (111),

organometallic compounds of Cr, Cu, Ni, and Pd (109), various alkyl

derivatives of Si, Ge, Sn, and Pb (112), silicon in a silicone polymer

(113), and methylmercury in fish and other food samples (115). The

application of a DCP coupled with a vacuum U.V. spectrometer as a

sulfur specific detector for GC has also been illustrated (114).

An HPLC system can be easily coupled to a DCP system because

the flow rates can be adjusted to those required by the nebulizer and

samples can be separated in a relatively short time. Uden et ale (117­

119) have found that the standard nebulization system was sufficient

for eluents used in ion-exchange and reversed-phase chromatography,

but a novel nebulizer has been designed to avoid forming carbon

deposits when organic solvents used for adsorption chromatography.

Mazzo et ale (68) have also described an interface for HPLC-DCP-AES.

Normal phase HPLC has been used to separate various transition metal

complexes (117, 118) with detection limits USIng DCP-AES in the sub-ng

range, while reversed phase HPLC with DCP-AES has been used to

determine Cr(VI), and Cr(III) species (122). Also, a combination of
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HPLC-hydride-generation-DCP has been described for determination of

total tin and organotin species (123).

A DCP-AES has also been interfaced with a gel filtration

chromatography column (126, 127) because it can tolerate a larger

sample load compared to an analytical HPLC column where the amount

of sample used is limited by the column size. With simultaneous

detection of protein bound copper, iron and zinc, speciations in serum

and intravenous infusion fluids was studied (126).

In addition to the above common sample introduction techniques,

a new technique by using laser, laser ablation DCP-AES, has been

reported (129-133) fo·r the direct determination of metals In solid

samples. These preliminary studies have shown potential of excellent

selectivity and sensitivity, low detection limits, and little interference.
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IV. Comparison of DCP with Other Plasma Sources

Among all plasma sources developed, the ICP has been

extensively studied and shown extremely useful for inorganic major,

minor, and trace analysis (134-137). Thus ICP-AES has been applied to

the analysis of "almost every material under the sun" as stated by

Greenfield (1), one of the fathers of the ICP for spectrochemistry. In

order to assess the DCP, a number of papers (33, 52, 61, 138) have

compared DCP with ICP with all aspects. For AES, the DCP source has

been found to be superior to the ICP source in terms of instrumental

and operational costs, and versatility for organic, high-salt content and

slurry sample introduction, whereas ICP is less prone to matrix effects

and has slightly better or similar precision than DCP (52). ICP is more

developed than DCP from both a theoretical and practical point of VIew,

partly due to its widely commercial availability. This leaves more

potential for the development of the DCP source.

The basic characteristics, capabilities and limitations of

commercial DCP, both two-electrode and three-electrode DCP, have

been discussed in a number of publications (31, 33, 35, 37, 51, 139­

140). They may be summarized as follows.

(i) low detection limits -- usually comparable with those of ICP.

This characteristic allows DCP-AES to determine directly trace elements

In samples.

(ii) wide linear dynamic range -- at least three orders of

magnitude. With simple sample dilution procedure, the simultaneous

determinations of major, minor, and trace elements are possible.
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(iii) relatively high precIsIon -- relative standard deviations of

about 1.5% for most elements in aqueous solutions at concentrations

well above the detection limits.

(iv) acceptable both long-term and short-term stabilities.

(v) high versatility -- It can tolerate certain amounts of organIc

solvents and also accept solutions which contain more than 10%

dissolved solids.

(vi) extremely small excitation region -- This makes its use with

conventional spectrographic and spectrometric equipment difficult.

However, with an echelle grating spectrometer as a detector, this is no

longer a problem. This is again why the combination of a DCP with an

echelle grating spectrometer is a rational and ideal one.

(vii) Excitation processes are greatly affected by elements with

low ionization potentials (141-144), for example, alkali and alkaline

earth metals.

v. Applications of DCP-AES

Because of the above characteristics, the DCP-AES has been

applied to determine a variety of elements In environmental,

geological, metallurgical, clinical, biological, industrial, and other

samples (145).

The presence of easily ionized elements (EIEs) has been found to

enhance the emission signals (29, 37, 71, 144, 146-152). Although

emission line to background ratios are often improved., this

enhancement effect has been generally regarded as a nuisance due to
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its unpredictability (139, 143, 146, 147, 153-160). For DCP-AES

determinations, variable EIE concentrations In different sample

matrices make accurate determinations difficult. Even for fixed BIE

concentrations, emission line enhancements differ between

wavelengths of the same element, and between different elements

(144, 161).

Through the study of characteristics and possible mechanism, a

number of papers have ascribed the signal enhancement effect by EIEs to

suppression of populations of ionized analyte by EIE-donated electrons

(35, 164-165). Later research, however, showed that intensities of both

atomic and ionic emission lines were enhanced and that the addition of

EIE appeared to have little influence on electron densities measured In

the analytical zone (161, 166, 167). With more detail study, a number of

mechanistic models have suggested possible explanations of this complex

phenomenon(141-142, 168-169). An important paper by Miller et ale

(168), proposes a radiative transfer-collisional redistribution of energy

model for analyte excitation.

To minimize the interference caused by EIE, a number of possible

approaches for elemental analyses have been suggested. These have

included matrix matching of samples, blanks, and standards (4, 147, 154,

162), standard additions or internal standards (141, 146), EIE buffers

(139, 143, 155-169), and removing EIEs by ion exchange (163). Among

these approaches, EIE buffering has been most often applied, where

samples and standards are typically spiked with excess amounts of EIBs,

such as salts of lithium (139, 157), sodium (158), potassium (155), ceSIum

(156), and lithium-lanthanum mixture (143, 170) to minimize signal
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differences due to EIEs present in samples with unknown matrices.

However, these compensations and matrix matches have not always been

successful since enhancement effects due to BIEs are very complicated

(144).

The selective applications of DCP-AES are tabulated below with a

description of elernent(s) determined, sample matrix, and comments

including the method for reduction of matrix interferences.



Table 1. Applications of DCP-AES to Various Matrices

1. Geological Samples

Elements

Determined

Sample

Analyzed

Comments Reference

Ten oxides

and 7 trace

elements

Be, AI, Si, Fe

Zn, Nb, Sn,

Ta, W

Nb

u

Si, Fe, Al

Silicate

rocks

Minerals

Ores

Steels

Phosphatic

materials

Soil

Lithium metaborate fusion of samples and cesium 156

buffering to reduce interference

Introduction of suspensions of finely powdered

samples (lOJlm diameter) to the DCP 8 4

Good agreement between this work and certified 17 1
values. Background shifts and spectral interference

studied

A 2% oxalic acid adjusted to pH 4.5 with triethanolamine

was used quantitatively to back-extract U from 172

trioctylphosphine oxide in cyclohexane. This sample

pretreatment method overcame matrix interferences

Li or Na buffering was suggested. The results for the 10

N
N



Ca, Mg, Mn
Ti, K, Na, P

20 elements

Cu

10 elements

Rocks

Ores

Geological
materials

elements were satisfactory for routine analysis when
compared with those obtained by chemical methods

Lab-made "two-jet plasmatron" was used. Matrix
interferences were the same order as the random
error of analysis.

Laser ablation technique was used for solid sample
direct introduction.

A 2-electrode DCP was used.
Samples analyzed included Lunar rocks and soils.

173

174

129

155

Major and Geological
trace elements materials

A review on geochemical analysis and geostandards 175

Major,
mInor,
and REEs

La

B

Ore
concentrates

Geological
samples

Rocks

Simple calibration

A review of methods for the determination of La
in geological samples with 128 references

Matrix interferences were minimized by carefully
selecting· the most suitable line for each samples

176

177

163
N
(",.)



and/or by cation excange. The results were compared

with those obtained by azomethine H method (178).

2. Environmental Samples

Ba, Sr

18 elements

Au

Various

Sediments

Estuarine

sediments

Solid algal

cells

Sediments

Waters

Marine

organIsms

Li, Na, K, or Cs alone did not completely eliminate 179

matrix interferences. Lithium, from preliminary

fusion, and lanthanum together removed interferences

Lithium metaborate fusion of samples. 154, 180

Lithium also served as EIE buffer.

ETV introduction of 0.2-0.6 mg of samples to DCP. 181

Stray light and spectral interferences fromCa and Mg 1 8 2

were observed. Compensation for the interferences

using simple linear correction or matrix matching

was reported.

Trace heavy

metals

Seawater

Ocean

sediments

Na, Ca, and' Mg in seawater increased both background

and signal. EIE buffering minimizes the matrix effects

149

N
~



14 elements

Several

transition

metals

18 trace
elements

As, B, C

P, Se, Si

Various

trace

elements

Saline
waters

Saline
matrices

Natural

waters

Natural
waters

Coastal

seawater

Enhancement effects were studied by using an 15 0
empirical approach combined with statistical analysis.

Sodium-induced emission enhancement was studied. 161
A partial thermodynamic equilibrium (PTE) instead

of a local thermodynamic equilibrium (LTE) was
suggested.

Interferences from stray light due to the presence 3 5
of Ca and/or Mg can be compensated by using a
simple linear correction. Two- and three-electrode
DCP systems were compared and the latter offered
advantaged of improved stability and lower background.

No significant interference from natural water and 15 8
waste water sample matrix.

Non-aqueous sample introduction to the DCP. 7 0

Effects of organic solvents were studied

u Ground

and mine

waters

Standard addition and matrix matching methods were

recommended for reducing the enhancement effects
due to Na and Ca.

183

N
U1



Ba, B, Fe
Mn, Sr

Hg

v

Be

Mo

B, P, Zn, Mn

Mg, Mo, AI,

Fe, Cu, Ca, K

B

Oilfield
water

Solid
algal cells

Workplace
air

Indus trial
aerosol

Plant
tissue

Plant

tissue

Fertilizers

Enhancement effects due to BIEs were encountered
on original plasma arc.

ETV introduction of 0.6-0.9 mg of solid sample to DCP.

The addition of sulphur-containing alga or cysteine

modified the sample and allowed a reproducible
mercury signal to be obtained.
The results obtained by DCP-AES, flame AAS, and

electrothermal AAS were compared.

Iron did not interfere with Be determinations at
levels < 2.0 mg Fe/sample.
Linear dynamic range 0.001-5 Jlg ml- 1 of Be.

Solvent extraction followed by organic phase
introduction to a DCP. Due to low Mo content in
plant samples, Mo was not detected by flame AAS,
but was determined by DCP-AES and graphite

furnace AAS with good agreement.

Analysis was fast, requiring 1.25 min/sample.

Results and RSDs compared favorably with NBS

certified values.

Rapid, precise, and accurate determination of B In

146

80

184

185

186

187

188
t-..)

0'



B Fertilizers

fertilizers at levels > 0.002% at wavelength 249.773 nm.
Lithium buffer was used to mask enhancement by
other alkali metals.

A much faster and equally accurate method was
described for determining B in fertilizers at B

wavelength 249.67 nm. No significant difference
in results were found among DCP-AES, metaborate
distillation, and a modified azo-methine H
spectrometric methods.

189

3. Biological and Clinical Samples

Cu, Mn, Cd
Pb, Ca, Mg

AI, Pb, Zn

Si

Diet, Stool
Urine

Biological

matrices

Urine

Results obtained by DCP-AES and electrothermal AAS 190
were compared and used for human metabolic studies.

The advantages of the method, speed, minimal sample 19 1
preparation, and multielement determination, were

discussed. Results were compared with literature data.

LiCI buffering was used to reduce interferences. 1 5 9

Li, Na, K, Mg Human
Ca, Fe, Cu, Zn serum

Simultaneous determination of the eight elements
with RSD of 1-3%.

192 N
........



Li

v

Cu, Fe, Zn

AI, Ba, Si,

Sr, Zn, Fe,

K, Cu, Ca

Ca, Cu, P,

and Zn

15 elements

Serum

Urine, Blood

Serum

Biological

fluids

Amniotic

fluids

Bovine

liver

(NBS SRM)

Horse hair

A correlation was observed between the values

obtained by DCP-AES and AAS.

Detection limits for V were 2 and 10 Jlg L-1 for

pyrolytic graphite furnace AAS and DCP-AES,

respectively.

DCP-AES was interfaced with a gel filtration

chromatography column. Detection limits were 3.2,

3.9, and 9.3 Jlg L-l for Cu, Fe, and Zn, respectively.

The detection limits for AI, Ba, Si, and Sr were 2, 2,
15, and 2 Jlg L-l, respectively.

Due to slurry sample introduction, an analysis was

done within 10 min. from the time the unprepared

solid bovine liver sample was received. DCP showed

remarkably wide range of gas flow rates acceptable

for nebulizer operation. Laser diffraction was used

to detect droplet size distribution.

Simultaneous determination of 15 trace elements.

193

194

126

195

69

196 N
00



14 metals Animal
tissue

0.25 M LiN03 was used as EIE buffer to minimize
matrix interferences.

157

4. Metallurgical Samples

16 elements

10 major
and minor
elements

21 minor
and trace
elements

20 trace
metals

w

Steels,
Irons

Steels

Lead,
Pb alloys

99.95% Pd

Steels,
Alloys

Background shifts and enhancement effects were
overcome by using an iron matrix synthetic standard.

High pressure sample decomposition with HN03-HCI­
HF in teflon container-metal bomb apparatus for
DCP-AES analysis.

Automated DCP-AES analysis

Enhancement effects were reduced by using matched
matrix standards or aqueous standards with Li buffer.

Because of high resolution of echelle monochromator,
there was little or no spectral interference.
DCP provide approximately the same power of
detection as the more expensive ICP.

197

198

199

200

201

I"-.)

\0



P

B,Nd

10 elements

P

Pt, Pd, Rh

Steels,
Cu-based
alloys

Alloys

Steel

Cu-based
alloys

Alumina­
based
matrices

Emission lines, spectral interference effects of Cu and
Fe, and matrix effects of Na, K,Ca, Mg, AI, and Si were
studied.

Li buffer was added to minimize interferences.

RSD was 1% and accuracies were comparable to those
obtained by gravimetric and spectrophotometric
methods.

Closed-vessel microwave sample dissolution for
DCP-AES analysis.

The interference of Cu and Fe on P was eliminated
by ion-exchange separation.

Non-alkali metal interferences were not fully
controlled by only Li buffer, but eliminated by
Li-La mixture buffering.

202

203

204

128

143,
170

5. Industrial Materials

Cr, Cu, Mg,
Mn, Ni, Pb

Coal Slurry introduction with extremely small (less than
20flm) coal particle size. Quantitative agreement
between experimental and certified values

83

(..,.)

o



B, Cr, Cu, Fe, Industrial

Mn, Mo, Ni, W products

Alkaline fusion for sample dissolution.

Matrix matching to eliminate interferences.

205

12 wear

metals

Hg

B

AI, Fe,

Ca, Mg

B, Fe,Cr,

Aircraft

lubricating

oils

ICI

Glass

Wet process

phosphoric

acid

Industrial

Direct analysis. DCP-AES and AAS methods were

compared and results were in agreement.

Recoveries were 89-102% and RSDs were 2-12%.

The wide linear range (0.50-130 J.lg ml- 1) negated

the necessity of diluting samples, resulting in the
DCP-AES procedure ten times faster than the
standard electrothermal AAS.

Spectral and matrix interferences were studied.

Lines of B at 249.773 nm and Fe at 249.782 nm

were easily resolved by the echelle spectrometer.

DCP-AES and AAS methods were compared and

the former showed advantages. The suppression

of Ca and Mg emission by phosphate encountered

in flame AAS was nonexistent in DCP-AES.

Matrix matching for obtaining accurate results.

206,
207

208

209

210

211

w
~



Cu, Mn, Mo,
Ni, W

AI, B, Ca,

Cr, Fe, Mg,
M,W

As(III),
As(V)

Silicon
compounds

6. Food

10 trace

metals

Trace alkali

and alkaline
earth metals

products

Silicon

nitride

(Si3N4)

Nitrate

Sodium
silicate
derivatives

Orange

JUIce

Orange

juice

samples were dissolved by alkali fusion method.

The suppressing effects of Si on the determination
of Ca and Mg were discussed.

DCP-AES and ion chromatography were combined
and the advantages of this combination were
demonstrated.

Gradient liquid chromatography with DCP-AES.

Flame AAS, flame AES/AFS, DCP-AES, and ICP-AES

methods were compared. They gave reasonable

agreement in the values obtained.

DCP-AES and ICP-AES methods were compared.

Matrix interferences were present in both cases
but more pronounced in DCP-AES.

212

213

162

214

138

W
N



Various Foods Slurry introduction-DCP-AES.

Results were compared with the certified values.
86

v.>
v.>
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VI. Hydride Generation

Elements of groups IVA, VA and VIA in the periodic table form

covalent hydrogen compounds, usually called hydrides. Among them,

germane (GeH4), stannane (SnH4), plumbane (PbH4), arsine (ASH3),

stibine (SbH3), bismuthine (BiH3), hydrogen selenide (HzSe), and

hydrogen telluride (HzTe) have been occasionally used for trace

analyses of these eight elements. The technique for producing the

hydrides, often called hydride generation, is readily combined with

detection systems, especially to atomic spectrometers.

The generation of arsine and stibine by the reduction of arsenic

and antimony compounds with zinc in acidic solutions has been well­

known over a century as the Marsh reaction and Guzeit test. The Marsh

reaction has been utilized for qualitative analysis of arsenic and

antimony, in which AsH3 and SbH3 are decomposed by heat to a

metallic mirror. Subsequently, arsenic, but not antimony, is oxidized by

NaOCI. The Guzeit test has been applied to quantitative analysis of As

and Sb. Arsine and stibine are absorbed on a paper impregnated with

AgN03 or HgCIZ. This test can be made quantitative by comparison with

standard stains for known samples. The application of hydride

generation in spectroscopic analysis initiated with the

spectrophotometric determination of arsenic in 1951 (215), with d.c.

arc emission spectrometry in 1955 (216), and with atomic absorption

spectrometry in 1969 (95). Since then, numerous publications have

appeared in literature dealing with hydride generation for atomic

spectrometric analysis (92-94). By coupling hydride generation with
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spectrometric techniques, detection limits of 2 to 3 orders of magnitude

better than conventional nebulization methods have been achieved

(92-93, 217-218). Although only a few elements can be determined

with hydride generation, most of them are of great importance and

have to be determined frequently at low levels in a variety of sample

matrices. Therefore, hydride generation technique has shown to be

promising for trace analysis.

Reaction for Hydride Generation

Metal-acid reaction was first used to generate covalent hydrides

(215-216, 219-223). Zinc-hydrochloric acid system has been often used

(219-221). In addition to the Zn-HCI reaction system, other metal-acid

reactions investigated include mixtures of Mg and TiCl3 with HCI and

HZS04 to generate ASH3, SeHz, SbH3 and BiH3 (222), and aqueous slurry

of AI-HCI reaction to produce AsH3, SeHz, and SbH3 (223).

Metal-acid reaction systems have been found capable of

generating only AsH3, SeHz, SbH3, and BiH3, with need for a reaction

time generally over 20 minutes in order to react quantitatively with

trace amounts of analytes. For arsenic determinations, As(V) has to be

prereduced to As(III) prior to the formation of arsine with metal-acid

reaction. A combination of SnClz and KI has been often used for this
/~,

reason (224-226). However, the prereduction and the actuial hydride
~

generation procedures make the determination time-consuming.

Furthermore, the metal-acid reaction system is not readily automated.
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Therefore, a more homogeneous and powerful reaction system, NaBH4

reduction system, has been studied.

Sodium tetrahydroborate(III) reduction to form elemental

hydrides for synthetic purposes has proved extremely useful (227­

228). The use of NaBH4 to form hydrides for spectrometric analysis was

first described in 1972 by Braman et ale (229), who used 1% aqueous

NaB H4 to generate arsine and stibine and swept the hydrides, with

helium carrier gas, to a d.c. discharge detector. With this system, they

were able to achieve detection limits of 1 ng and 0.5 ng for arsenic and

antimony, respectively.

Initially, NaBH4 pellets (230) were used in a similar manner as

the metal-acid reaction. In order to obtain a better homogeneous

reaction solution, greater control, and potential for automation, NaBH4

pellets were replaced by its aqueous solution with concentrations of

0.1 % to 12% (W/V). With NaBH4, eight elements, Ge, Sn, Pb, As, Sb, Bi,

Se, and Te were able to form their related hydrides. This reaction

system also overcame the drawbacks apparent in the metal-acid

reaction system. Thus there is no need for long reaction time under the

optimum conditions. The fast reaction rate results in more rapid

determination of hydrides. It is also ease of automation. Therefore, the

NaB H4 reaction has virturally replaced the metal-acid reaction system

for analytical methods of hydride generation.
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Two basic hydride generation - transportation systems, batch

system and continuous flow system, have been widely used. In a batch

system, an accurate volume of analyte solution is placed in a reaction

vessel followed by the addition of reducing agent, e.g. NaBH4 solution.

The hydrides and hydrogen produced in the reaction vessel are then

swept with carrier gas either directly to a detector or into a

collector/condenser prIor to the detection system. The

collectors/condensers used included a balloon (221, 224, 230-231), a

collection tank under the pressure (225-226., 232-233) and a cold trap,

such as a liquid nitrogen trap (95, 234-237). In the former two cases,

hydrides along with hydrogen were collected together and then

introduced as a discrete plug of vapor into a detection system. Under

the condition of liquid nitrogen trap, only hydrides were collected and

excess amounts of hydrogen were released due to its lower boiling

point (-252.8 °C) than that of liquid nitrogen (-195.8 0C). The

separation of hydrogen from hydrides has some advantages. The

sensitivity is increased due to the elimination of dilution factor by

hydrogen. Instability of a plasma or a flame caused by large amounts

of flammable hydrogen (229, 238-240) is also overcome. After the

hydrides are completely trapped in aU-shape tube, liquid nitrogen is

removed and the U-tube is electrically heated. The hydrides are then

evaporated upon heating, and transported to a detection system.

Through this cold trapping-evaporating process, different species of

hydride, inorganic and organic, can be determined separately (241-



Literature Review and Introduction: Hydride Generation 38

244). All hydride species, trapped In the U-tube, are eluted

sequentially upon heating and detected sequentially. This serves as a

fractionation based on the boiling points of different hydride species.

The batch type hydride generation system serves as a

preconcentration and separation procedure. Large amounts of sample

containing trace concentration of analyte can be used. The analyte is

separated from the sample matrix through the hydride generation

process and is simultaneously concentrated. Because the hydride IS

introduced to the detection system as one pulse, a transient signal is

obtained.

A continuous flow hydride generation system, on the other hand,

gives a continuous signal. Sample/standard solutions, acid solution, and

NaB H4 solution are c'ontinuously taken by a proportioning peristaltic

pump (244-246) or a pressurized reagent pump (247) and react in a

mixing coil. The generated hydride is then separated from the waste

solution in a gas/liquid separator. Hydride is continuously introduced

into an atomizer or a plasma for detection. Since it requires fast

reaction only NaBH4, but not the metal-acid reduction system, can be

used. Compared with a batch system, the continuous flow system is

easier for automation, more suitable for ICP-AES detection system,

where the stability of the ICP suffers from the single shot introduction

manner of the batch system. However, the sensitivity for the

continuous flow system is relatively lower than that for the batch

system.
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A variety of spectroscopic detection systems have been coupled

with hydride generation technique. Most often used have been atomic

absorption spectrometry and plasma emission spectrometry.

Atomic absorption spectrometry was first coupled with hydride

generation in 1969 (95). Since then, the major detection system for

hydride generation has been the AAS since the instrumentation has

been readily available in most laboratories. A number of different

flames were studied for AAS detection of hydrides (225-226, 231, 248­

254). Argon/hydrogen flame AAS combined with hydride generation

has shown relatively lower background absorption and improved

detection limits (248) compared to direct solution nebulization AAS

(92). Apart from the flame AAS, two common flameless (or

electrothermal) AAS devices, electrically heated quartz (244, 246, 255­

257) and graphite furnace (223, 258-259) have been used as atomizers

for hydride generation AAS. Due to the increased residence time that

the atoms spend in the optical path, elimination of the dilution of

hydride by flame gases, and the much reduced noise levels, the

flameless AAS has been shown to be more sensitive than the argon

hydrogen flame AAS (224). Therefore, a number of works (260-268)

have adopted the flameless AAS as the detection system for hydride

generation.

Lee (265) and Sturgeon et ale (268-270) have used a graphite

furnace as both trapping medium and atomization cell for hydride

generation. Hydrides, generated with NaBH4, were trapped in a
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graphite furnace at lower temperature (e.g. 600 OC), subsequently

atomized at higher temperature (e.g. 2600 OC), and detected by AAS. As

a result of the in-situ preconcentration, this combination of hydride

generation with subsequent trapping in the graphite furnace provided

increased sensitivity. This method has been applied for the

determination of Bi (265), As, Se, and Sb (269), and Sn (268) in

environmental samples.

Plasma AES coupled with hydride generation IS becoming

widespread due to the increasing availability of commercial plasma

instrument. In 1978, Thompson et ale (240, 271) first reported the

simultaneous determination of trace amounts of As, Bi, Sb, Se, and Te

by hydride generation in conjunction with ICP-AES. The hydrides,

formed in a continuous flow hydride generator system, were directly

introduced into the ICP and simultaneously detected by a multichannel

atomic emission spectrometer. With this system, the sensitivities and

detection limits were improved by an order of magnitude over

conventional ICP-AES methods. Up to now, the hydride generation ICP­

AES method has been applied for the determination of all eight hydride

forming elements. However, one commonly encountered difficulty in

the combination of ICP and hydride generation is the instability of the

ICP with the large quantity of hydrogen produced during the

generation reaction. This IS overcome by using a liquid nitrogen trap to

separate the hydrides from the hydrogen (217, 272-273), which

otherwise normally extinguished a medium power plasma discharge

(274), or using low acid concentration and continuous flow system to
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maintain a constant flow of the mixture gas of hydrides and hydrogen

(274-277) and using relatively high power RF input (271, 278-279).

Miyazaki et ale (97) has coupled hydride generation with DCP-AES

for the determination of submicrogram amounts of As and Sb. The

excess amounts of hydrogen, produced in the Zn-HCI reduction batch

system, were separated from hydrides through a liquid nitrogen trap.

Detection limits of 8 ng for As and 40 ng for Sb in a 20 ml sample were

achieved. Panaro and Krull (98) used a more stable three-electrode

DCP-AES system as a detector for the determination of arsenic through

hydride generation by using NaBH4 as reducing agent. A continuous

flow hydride generator system was used and the DCP-AES was

compared with flame AAS. The designs of hydride introduction sample

tube for a three-electrode DCP have also been described in a number of

papers (99-101).

ICP-MS has shown great promise for elemental analysis (280­

284). It combines the advantages of high energy ionization of the ICP

and sensitive detection of the MS. This technique has also been

combined with hydride generation for the determination of As, Se, Hg,

Sb, Bi, and Te (285) and Pb (286). With hydride generation, two orders

of magnitude greater sensitivity were obtained on ICP-MS.

Multielement and isotope ratio analyses can be made by ICP-MS

system with its additional advantage of fast scanning ability.

MIP-AES has also been utilized as a detector for hydride

generation (220, 238, 287-288). Non-dispersive atomic fluorescence

spectrometry (AFS) with both flame (289-291) and plasma (292) has

been shown to be very sensitive for hydride detection. Thermal



Literature Review and Introduction: Hydride Generation 42

conductivity (293), flame ionization (293), photoionization (294), mass

spectrometry (295-296), and molecular emission cavity analysis (297­

299) have also been utilized as detection system for hydride generation

with the combination of preliminary chromatographic separation.

Interference

Advantages of hydride generation have usually been stressed

because of its high sensitivity and relative simplicity. The desirable

analyte elements can be separated from almost all other accompanying

materials through hydride generation processes. Thus spectral

interferences, such as background attenuation by matrix elements, and

chemical interferences encountered in the detection system are

essentially eliminated. However, hydride generation itself is not free

from interference. The interferences can stem from both the hydride

production and transport processed (300).

Since Smith (301) carried out, in 1975, a general survey of

interference by 48 elements on the determination of antimony, arsenic,

bismuth, germanium, selenium, and tin, a number of papers (271, 302­

306) have been published on interference effects. Quantitative data

were determined by Pierce and Brown (304) for various concentrations

of several anions, cations, and acids on arsenic and selenium hydride

formation. In a later paper, these authors discussed the radical

differences In the interfering effects which derived from the method of

generation of the hydride and the mode of production of the atomized

arsenic in the beam of the atomic absorption spectrometer (305).
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Manual hydride generation with argon-hydrogen flame atomization,

automated hydride generation with heated quartz tube atomization,

and graphite furnace atomization were employed in their studies.

Thompson et ale (271) studied the effects of the valence states of the

potentially interfering elements in hydride generation by ICP-AES.

In a study of interference, Hershey and Keliher (306) extensively

investigated the interference effect In the determination of arsenic,

antimony, bismuth, and selenium by continuous flow and batch

hydride generation AAS and continuous hydride generation ICP-AES

systems. They observed that nineteen from a total of fifty elements

produced an interference effect greater than 10%. Cobalt, copper,

nickel, palladium, and platinum reduced the signal severely. It

appeared that transition metal ions caused the strongest interferences.

Many other papers have also reported interferences in the

determination of hydride forming elements (307, 309-315).

The mechanism of interference has been the subject of

considerable discussion. It was first thought that the interferences of

transition metal ions on hydride forming elements were due to their

competition for sodium tetrahydroborate(III). The reducing agent was

preferentially consumed by the interfering metals so that not enough

was available to convert the analyte elements into their hydrides (235,

248, 308). McDaniel et ale (235) suggested that interference effects

decrease with increasing concentrations of NaBH4. However, later

research (309-310) has proved this assumption was wrong. Welz and

Schubert-Jacobs (310) and Dittrich et ale (309) have found that less
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than 0.1 % of the NaBH4 was normally consumed to generate the

hydride and the interference was actually less with lower NaBH4

concentration. Similar results were obtained by Astrom (311), who

stated that the interference could be reduced by using a concentration

of NaBH4 as low as 0.1 %.

Welz and Melcher (310, 312-314) have proposed that

interference was related to the precipitation of the interfering element.

Thus the precipitation of a transition element prior to complete

reduction of analytes IS described as producing a gas-solid reaction in

which the hydrides are decomposed following adsorption onto the

finely divided metal. This was confirmed by using fine copper powder

instead of Cu2+ solution, where similar interference effects were

observed.

Brown et ale (307), Yamamoto et ale (315) and Bye (316)

suggested that interfering metal ions react with NaBH4 to produce

metal borides, not elemental metals. The metal borides then cause

capture and decomposition of hydrides (e.g SeH2) due to the high

reactivity of metal borides (316). Bye also noted that in the case of

reaction between NaBH4 and C0 2+, the precipitate was analyzed and

found consisting of cobalt boride with apparent stoichiometry of C02B

(317).

On the other hand, Aggett and Hayashi (318) suggested that

interference occurs in solution via the formation of a soluble species

formed between the interferant in a low oxidation state, stabilized by
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the tetrahydroborate(lll), and the hydrides, for example arsine. In the

paper, the authors support this conclusion with semi-quantitative

results for the analysis of arsenic and nickel in the spent solution and

solid material formed during reaction with sodium

tetrahydroborate(lll) solution. In a 10 ml solution containing 0.2 Jig

ml- 1 As(V) and 10 Jlg ml- 1 of Ni(ll) in 0.5 M Hel, 78% loss in arsenic

signal on AAS was observed after treated with 2.5 ml of 5% NaBH4,

compared with that in the absence of Ni(II). After the filtration of the

above mixing reduction solution, arsenic and nickel were analyzed by

GFAAS. Only 6% of arsenic and < 0.04% of nickel were found on the

filter. With differential-pulse polarogram analysis of the filtrate, nickel

was completely recovered.

The mechanism of interferences IS still not completely clear.

Research on hydride generation is certainly important to establish the

mechanism of interference effects and that responsible for the

interference reduction.

In order to reduce the interference effect, a number of papers

(319-325) have described the separation of analyte from sample

matrix prior to the determination by hydride generation. The

separation techniques applied include coprecipitation with manganese

dioxide (319), iron(III) (320) and La(OH)3 (321), liquid extraction

(322), electrodeposition, ion exchange chromatography, and chelating

resin (323-325).
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Various reagents have been used to reduce or eliminate

interferences in hydride generation. Belcher et ale (326) reported that

ethylenediaminetetraacetic acid (EDTA) reduced the interference from

Co, Fe, Ni, Zn, etc. in the determination of arsenic. EDTA has also been

used to reduce interference in the determination of other hydride

forming elements by hydride generation (327-328). Aggett and Aspell

(329) reported that acetate and citrate ions behave in a similar fashion

to EDTA. Guimont et ale (330) observed that thiocynate ion was better

able to reduce interference than either cyanide ion or EDTA. However,

with nickel contents over 100 Jlg, signal reduction was observed that

required a mathematical correction based on a linear relationship

between nickel concentration and arsenic recovery. Dornemann and

Kleist (331) investigated a number of chelating agents with a view to

eliminating the interfering effects of cobalt, copper, and nickel. They

reported that pyridine-2-aldoxime was more efficient than EDTA or

2,2' -dipyridyl. Peacock and Singh (332) reported that thiourea is

extremely effective in reducing interferences from a wide range of

elements. Unfortunately, high blank readings make the method

unreliable for the determination of trace concentrations of arsenIC.

Iron(III) has been used as a releasing agent for the

determination of arsenic (313) and selenium (333). In both cases, the

authors suggest that iron behaves as an oxidizing agent and the

reduction of iron(III) to iron(II) is kinetically favored over the

reduction of nickel(II) to nickel(O) (313) or nickel boride (316, 333).

Thus the formation of the hydride is essentially complete before the
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strongly interfering, low oxidation state nickel has had an opportunity

to form and interact with the arsine. Similar logic has been used in

rationalizing the partial reduction of interferences by use of

mercury(II) in the generation of germane from a solution containing

1000 Jig ml- 1 of cadmium(II) (334). It is clear that these experimental

results would support both the interelement compound formation

mechanism and the finely divided precipitation adsorption mechanism.

Other interference reducing agents include iodide (271), 1,10­

phenanthroline (335), thiosemicarbazide (335), tartaric acid (336),

ascorbic acid (337). The efficiency of interference reduction by masking

agents was found to depend on the reaction medium (338). In many

cases, especially if trace concentrations of the analyte exists in large

amounts of complicated matrix, the interference reducing agent is

inadequate.

Application of Hydride Generation Technique to

Analysis

The selective application of hydride generation is summarized in

Table 2 with a description of sample matrix, interferences and methods

for their reduction, detection technique for hydrides, and other

comments. In addition to the eight elements being occasionally
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determined, phosphorus (339-342), indium (343-344), TI (344),

chlorine (345-346) and bromine (346-347) have also been determined

by their hydrides.

Other gaseous sample introduction techniques for spectroscopic

instrument include cold vapor for mercury determinations (348-350),

chloride volatilization for arsenic (351), tetramethyl lead by AAS (352),

formation of carbonyl compounds for nickel (353) and osmium (354)

determinations.



Table 2. Selected Applications of Hydride Generation Techniques

1. Germanium Determination

Sample Matrix

Silicate rocks
Sulphide ores

GaAs
Semiconductor,
Polyethylene
tetraphthalate

Natural waters

Natural waters

Comment

Germanium was extracted into a mixture of CCl4 and 9 M Hel
and back-extracted into distilled water. Ge was determined
by HG-AAS with NzO-acetylene flame.

HG-ICP-AES was combined with flow injection and a membrane
gas/liquid separator. NaBH4 and phosphate buffer (at pH 6.5)
solutions were used as reductants. Interferences from other
hydride forming elements were negligible, and those from
transition metal ions were reduced with EDTA, but Au and
Pd still interfered severely.

Inorganic and methylgermanium species were reduced by
NaB H4 to the corresponding hydrides, stripped from
solution by helium gas stream, and collected in a liquid NZ
cold trap. The hydrides were released upon heating, and
measured by graphite furnace AAS. 25 min. of reduction
and stripping time was required for a lOO-ml- 1 sample.

HG-graphite furnace AAS. Same system as above. Detection

Reference

355

356

357

358
~

\0



limit was 140 pg or 0.56 ng L-l of Ge for a 250-ml sample.

2. Tin Determination

Marine biological
tissue and
sediments

Atmospheric
particulates

Suspended aIr
particulate

Waters

Stannane, generated with NaBH4, was subsequently
trapped and atomized in a graphite furnace for AAS
detection. 2000 ppm Fe3+, 2 ppm As3+, 1 ppm Ni2+,

0.1 ppm Cu2+, and 0.1 ppm Se4+ in solution did not
interfere with tin determinations.

Atmospheric particulate samples, collected on
Whatrnan 41 cellulose filters, were decomposed with
HZS04-HN03, followed by HF to dissolve residual
silicates. Stannane was detected by AAS with
detection limit of 2 ng mL-l of Sn.

A semiautomated continuous flow hydride generation
system for AAS with quartz atomizer. The interferences
from 20-fold excess of Cu, Ni, Sb, and As were eliminated by
the addition of sodium oxalate to the sample solution
or by precoprecipitation with heated manganese dioxide.

Total tin and organotin species were determined by
U-tube collection-batch hydride generation system
coupled with graphite furnace AAS, quartz atomizer AAS,

268

359

319

241

VI
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Waters

Natural waters,
Human urine

Waters,
Sediments,
Macro algae

and flame AAS. Interferences from germanium, especially
from methylgermanium compounds, were eliminated with
a dual-channel detection system. The inorganic tin blank
in NaBH4 was reduced by adding 1 ml of 2 M NaOH to
100 ml of NaBH4 and standing overnight to allow the tin
to adsorb to the container walls.

Volatile speciation of inorganic tin, methyl- and
n-butyltin compounds were formed through hydride
generation, trapped and separated on a chromatographic
packing material, and detected by AAS with an quartz
tube atomizer. Detection limits of 50 pg.

SnH4, CH3SnH3, (CH3)2SnHz, and (CH3)SnH were formed
by reaction of analyte with NaBH4. They were then scrubbed
with He carrier gas, trapped in a V-tube, cooled with a
liquid Nz bath, and separated upon heating. The Sn-H bond
emission was detected with a HZ -air flame emission
detector. This method achieved high sensitivity but had a
narrow calibration range and was time consuming, with
6-8 min. for process required.

Hydrides of inorganic tin and organotin compounds were
trapped in a liquid NZ cooled V-tube packed with glass
and separated based on their boiling points as the V-tube

360

243

361
l.n
~



Seawater

Marine and
estuarine
waters

Salmon tissue

Oysters

was heated. Detection limits of 0.4 ng for inorganic tin(IV)
and 2 ng for tri-n-butyltin chloride were achieved.

Hydride derivatives, formed by the reaction with NaBH4,
were cryogenically trapped in a silanized glass wool

U-tube, eluted to a quartz cuvette atomizer, and detected
by AAS.

Inter-laboratory comparison of results of di- and tributyltin
obtained by (i) hydride generation-dichloromethane extraction
followed by GC separation and flame photometric detection; and
(ii) hydride generation followed by cold trapping with boiling point
separation and flame AAS mesurement. Good agreement obtained.

Tri-n-butyltin (TBT) and di-n-butyltin (DBT) were
determined as hydride derivatives by GC. Organotins In
fish were extracted with a methanol/methylene chloride
mixture and the extracts were cleaned up on a small

silica gel column. Hydride derivatives of TBT and DBT were
formed in a packed reactor inside the injection port of a GC.
Following hydride generation, the hydrides were
separated on a wide bore capillary column and detected
with a flame photometric detector.

Inorganic tin, methyl- and butyltin compounds were determined

362

363

364

365
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Foods

Wines,
Sugar beets

Foods,
Alloys

Foods,
Steels, Alloys

Low alloy steel

by HG-AAS. A method for simultaneous extraction of the above
three species from oyster tissue without breaking the
carbon-tin bond was described.

HG-AAS. The tin signals were suppressed by 100 Jlg of Co, Cu,
Fe, and Ni without changing peak symmetry. As, Sb, and Se
reduced tin signals with peak distortion and imprecision.

HG-AAS. Reaction time of 25 seconds. and pH values between
0.90-1.25 were recommended. Four buffers, potassium
acetate, potassium phthalate, KCI, and sodium hydrogen
tartrate were compared for hydride reaction.

Tin was extracted into chloroform with ammonium
N-nitrosophenylhydroxamate prior to the determination
by HG-AAS with an acetylene-air flame.

A continuous flow HG system coupled with ICP-AES was
used to determine tin with detection limit of 50 pg ml- 1.

Mixtures of HN03-succinic acid and of HN03-malic acid were
found suitable reaction media. Thiourea reduced interferences.
Standard addition method was used for accurate determination.

HG was coupled with AFS and a small Ar-H2-entrained air flame.
Cr, Mn, and Mo did not interfere, but Ni and Cu significantly

366

367

322

274

368 V1
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Low alloy steels

decreased tin signal. To eliminate the error caused by the
interferences, a standard addition method was employed.

Non-dispersive AFS was used for HG detection with detection
limit of 1.2 ng or 0.6 ng ml- 1 of tin. At levels 1000-fold in
excess of tin, 29 elements studied caused tin signal change
less than 10% while 17 elements, with most of which being
transition elements, suppressed tin signal more than 10%.

292

3. Lead Determination

Water,
Galena

Water,
Oyster tissue

A combination of continuous flow hydride generation, isotope
dilution, and ICP-MS was studied and applied for lead
determination. Sulphosalicylic acid (0.4%) and NaCN (0.02%),
dissolved in NaBH4 solution, were used to reduce the serious
interferences from iron and copper, respectively. The detection
limit was restricted to 0.01-0.05 ng ml- 1 by the reagent blanks.

Malic acid-KzCrZ07, HN03-HZOZ, and HN03-(NH4)2SZ0g reaction
matrices were compared for the determination of lead by
continuous flow HG-AAS with a quartz tube atomizer. Ag, Au, Cu
and Cd interfered severely in all reaction systems. A dithizone­
chloroform extraction and back-extraction method was applied
to eliminate interfering ions.

286

260
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Aqueous
solution

Drinking
waters

Aqueous
solution

Aqueous
solution

Drinking

Three reaction media, 0.25 M malic acid (or tartaric acid)/
0.025 M K2Cr207, 0.5 M HN03 (or HCI, HCI04, or 0.25M H2S04)/
1.3 M H202, and 0.3 M HN03 (or HCCI, HCI04)/0.12 M K2S20g,
were used to enhance Pb sensitivity by HG-flame AAS. Pd(II),
Cu(II), Te(IV,VI), and EDTA interfered severely.

Lead in water samples was co-precipitated with manganese
to eliminate interferences from Cu and Ni. The precipitate was
then dissolved in 0.85% HN03, and lead was determined by HG­
flame AAS. The results were compared with those obtained by
graphite furnace AAS, flame AAS, and differential pulse anodic­
stripping voltammetry.

Plumbane was continuously generated and carried directly into
a low-power (100W) Ar or He MIP by the HG by-products,
predominantly being H2. Detection limit was 0.3 ppm with
HG-helium MIP-AES.

The Pb2+ was oxidized to Pb4+ with 0.2 M KBr03 in acidic
solution followed by addition of NaBH4. The gaseous
PbH4 formed was introduced into a premixed Ar-HZ flame
and detected by non-dispersive AFS. Detection limit was
20 ng or 2 Jlg ml- 1.

HG-AAS. Copper interference was reduced by addition of KeN

369

370

371

372

373
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water

Aqueous

solution

Air, Water,

Vegetable

Aqueous

solution

Aqueous

solution

Urine

and the pH of the sample solution was controlled between

1.5 and 2.2.

Plumbane was generated with efficiency of 64% in 0.5M-0.8M

HZOZ solution with addition of 5% NaBH4, and was carried by

argon to an ICP for AES detection.

Analyte solutions were made in 0.7% (V) HN03 or 1.0% HCI04

with 12% HZOZ. Hydrides were produced by reacting with 4%

NaB H4, and were detected by AAS with a quartz tube atomizer.

CrZ07Z+, Mn04-, Ce4+, 8z08Z-, and HZOZ as oxidizing agents

in determination of lead as hydride using NaBH4 were studied
and showed necessary. The effect of an oxidizing agent on the

plumbane formation was attributed to the oxidation of lead to
a metastable tetravalent state before conversion into plumbane.

Hydride generation efficiency using NaBH4 was found to be

90% for trimethyl-, triethyl-, and diethyl-Iead, 59% for

dimethyl-lead, and 27% for inorganic lead. Hydrides were

measured by a non-dispersive AFS with a small Ar-Hz flame.

Cu, Se, Te, and EDTA suppressed severely the lead signals.

Triethyllead (Et3PbCI), diethyllead (EtzPbCIZ) and inorganic
lead were determine·d by HG-AAS with detection limits of

374
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Steels,
Air particulates

Biological
materials,
Foods

Gasoline

0.005 J.!g Pb for Et3Pb+ and EtzPbZ+ and 0.1 Jlg for PbZ+.
Urine samples were prepared by the use of 0.5 M malic acid
for the generation of Et3Pb+, 0.75 M HzOz-0.004 M HCI04 for
EtzPbZ+, and 1.6 M malic acid-O.05 M KzCrZ07 for PbZ+; and
N aB H4 was used to generate hydrides. The hydrides were
condensed in a V-trap cooled with liquid Nz, fractionated
upon heating, and atomized in a quartz tube heated to
1000 DC for AAS detection.

The lead hydride generation was carried out on an aliquot of
Pb pyrrolidine-1-carbodithioate extract in chloroform by
the addition of NaBH4 solution in DMF.

Oxidizing agents HN03-HZOZ were used to improve the
efficiency of plumbane generation by reduction with NaBH4.
The presence of transition metals, Ni, Co, and Mn,
considerably increased the lead signal, with the enhancement
depending on the concentration of NaB14.

With NaBH4, no plumbane was generated in organic medium.
Lead was introduced into a silica tube atomizer for AAS
detection in the form of a volatile organometallic compound,
PbR4, rather than PbH4. NaHC03 was used to improve the
efficiency of the volatilization.
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4. Arsenic Determination

Mineral water,

Plant,

Soil digests

Natural waters

Cocoa beans

Seeweed (hijiki)

Mouse liver

Seawater

Hydrides of inorganic and methylated arsenic species were

trapped in a small volume of absorping solution containing

1000 Jlg ml- 1 of Ce(IV) as Ce(NH4)2(N03)6 and 800 Jlg ml- 1 of

iodide as KI, and determined by graphite furnace AAS.

Selective determination of As(V), As(III), monomethylarsonic

acid (MMAA) and dimethylarsinic acid (DMAA) by using

continuous HG and AAS detection. Citric acid-citrate, KI,
1,10-phenanthroline, EDTA, thiourea, and thiosemicarbazide
were used to minimize interferences in different reaction

media.

HG with ICP-AES. Detection limit of arsenic in dry ashed cocoa

beans was 0.004 Jlg g-l.

Four arsenic species were determined by HPLC-HG-flame AAS

system equipped with either an anion exchange column or a

gel permeation column.

A membrane gas-liquid separator was used for flow injection

HG-AAS determination of arsenic. Ni and Pt interfered with

arsenic determination.
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Waters

Seawater

Marine
materials

Copper

Glycerine

Orchard leaves
Bovine liver

Soils

Steel
Cast iron

As(V), As(III), methylarsonic acid and dimethlarsinic acid were
reduced to their corresponding hydrides at pH 1-2 by NaBH4.
The hydrides were collected and separated on a liquid NZ cold
trap, and then introduced into a d.c. discharge detector.

HG-AAS. As(III), As(V) and organoarsenic species determined.

Arsine was trapped in a graphite furnace at 600 0C prior to the
atomization and detection by AAS.

HG-AAS with air-CZHz flame. Interferences studied.

HG was combined with ICP-AES and flow injection with a
vapor-liquid separation cell. Peak area were used to measure
arsenic in the concentration range 0.12-3.0 Jlg ml- 1.

HG-AAS with a long absorption cell. Arsine was collected in
a liquid NZ cooled trap and then carried with He into a heated
AIZ03 tube (19 em long) placed within the graphite furnace
for AA detection.

HG-AAS. Ten sample digestion methods were compared.

HG-AAS. Samples were decomposed with HN03-HCI04.
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5. Antimony Determination

Natural waters

Geological
samples

PVC

River water

Wastewaters

Plastics

Differentiation of Sb(III) and Sb(V) species was achieved by
pH dependent selective reduction with NaBH4; i.e., pH at 2.2
for the formation of stibine from Sb(III) only, and in 1 M HCI
for total Sb. Stibine was preconcentrated in a cold trap and
atomized in a quartz tube atomizer for AAS detection.

A DCP-AES system was coupled with a batch-type hydride
generator.

Stibine was measured by a UV-Visible molecular absorption
spectrometer with diode-arry I detection.

HG-AAS. Water sample was preconcentrated and separated
with chelating resin.

Continuous HG system with ICP-AES detection.
Differentiation of Sb(III) and Sb(V) was performed according
to the pH dependence of the NaBH4 reduction step.

The samples were dissolved in HCI-DMF solution without
destruction of the organic material. Stibine was formed in
nonaqueous medium, DMF, and determined by AAS with quartz
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tube atomizer.

6. Bismuth Determination

Wastewaters,
Copper, Alloys,
Geological
samples

"Environmental
samples

Aqueous
solution

Geological
materials

HG-ICP-AES. KI and either KZCrZ07 or HZOz improved
bismuthine generation in Hel (1.0 M) with NaBH4. Thiourea
minimized some of interference effects. Standard addition
method was recommended for accurate determination.
Sensitivity was increased of a factor of three orders of
magnitude compared with a conventional nebulization ICP-AES.

HG-AAS with argon-hydrogen flame.
Detection limit was 1 ng of bismuth.

A flow injection technique was applied for semiautomatic
sample introduction for bismuth determinations byHG-AAS.
Nickel and copper were found to cause interferences.

Automated HG-AAS with a quartz tube atomizer.
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7. Selenium Determination

Lyophilized
human serum,

Interlaboratory trial on the determination of Se by HG-AAS.
Thirty laboratories from different countries obtained results
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Blood, Urine

Bovine liver

Coal

Marine
materials

Geological
samples

Zinc ore

Natural
waters

In good agreement.

Continuous HG-AAS with quartz tube atomizer. Standard
addition method was used. Results were compared with
those obtained by NAA.

HG-AAS with quartz atomizer. Interference caused by NOx

formed during sample digestion was eliminated by sulphamic
acid. The efficiency of the Se(IV) reduction with NaBH4 was
increased in the presence of halide anion. (KI was used)

HG-AAS. in-situ concentration of selenium hydride in a
graphite furnace.

Selenium in 32 geological reference materials were
determined by continuous flow HG-AAS. Samples were
decomposed with a mixture of HN03, HCI04 and HF.

Thiourea was used to minimize the interference from copper
in the determination of Se by HG-AAS. The results agreed well
with those obtained by NAA.

The hydrides of Se(IV) and Se(VI) were condensed and
revolatilize·d in a cryogenic trap, atomized in a quartz atomizer
and measured by AAS.
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Wastewater,
Soil, Plants

NBS SRM's

Biotic
materials

Cu alloys,
Ni sponge

Biological
materials

Flow injection with HG-AAS.

HG with flame-in-tube AAS.

H2Se was preconcentrated on a Chromosorb W column at
-150 0C prior to its atomization in a quartz tube for AA
detection.

A minicolumn of a chelating resin with iminodiacetate groups
was used for on-line removal of transition metal interferences
in microscale suction-flow HG-AAS

HG-AAS with quartz cell atomizer. A miniaturized suction-flow
on-line prereduction of Se(VI) to Se(IV) technique was described.
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8. Tellurium Determination

Steel and
Commercial
sulfur

High-purity

Te(IV) and Te(VI) were determined by HG-AAS. NaBH4 solution
alone was used as reducing agent to generate Te(IV) hydride.
TiCl3 solution was used as prereductant ·before the addition
of NaBH4 solution to obtain signal from total tellurium.

HG-nondispersive-AFS with premixed argon-entrained alf-
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coppers

9. Multielements

hydrogen flame. Zinc and NaBH4 reduction methods were
compared. Interferences were reduced by passing sample
solution through a Chelex-100 resin.

Elements Sample Matrix Comment Reference

AS,Bi,Pb,
Sb,Se,Sn,
Te

Ge,Sn

As, Bi,
Sb, Se, Te

Steels

Aqueous
solution

Steels,
Coal fly ash,
Flour

The seven elements were determined by HG-AAS in
an Ar-H2-entrained air flame with detection limits
in steel of 1 ppm for As, Sb, B, Se, and Te, and 2 ppm
for Sn and Pb. Interferences from Cu, Co and Ni were
partially reduced by Fe(III), iodide, and tartaric acid.

A continuous flow HG system coupled with ICP-AES
was applied for determination of Ge and Sn with
detection limits of approximately 0.2 ng ml- 1.

Intererences from a wide range of metals were found
and considerably decreased by addition of tartaric
acid to the HCI reaction media.

Hydride gerneration technique was coupled with flow
injection and AAS.
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As, Sb

As, Bi, Sb

As, Sb,
Se, Te

As, Se

Seawater

Low alloy
steels

Silicate
rocks and
Sulphide
ores

Coal

Differential determination of As(III) and As(V),and
Sb(III) and Sb(V) was made by using HG-AAS with
Hz-Nz flame. Ag+, Cu2+, Sn2+, Se4+, and Te4+

interferences were encountered.

HG in conjunction with sequential ICP-AES.

Simultaneous determination by continuous HG­
ICP-AES. The interference effects caused by lead,
gold and the platinum-group metals were extremely
serious. Analytes were separated from sample matrix
by coprecipitation with iron(III) at pH 2.4.
A standard addition method was used.

Continuous flow HG coupled with AAS or AFS.
Arsenic and selenium were separated from potentially
interfering metal ions by coprecipitation with La(OH)3.
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As, Bi, Sb, Mineral HG-graphite furnace AAS. Hydrides were subsequently 418

Se, Sn, Te water,
Soil

trapped into a small volume of absorbing solution
containing 500 Jig ml- 1 of Ce(IV) as Ce(NH4)2(N03)6
and 500 Jlg ml- 1 of iodide as KI. Ce served as an
efficient matrix modifier in graphite furnace AAS.
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Bi, Pb

As, Bi, Pb,

Sb, Se, Sn

As, Pb, Sn

Steel,

Cast iron

Aqueous

solution

Aqueous

solution

A Na202 flux in Zr crucibles and a HN03-HCI04 mixture

in a Bethge digestion apparatus were used for sample

dissolution. BiH3 was measured by graphite furnace

AAS with Zeeman background correction. Calibration

was done by standard addition.

A modified technique with a simple T-tube for

atomization held above conventional AAS burners

was described. Prior oxidation of Pb markedly

increased the sensitivity for Ph.

Hydride generation and flameless AAS.

419
420

421

422

As, Se Environmental DCP-AES with continuous hydride introduction was

samples applied for As and Se determinations with detection

limits of 4 ng ml- 1.

100

As, Se Biological

samples

A DCP-AES system was coupled with a continuous

hydride generator. Detection limits were 0.3 and 0.5
ng ml- 1 for As and Se, respectively.

1,lO-phenanthroline was used as masking agent to

minimize interferences from copper and nickel.
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As, Bi, Hg,
Sb, Se, Te

Environmental An ICP-MS system was used with hydride introduction.
samples Hydride generation gave 2 orders of magnitude greater

sensitivity. Memory effects were pronounced for Hg.

285

Ge, Sb Natural
waters, Air
particulates

As, Ge, Sb EPA
water
samples

Bi, Sb, Sn Pollution
aerosols

Antimony, germanium and methylgermanium
compounds in aqueous solution at pH 1.5 were converted
to their corresponding hydrides with NaBH4 reduction.
The hydrides were collected in a liquid N2 cold trap
prior to the detection by a d.c. discharge AES. Spectral
interferences from C02, N2 and H20 and chemical
interferences form Ag, Cu, Co, and Ni were encountered.

HG-ICP-AES with a sequential slew scan monochro­
mator. Hydrides of As, Ge and Sb were separated on
a column of Chromosorb 102, and introduced in the ICP.

Atmospheric particulates were collected on cellulose
filters, digested with H2S04-H202 for Sb and Bi, and
with H2S04-HN03 for Sn determinations by HG-AAS.
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As, Sb Geological
samples

Automated HG-AAS with a quartz cell atomizer.
Samples were decomposed with a mixture of HCI04­
HN03-HF-KMn04 solution. Interferences were reduced
by KI, A1Cl3 and ascorbic acid. 85 samples were analyzed.
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As, Se

As, Sb

Bi, Sb

Copper,
Nickel

Steels,
Orchard
leaves

Aqueous
solution

As and Se in Cu and Ni powder were separated with
Chelex 100 resin prior to the determination by HG-AAS.

A glass vial with internal volume of 8.6 ml, served as
a small hydride generator, was coupled with AAS.
Interferences were reduced by a mixture solution of
thiourea and ascorbic acid.

HG-AAS. 1,10-phenanthroline was used to reduce the
interference from nickel. In the presence of this
masking agent, 10,OOO-fold Ni2+ did not interfere
Sb and Bi determinations.
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to. Other Hydrides

P Phosphate Calcium phosphate was reduced to calcium phosphide
with aluminum powder at about 1100 oC, followed by
reaction with 2.7 N HCI to generate phosphine gas in
a graphite furnace atomizer as a reaction vessel. PH3
gas was then introduced into an ICP-AES. Detection
limit was 20 ng or 2 Jlg ml- 1 of P, which was one
order of magnitude lower than that obtained by direct
nebulization ICP-AES.
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P

P

In

In, TI

Commercial

reagents

Natural

water

Aqueous

solution

Aqueous

solution

Phosphine was formed by passing the sample mist

containing phosphate ion, produced by a ultrasonic

nebulizer, through an incandescent carbon tube.

Phosphine gas was then detected by gas phase

chemiluminescence with ozone oxidation.

Hydride generation combined with GC.

Indium hydride, produced by addition of 2% NaBH4

to a solution of indium in 3 M HCI, was flushed with

argon into an electrically heated silica tube and

detected by AAS. The sensitivity of 0.3 J.lg of In for

1% absorption was obtained.

The hydrides were formed in 1 M Hel (for In) and

1-1.5 M HCI or HN03 (for TI) with 1% NaBH4 solution,

flushed with argon into an electrically heated silica

tube, and detected by AAS. Effects of Hel concentration

and interferences from As, Te, Ph, and In on TI were
reported.
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VII. Research Goals

Interference effects cause the accurate and rapid analysis

difficult or even impossible (301, 306, 319-325, 336). The search for

the approaches for the interference reduction appears to be of

importance. The purpose of this research was to attempt to find

effective interference reducing agents and to apply them to the

determination of hydride forming elements. In addition, the benefits of

signal enhancement by easily ionized elements could provide some

advantages for analysis. If the analyte is introduced to the DCP while a

solution of EIE of fixed concentration is separately nebulized and

transported to the plasma jet, it should be possible to convert the

enhancement effect to an advantage in improving the sensitivity and

detection limit which is beneficial to trace analysis. Hydride generation

technique coupled with DCP-AES exactly offers this opportunity.

Through a modified DCP sample tube, hydrides and EIE solution can be

separately introduced into the DCP. The EIB buffering effect is thus

achieved with no need of time-consuming procedures for preparing

sample solutions with EIE doping. Therefore, a series of investigations

of the effects of EIEson the determination of antimony, arsenic,

germanium, lead, and tin by hydride generation coupled with direct

current plasma atomic emission spectrometry also form part of this

research work.
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The equipment used included a Beckman Spectraspan V d.c. plasma

atomic emission spectrometer with a modified sample tube (99), a

Dataspan data storage system, a Sargent-Welch XKR chart recorder and a

modified Beckman hydride generator as shown in Figure 5. In the

determination of arsenic with a gas-interrupted batch system, two

columns, M and N in Figure 5, were packed with a calcium sulphate

column (M) and Porapak Q (N). The Porapak Q column originally served as

a delay column in the gas-interrupted system to prevent the escape of

hydrides from the reaction vessel prior to recording signals and possibly

to separate large amounts of hydrogen. In the determination of tin by a

gas flow system, this column was replaced by a calcium chloride drying

column since the presence of Porapak Q did not improve the tin signal

and since it was expensive and needed to be replaced frequently because

of wetting. Therefore, two drying columns in series, packed with calcium

sulphate (M) and calcium chloride (N), respectively, were used in tin

determinations. Only one drying column, packed with calcium sulphate

was applied in the determination of germanium. By using calcium

sulphate (indicating Drierite) as the drying material, lead signals were

severely reduced due possibly to the interference of cobalt, used as an

indicator in the drying agent. To overcome this problem, a U-shape water

trap, shown in Figure 6, was used instead of any drying column, in the

determination of lead. The water trap was also used in antimony
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determinations, and was later found also applicable to tin and germanium

determinations.

Nc
Argon

F G
1l1li H

E t p
J

B
M

D

Figure 5. Schematic presentation of hydride generation system

A - Argon supply, B - Flowmeter, C - Sintered glass,

D - Buchner funnel (reaction vessel), E - to waste line,

F - Sample injection port, H - Hydride carried by argon,

G - NaBH4 solution (reducing agent) injection port,

J - Rubber stopper, M and N - Drying columns,

S - DCP sample introduction tube, P - DCP jet
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A Brinckman variable-volume Macro-Transferpettor was used for

all analyte injections with the volume fixed at 5.0 or 9.0 mI. A disposable

syrInge was used for the injection of 1.0-2.0 ml of sodium

tetrahydroborate(III) solution. A variable-volume Eppendorf pipette

fitted with disposable polypropylene tips was used to introduce the

interfering solutions for the interference studies.

An entrance slit of 50 Jim (horizontal) and 300 Jim (vertical) and

an exit slit of 100 Jim (horizontal) and 300 Jim (vertical) were used for

all five elements as recommended in the instrument instruction manual

(428). Wavelengths chosen were: arsenic at 193.696 nm, tin at 283.999

nm, germanium at 303.906 nm, lead at 283.306 nrn, and antimony at

259.805 nrn. Photomultiplier voltage and amplifier gain settings were

used appropriately to provide convenient signals and to minimize noise.

Other instruments used include a pH Meter (Model 810, Fisher

Scientific) and a DMS-100 UV-Visible Spectrophotometer (Varian).
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Figure 6. Schematic representation of the U-shape water trap

H - From the hydride generator, (mixture of hydride, argon, hydrogen,

and water)

V - Stopcock valve

P - To the DC plasma

W - Distilled water

C - Container for collecting water

Reagents

1. Stock solutions and standard solutions

Arsenic(V) solution (1000 Jig ml- 1) and arsenic(III) solution (1000

Jig ml- 1) were prepared from NazHAs04·7HzO (BDH, AnalaR, 98.5%) and

AsZ03 (Thorn Smith, 100.00%) respectively. Since the As(V) solution was
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prepared from a non-standard reagent, the concentration was verified by

comparison with the As(III) solution, prepared from standard arsenic(III)

oxide, in the d.c. plasma spectrometer. Solutions for the determinations

were subsequently prepared by dilution with 5 M hydrochloric acid

solution with or without 3% L-cystine.

Germanium stock solution (1000 Jlg ml- 1) was prepared by

dissolving the appropriate amount of ammonium germanium(V) oxalate

hydrate (Aldrich Chemical Co. Inc., 99.998%, containing 14.5% of

germanium) in deionized water and making up to 500.0 mI. The standard

solutions of germanium were obtained by serial dilution from this stock

solution with 0.04 M HN03 or 0.015 M HN03 and 0.4 % L-cysteine solution.

Tin stock solution (1000 Jlg ml- 1) was prepared by dissolving 1 g

tin shot weighed accurately ( J. T. Baker, "Baker Analyzed" Reagent,

100.0%) in concentrated HCI acid (100 ml). The solution was diluted with

deionized water to 1000.0 mI. Standard solutions of tin were made by

serial dilution from this stock solution with 0.05 M HN03 unless stated.

Lead stock solution (1000 Jig ml- 1) was prepared by dissolving an

appropriate amount of accurately weighed Pb(N03)2 (AESAR, 99.999%) in

2.0 N HN03 and diluted to 1000.0 ml with deionized water. Standard lead

solution was made in 0.30% (m/V) potassium dichromate and 0.060 M

malic acid.

Antimony stock solution (1000 Jig ml- 1 ) was prepared by

dissolving 0.6 g of Sb203 (J. T. Baker Chemical Co., 99.7% ), weighed

accurately, in 2.0 N HCI and diluting with deionized water to 500.0 mI.

Standard solutions of antimony were prepared by serial dilutions of this

stock solution with 0.050 M HN03.
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2. Sodium tetrahydroborate(III) solution

In the determination of tin, the tin blank from sodium

tetrahydroborate(III) (NaBH4) was a problem. NaBH4 from Anachemia

was used as the reducing agent since it had a very low tin blank. However,

later lots were found to have higher concentrations of tin. Thus there is

an obvious need to check on each batch of reagent before it is used. In

order to decrease the tin blank in the NaBH4 reagent, a 4% (m/V) NaBH4

aqueous solution was treated by sparging. An appropriate amount of

NaB H4 was dissolved in deionized water. This solution was sparged with

argon for 30 minutes. To minimize decomposition, sufficient solid sodium

hydroxide was then added to the solution to make it 0.1 M with respect to

NaOH. This solution was filtered prior to use. Solutions of NaBH4 were

prepared fresh every three days and kept in polyethylene bottles prior to

use. In the determination of arsenic, germanium, lead and antimony,

NaB H4 from BDH and from AESAR was also used and was prepared

similarly to the above without sparging by argon.

3. Other Reagents

Argon of welding grade (Union Carbide, Canada) proved to be

sufficiently pure for use without further treatment. L-cystine and L­

cysteine (free base) were obtained from Sigma Chemical Co. (Sigma grade).

The blanks, from L-cystine and L-cysteine, of all five hydride forming

elements in this study were very low. BDH AnalaR nitric acid was found to

have high tin blank and so E. Merck Suprapur nitric acid was used, which

was found to have a low tin blank. In the determination of other elements,
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BDH AnalaR nitric acid was also used. All other chemicals were analytical

reagent grade or better. All reagent blanks were subtracted from the

signal of the analyte.

Sample Dissolution

Copper "Benchmark": A sample of the SRM (1.0-1.5 g) was weighed

accurately and transferred to a beaker. A solution of 1: 1 VIV nitric

acid (20 ml) was added and the solution was allowed to stand or was

gently heated until all of the sample had dissolved. The solution was

transferred to a 100 ml volumetric flask and made up to the mark with

deionized water. For the determination of germanium, a 2.0 ml aliquot

was taken and diluted to approximately 85 ml with a solution of 0.4 %

mlV L-cysteine. The pH was adjusted to 2.3-2.5 with a 1: 1 V/V

solution of ammonia before the solution was transferred to a 100 ml

volumetric flask and made up to the mark with 0.4% m/V L-cysteine.

For the determination of tin, a 10-ml aliquot of the sample solution was

transferred into a 100-ml volumetric flask and diluted to the mark with

0.04 M HN03. The final concentration of nitric acid in the analyte

solution was approximately 0.05 M.

Open Hearth Iron 55E: A sample of the SRM (1-1.5 g) was weighed

accurately and transferred to a beaker. A solution of 1: 1 aqua regia

VIV (20 ml) was added and the mixture was allowed to stand, with

gentle warming, for one hour. The solution was then transferred to a

500 ml volumetric flask. After the solution was made up to the mark

with deionized water, a 5.0 ml aliquot was taken and diluted to 100 ml
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with a 0.4 % (m/V) solution of L-cysteine for germanium

determinations. Adjustment of the pH to 2.3-2.5 was made with 0.5 M

nitric acid prior to the solution being made up to the mark in the

volumetric flask. For the determination of tin, a 10-ml aliquot of the

sample solution was taken and diluted to 100 ml with 0.04 M HN03. A

10-ml aliquot of the sample solution was diluted to 100 ml with a

solution of 3% L-cystine in 5 M hydrochloric acid for the determination

of arsenic.

Low Alloy Steel 363: Approximately 0.2-0.5 g of the sample was

weighed accurately. The sample was dissolved in 20 ml or 1:1 nitric

acid-water solution and then transferred to a 500-ml volumetric flask.

The solution was diluted to the mark with deionized water. For tin

determinations, a 10-ml aliquot of this solution was diluted to 100 ml

with 0.04 M HN03. For the determination of arsenic, a 10-ml aliquot was

diluted to 100 ml with a solution of 3% L-cystine and 5 M hydrochloric

acid.

Duplicate samples of the two SRMs were spiked with germanium to

determine recoveries. Thus, 0.5 Jlg germanium was added to one gram

of Copper I and 20 Jlg germanium was added to one gram of the Open

Hearth Iron 55E.
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Arsenic:

The arsenic solution (5.0 ml, 50 ng ml- 1) was added to the reaction

vessel. Interferent solution (1.0 ml) was added in the case of

interference studies. Sodium tetrahydroborate(III) solution (1.0 ml) was

added and the reaction was allowed to proceed for 30 seconds before

argon was passed through the solution to strip the arsine from the vessel

and pass it to the plasma. After the determination was complete, the

reduced solution was drained from the reaction vessel. The signals were

measured as peak heights.

Tin:

Argon was allowed to flow continuously through the reaction vessel

during the entire working time. Solid L-cystine (0.4 g) was added to the

reaction vessel. The analyte solution (5.0 ml) (plus 1.0 ml of interferent

solutio, in the case of interference studies), was added, followed by 1.0

ml of 4% sodium tetrahydroborate(III) solution. Since argon was kept

flowing through the vessel while the analyte solution and the reductant

were added, argon stripped the stannane from the reaction vessel and

immediately passed it to the plasma. The signals were measured as peak

heights. After the determination was complete, the reduced solution was

drained from the reaction vessel to waste. The reaction vessel was

washed three times with deionized water before the next determination

was performed. The peristaltic pump was used to pump distilled water

into the nebulizer and thence around the outer tube of the DCP torch
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head. Although this did not affect the sensitivity, better stability and

baseline were achieved when water was nebulized.

Germanium:

A gas flowing batch system was used for hydride generation

similar to that used for the tin determinations. The analyte solutions (5.0

or 9.0 ml) made in 0.015 M HN03 and 0.4% L-cysteine were added,

followed by sodium tetrahydroborate(III) solution.

Lead:

A gas flow system was also used in the determination of lead. Three

reaction media, (NH4)ZSZOg - HN03, HzOz - HCI, and KZCrZ07 - malic acid,

were studied and the details appear in the discussion section.

Antimony:

A gas flowing batch system was also used for antimony

determination. 0.050M nitric acid was used for the preparation of the

antimony solutions. It appeared that even a very little NaBH4, remaining

in the reaction vessel left from a previous determination, can reduce

antimony to its hydride. In order to avoid the uncertainty caused by the

adsorbed NaBH4 on the reaction vessel, a reversed order for injection of

sample and sodium tetrahydroborate(lll) solutions was used, i.e.,

injection of sodium tetrahydroborate(lll) prior to the sample solution to

ensure that an excess of NaBH4 was available. The antimony signal was

observed immediately after the antimony solution was injected.

Application of signal enhancement by EIEs:

In the study of signal enhancement by EIEs, a gas flow system was

employed In the determination of all the five elements. The basic

parameters of hydride generation procedures for As, Sb, Ge, Sn, and Ph
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are summarized in Table 3. The method of introduction of hydrides and

EIEs is illustrated in Figure 7. A modified sample tube (B), discussed

elsewhere (97), was used to introduce hydride, carried by argon from the

hydride generator, to the d.c. plasma. The inner tube of the modified

sample tube was designed for introduction of gaseous hydrides (A), while

the outer tube was designed for the introduction of analyte solution by

conventional nebulization. In this work, the latter was used for the

introduction of distilled water and EIB solutions. The SpectraSpan

peristaltic pump (E) was used to pump distilled water into the nebulizer

(D and C) and thence around the outer tube of the sample tube. Therefore,

a simultaneous but separate introduction of gaseous hydrides and BIB

solutions was achieved. Distilled water and EIB solutions were pumped at

a rate of 1.9 ml min-I.



Table 3. Experimental parameters for hydride generation

Amount of
NaBH4

Analyte
Medium

Amount of
Analyte (1)

Carrier Gas
Wavelength Flow Rate

(nm) (L min.-1r/-) _

Element

As (2) 193.696 0.97 5 m120.0 ppb 0.1 MHN03
or

0.1 M HN03 &
1% L-cysteine

1.5 ml
6%

Sb 259.805 0.97 5 m120.0 ppb

Ge 303.906 0.74 9 m12.0 ppb

Sn (3) 283.999 1.21 5 m12.0 ppb

Pb 283.306 0.93 5 m120.0 ppb

0.05M HN03 1.0 ml
60/0

0.015M HN03 & 1.5 ml
0.4% L-Cysteine 6%

0.05M HN03 + 1.5 ml
0.4g solid L-Cystine 6%

0.3% K2Cr207 & 1.5 ml
0.06 M malic acid 10%

(1). Analyte concentration may vary.

(2), Analyte medium and NaBH4 for "Determination of Arsenic" in section I were 5M HCI & 30/0 L-cystine and 1.0 ml of

40/0, respectively.

(3). Amount of NaBH4 for "Determination of Tin" in section II was 1.0 ml of 4% (m/V).

00
N
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Figure 7. Schematic representation of the introduction of
hydrides and EIEs to the d.c. plasma
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Chapter 3. Results and Discussion

I. Determination of Arsenic

Acid concentration

Hydrochloric acid at high concentration reduces interference for

some elements. Thus, 5 M hydrochloric acid has a negligible effect on the

arsenic signal but improves the recovery of arsenic in the presence of

iron and copper compared with similar determinations in 1.4 M Hel.

These results are in good agreement with the results of Aggett and

Aspell (329) and Hershey and Keliher (306). In addition, interference

from cadmium was reduced (429). Although high levels of hydrochloric

acid in the solution may produce instability in ICP systems, no such

problems were encountered in this work.

Effect of L-Cystine

The effectiveness of a solution of 3% L-cystine in 5M HCl on the

reduction of interferences is clearly demonstrated in Figures 8-10. 5.0 ml

of 50.0 ng ml- 1 As(III) in 5 M HCl and 5 M HCI-3% L-cystine solution and

1.0 ml of interfering solution were used to perform these experiments. In

the absence of L-cystine, 1000 J.lg ml- 1 of Co(II), 100 J-lg ml- 1 of Ni(II), or

10 JIg ml- 1 of Pt(IV) suppress arsenic(III) signal over 10%. However,

with 3% L-cystine, these interferences were eliminated. Recovery of

arsenic in the presence of transition elements is summarized in Table 4.
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As we can see, interferences from cobalt(II), copper(II), iron(II),

nickel(II), and zinc(II) at concentrations of up to 10,000 ~g ml- 1 are

effectively eliminated. Thus, a 10-100 fold excess of transition metals can

be tolerated, in the presence of 3% L-cystine, compared with solutions

containing no L-cystine. Particularly noteworthy is the almost complete

elimination of interference from nickel(II).

Very poor recoveries of the arsenic signal were obtained in the

cases of gold(III) and palladium(II). Thus, in the absence of L-cystine, a

poor (16%) recovery of the arsenic signal was achieved in the presence of

only 1 ~g ml- 1 of palladium(II). Although interference was reduced by

L-cystine, and a recovery of 76% was achieved at this level, the recovery

was only 21 % at lO~g ml-1 Pd(II).

For comparison, the recoveries of As(V) in the presence of

transition metals were also listed in Table 4. Results for arsenic(V) closely

followed those for arsenic(III) for the selected examples.
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Table 4. Recovery of 50.0 ng ml- l of As(III) and As(V) from

Solutions of Transition Metals

Metal

Ions

Amount

Added

1.0 ml

(Jlg ml-1)

Recovery of AsCIII) (%)

without with 3%

L-cystine L-cystine

Rf£oyery of A5(V) (%) *
without with 3%

L-cystine L-cystine

80 100

n.d. 86

75 100

n.d. 105

n.d: 112

87 100

80 87

100 99

98 96

16 76

n.d. 21

n.d. n.d.

100 100

Fe(II) 1000

10000

Fe(III) 1000

10000

Co(ll) 1000

10000

Ni(II) 100

1000

10000

Cu(II) 1000

10000

Zn(II) 1000

10000

Pd(II) 1

10

100

Ag(I) 10

95

100

100

98

108±4 (3)

106±4 (3)

108±1 (3)

61±8 (8)

81±1 (3)

n.d.

2.8±0.8 (3)

n.d.

lOO±6 (3)

82±5 (3)

107±4 (3)

108±1 (3)

13±1 (3)

n.d.
n.d.

98±5 (3)

97±4(4)

96±6 (3)

103±2 (5)

105±6 (5)

100±1 (3)

91±1 (3)

99±2 (3)

95±1 (3)

102±3 (3)

91±3 (3)

10l±3 (3)

93±2 (3)

82±4 (3)

20±1 (3)

n.d.

103±6 (3)
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100 100 100 91±1 (3) 101±7 (3)
1000 63 76 92±1 (3) 95±1 (3)

eden) 1000 105 92±8 (3) 99±6 (3)
10000 95 80±3 (3) 68±3 (3)

Pt(IV) 10 80 100 87±2 (3) 101±5 (3)
100 5 92 6±1 (3) 89±1 (3)
1000 n.d. 89 n.d. 92±2 (3)

Au(nI) 10 72 52 74±1 (3) 69±2 (3)

100 n.d. n.d. n.d. 5.9±0.8 (3)

1000 n.d. n.d. n.d. n.d.

Hg(II) 10 89 110 80 92±2 (3)

100 79 109 76 89±5 (3)
1000 55 61 88 100±2 (3)
10000 62 64±3 (3)

* See reference 430
t n.d. - not detected

- not determined
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Determination of Arsenic in Iron and Steel

Determination of arsenic in NBS Standard Reference Material Open

Hearth Iron 55E and Low Alloy Steel 363 gave excellent results.

Standard additions technique was used to determine if there were any

systematic interferences with the method. Final concentrations and

standard deviations were determined from the standard addition line by

the method outlined in Miller and Miller (431) and adapted for use in the

EXCEL database program. In the case of the Open Hearth Iron 55E, two

replicate determinations were carried out to verify the methodology; in

the case of the Low Alloy Steel 363, a duplicate standard addition was

performed. The data for the determinations are summarized in Table 5.

The slopes of the calibration lines and standard addition lines gave

recoveries between 94 and 107%. This indicates that there are no

systematic interferences in these determinations. Under normal

circumstances, there would be no need to carry out the standard addition

method for this type of analysis.
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Table 5

92

Calibration an(l Stan(lar(l AdditiQn for Ar~enitDetermin3tiQn

NBS Low Alloy Steel 363 ( duplicate)

Correlation Coefficient: 0.996 (calibration (4 points))

Correlation Coefficient: 0.999 (standard addition (6 points))

Calculated Concentration: 101±7 Jlg g-l

NBS Certified Concentration: 100 Jlg g-l

NBS Open Hearth Iron 5SE (2 replicates)

Correlation Coefficient: 0.999 (calibration (4 points))

Correlation Coefficient (1): 0.999 (standard addition (6 points))

Correlation Coefficient (2): 0.998 (standard addition (6 points))

Calculated Concentration (see reference 431): 72±4 Jlg g-l (1), 70±6 Jlg g-1(2).

Group mean 71±7 Jlg g-l

NBS Certified Concentration: 70 Jlg g-l
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Preliminary study with gas flowing batch system

Later research showed that the determinations of tin (432) and

germanium (433) were speeded up by using a gas flowing system. L­

Cysteine was also found to be effective in improving germanium signal

and in speeding up the reactions. Therefore, a preliminary study on a

gas-flowing batch system for the determination of arsenic and the effect

of L-cysteine was carried out. Figure 11 shows the effect of nitric acid

concentration on arsenic(V) signal. As the nitric acid concentration

Increases from 0.02 M to 0.20 M, the peak height of arsenic signals

increases. Since high acid concentration caused a distortion of the plasma,

due to the large amounts of hydrogen produced, a nitric acid

concentration of 0.10 M was chosen, which gave adequate arsenic signals

without plasma distortion. Further, the addition of L-cysteine was found

to speed the reaction and increase peak height of arsenic signal. The

addition of L-cysteine and L-cystine was also found to reduce the

interference in the gas flowing system as shown in Table 6.
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Figure 11. Effect of nitric acid concentration on arsenIC signal with

gas flowing batch system.
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Table 6. Recovery of 5.0 ml 100 ng ml- 1 As(V) In the presence of

Cu(II) and Ni(II)

Metal Amount

Ions Added

Recovery of As(V) (%)

Without With With

addition 0.3 g solid 0.3 g solid

L-cystine L-cysteine

Cu(II) 0.1 ml

1000 Jig ml- 1

Ni(II) 0.1 ml

10 Jig ml- 1

39

5

108

95

86

90
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II. Determination of Tin

96

Optimization of Instrument Parameters

The detection wavelength is an important factor that influences

the sensitivity and detection limit of tin determination. Even at the

same wavelength, tin sensitivity is reported to be different using

different detection methods (360, 434). Therefore, it was necessary to

choose an appropriate wavelength for tin determination by DCP-AES. A

30 Jlg ml- 1 tin solution was nebulized directly into the D.C. plasma by

conventional DCP-AES method(428). Wavelength scans of the emission

signals at the tin resonance and non-resonance wavelengths: 224.60 nm,

284.00 nm and 286.33 nm, were obtained. Figure 12 shows the tin

peak scans obtained with 30 Jlg ml- 1 tin at the given. wavelengths with

the background signal subtracted. As can be seen, the highest sensitivity

of the tin signal was obtained at the wavelength of 284.00 nrn,

which is approximately nine times higher than that at the 224.60 nrn

resonance line. Therefore, 284.00 nm was chosen as the tin wavelength.

The difference between the sensitivities obtained In this work and the

literature reports (360, 434) is probably due to the different detection

techniques between DCP-AES and AAS.
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The relative position of plasma and slit (observation height) also

affect the tin signal and the background. So the optimium position of

plasma jet and slit should be matched in order to give the highest

tin sensitivity with low background. Unlike the conventional DCP-AES

method in which the relative position of plasma and slit can be

optimized by the instrument peaking procedure (428), with the

combination of DCP-AES and hydride generation system, the observation

height is also affected by the sudden surge of gas as NaBH4 is added to

an acidic analyte solution. To find the optimum observation height, a

primary requirement is to have an indication or a scale for measurIng

the observation height. The baseline digital readout was thus chosen as

a (non-linear) function of the observation height at a particular PMT

voltage and amplifier gaIn setting. As the observation height is

increased the baseline signal increases, since the entrance slit of the

spectrometer intercepts more plasma image. At different observation

heights, the atomic emission signals of 1 ng ml- 1 Sn were obtained and

are shown in Figure 13. At a PMT setting of 5 and a gain setting of

46, for this instrument, the optimum observation height corresponds to

a baseline signal between 250 and 400 in the presence or absence of L­

cystine. Therefore, the observation height corresponding to a baseline

signal of 300 was chosen for all determinations.
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Figure 13. Response as a function of observation height.
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Figure 14. Effect of argon flow rate on tin signal
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Argon was used as carrier gas to strip the hydride from the

reaction vessel into the plasma. The gas flow rate is also a factor that

influences the peak heights of tin signals. Figure 14 shows the effect of

gas flow rate on the tin signals. The upper row of numbers on the

horizontal axis are the scales shown on the flow meter, and the lower

row numbers are the calibrated argon flow rates corresponding to the

flow meter scales. As shown in Figure 14, the peak heights of tin signals

increased with increasing argon flow rate from 488 to 1045 ml min-I.

The optimum argon flow rate was found to be at 1215 ml min-I.

Therefore, the argon flow rate to the hydride reaction vessel was

adjusted to 1215 ml min-I, which corresponds to the flow meter scale

number 70.

Hydride Generation

In order to be sure that the maximum amount of tin in the analyte

solution is reduced to stannane, the effect of reaction time on the tin

response was investigated. The reaction time here was the period of

time between the addition of the sodium tetrahydroborate(III) solution

to the analyte in the reaction vessel and the stripping of the hydride

by argon. From Figure 15, it is clear that reaction times from 5 to 60

seconds give identical signals for tin. If the reaction time is longer than

60 seconds, the peak heights decrease gradually, due possibly to the

diffusion of stannane from the reaction vessel into the tubing or into the
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plasma, before the signal is recorded. These results suggest that the

reaction between tin species and NaBH4 to form SnH4 is very fast under

the given conditions. Thus, assuming that the reaction was essentially

instantaneous, argon was allowed to flow continuously through the

reaction vessel while the analyte solution and the reductant were

added. Argon stripped the stannane from the reaction vessel and

immediately passed it to the plasma. With this modification, the analysis

speed IS improved dramatically. Thus In one minute a whole

determination can be performed, including injection of sample and

NaB H 4 recording the signal, draining of the reduced sample to waste,,

and washing. By maintaining the carrier gas flow through the system,

the change of plasma position, and the background nOIse are

significantly decreased.

Figure 16 shows the results from the analysis of 2 ng ml- 1 tin.

Figure 16 A shows the signals obtained by the interrupted gas flow

system and Figure 16 B shows the signals from the continuous gas flow

system. The reproducibility of peak heights, shown in Figure 16 B, is

much improved compared to those in Figure 16 A. This improvement In

reproducibility is perhaps due to a reduction in the number and timing

of the manual operations on the system, such as turning stopcocks, and

may also be due to the elimination of the sudden increase in the gas

flow.
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Time

Figure 16A. Tin response after 30 seconds reaction time.

Note the high background prior to the

analytical determination
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Time

Figure 16B. Response from a solution of 2.0 ng ml- 1

when argon was allowed to flow through the

system continuously. Note improved

reproducibility.
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In agreement with the literature (274, 336), the acid

concentration of the solution IS a critical factor which affects stannane

formation. Nitric acid and hydrochloric acid were chosen as the media

for tin solutions to investigate their effects on the tin hydride

generation. As can be seen from Figures 17 and 18, the best tin signals

are obtained with either 0.05 M Hel or 0.05 M HN03 solutions. The acid

concentration is clearly quite critical in the generation of the maximum

quantity of SnH4. However, the addition of 0.4 g L-cystine to the system

extends the acceptable range of nitric acid concentration to between

0.04 and 0.06 M. Since HN03 gives a relatively wider concentration

range for stannane formation, has a lower tin blank, and is often used

for sample dissolution, 0.05 M HN03 was chosen as the medium for the

tin standards and for sample solutions.

In order to know the acidity of reaction solution, the pH values of

the reaction solution were determined and shown in Table 7. AS.O-ml

aliquot of 0.50 ng ml- 1 tin in different concentrations of HN03 or Hel was

taken and placed in a beaker. Then 1 ml of 4% NaBH4 in 0.1 M NaOH

solution was added and the pH value of this reaction solution was

measured by using a pH meter. For comparison, the pH determinations

of solutions both with and without addition of 0.4 g L-cystine prior to

the addition of NaBH4 were performed. As shown in Table 1, under the

optimum conditions, the reaction solution, after the hydride reduction is

complete, is still slightly basic. This is slightly different from the result

reported by Thompson and Pahlavanpour (336), who indicated that a

neutral solution was obtained.
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Figure 17. Effect of hydrochloric acid concentration on tin signal.
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Figure 18. Effect of acid type and concentration on tin
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6, - 0.40 ng ml- 1 Sn in Hel, 0 - 0.40 ng ml- 1 Sn

in HN03,.· 0.40 ng mI-l Sn in HN03 with 0.4

g L-cystine added.
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Table 7. The pH values of reaction solution after hydride reduction IS

complete.

pH Values of Reaction SolutionHelor
HN03
Cone.
(M)

HCI Medium
Without With

L-cystine L-cystine

HN03 Medium
Without With
L-cystine L-cystine

0.010 9.92 9.46 10.20 9.36

0.020 9.75 9.34 9.76 9.28

0.030 9.58 9.28 9.48 9.18

0.040 9.43 9.13 9.28 9.03

0.050 9.31 9.03 9.14 8.99

0.060 9.22 8.93 8.98 8.87

0.070 9.05 8.84 8.89 8.82

0.080 8.83 8.78

0.10 8.63 8.60
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Interference Study

The work on the determination of arsenic, as discussed in the

prevIous section, showed that a solution of 3% L-cystine in 5 M Hel

played an efficient role in reducing interferences from transition metal

ions in the determination of arsenic. L-cystine dissolves in 5 M

hydrochloric acid but is poorly soluble in distilled water. Clearly a

strongly acidic solution would suppress the production of SnH4, as

indicated in Figures 17 and 18. To solve this problem, solid L-cystine

was added directly to the reaction vessel for each determination prior to

the addition of analyte and NaBH4 solutions. It became clear that L­

cystine was an efficient reagent for transition element interference

reduction.

Preliminary studies were carried out to choose the appropriate

amount of L-cystine to be added to the reaction vessel. As shown in

Figure 19, in the case of the tin standard solution, the tin signal

increases with the increase of L-cystine added until 0.07 g had been

added. At this point, the tin signal is approximately 10% greater than

the signal in the absence of L-cystine and remains at this level as

increasing amounts of L-cystine are added. In the presence of

interfering ions, a greater amount of L-cystine is required. Thus in the

presence of 10 Jlg ml-1 or 100 Jlg ml- 1 Ni(II), the tin response

increases until it reaches a maximum when 0.3 g of L-cystine is added.

Although satisfactory recovery of tin is achieved at the level of 10 Jlg

ml- 1 Ni(II), the recovery is only 60% and stays at this level over the

addition of 0.3 g to 0.9 g L-cystine in the presence of 100 Jlg ml- 1
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nickel. Therefore, 0.4 g of solid L-cystine was chosen as the amount to

add to the reaction vessel for each determination.

The efficiency of L-cystine on transition metal ion interference

reduction can be seen in Figures 20 to 23. At the optimized conditions,

signals from 5.0 ml aliquots of a 0.40 ng ml- 1 tin standard were

obtained with the addition of 1.0 ml of interfering Ions at a series of

concentrations. Figures 20 to 23 compare the interference effects of

Ni(II), Co(II), Cu(II), and Fe(ll) in the determination of tin with and

without the addition of L-cystine as an interference reducing agent. In

the absence of modifier, 0.10 Jlg ml- 1 Ni(II), 0.50 Jlg ml- 1 Co(II), 5.0

Jig ml-1 Cu(II) or 5.0 Jig ml- 1 Fe(II) suppress the tin signal severely.

These results are in agreement with reports in the literature (274, 336,

368). However, with the addition of solid L-cystine, solutions of 10 Jig

ml- 1 Ni(II), 100 Jig ml- 1 Co(II), 1000 Jig ml- 1 Cu(II) or 10000 Jlg mI­

l Fe(II) do not interfere significantly with the tin signal. Thus, with L­

cystine, a 103 to 107 fold excess of transition metal ions can be tolerated

without interference in the determination of tin by stannane generation.

Compared with other interference reducing agents, such as thiourea,

sodium oxalate and iodide, L-cystine is the most efficient in reducing tin

interferences from transition metal Ions. Thiourea, for example, can

overcome the interference from a 103 fold excess of Ni(II) or a 104 fold

excess of Cu(II) in the determination of 10 ng ml- l Sn (274). In

addition, thiourea was found to have high tin blank. Table 8 summarizes

the recoveries of 0.40 ng ml-1 tin in the presence of other interfering

ions with and without the addition of L-cystine.
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Figure 20. Ni(II) interference reduction by L-cystine in

the determination of tin.

o - 5.0 ml of 0.40 ng mI-l Sn,
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cystine.
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Figure 21. Co(II) interference reduction by L-cystine in

the determination of tin.

0- 5.0 ml of 0.40 ng mI-1 Sn,.- 5.0 ml of 0.40 ng mI-1 Sn + 0.4 g L-

cystine
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Figure 22. Cu(II) interference reduction by L-cystine in

the determination of tin,

O· 5.0 ml of 0.40 ng ml-! Sn,

•. 5.0 ml of 0.40 ng ml-! Sn + 0.4 g L·

cystine.
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Figure 23. Fe(II) interference reduction by L-cystine in

the determination of tin.

o· 5.0 mI of 0.40 ng ml- l Sn,

• - 5.0 ml of 0.40 ng mI-! Sn + 0.4 g L­

cystine.
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Table 8. Recovery of 0.40 ng ml- 1 tin in the presence of interfering ions

Interferent Form of Interferent Recoveries of Sn (%)

Interferent Concentration without

( Jig ml- 1) L-Cystine

with

L-Cystine

Ag(l) AgN03 10 96 98

100 24 82

1000 1 1 50

Au(III) AuC13 1 100 100

10 87 77

100 17 46

Cd(II)

Cr(VI)

100

1000

100

1000

71

83

102

76

100

74

100

82

Hg(II) HgC1Z 10 98 100

100 91 102

1000 80 96

Mn(II) MnS04 1000

10000

97

100

100

100
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Mo(VI) (NH4)6Mo70Z4 100 8 1 98

1000 42 67

10000 22 36

Pb(II)

Pd(II)

100

1000

1

10

100

100

103

65

48

6

105

58

21

1 1

Pt(IV) HZPtC16 1 89 63

10 46 37

100 7 26

V(V)

Zn(II)

NH4V03 200

2000

100

1000

100

53

69

71

100

72

87
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Figure 24. Blank determinations and synthetic mixtures
showing their relationship to the determination of tin in Co
Benchmark III. A· 0.20 ng mI-1 So in O.050M HN03 + 0.4
g L- c)Tstine, B - 0.20 ng ml-! Sn in 0.05 M HN03, C·
0.16 ng mI-1 So in Copper Benchmark III sample +0.4 g L·
cystine, D.. tin blank + 0.4 g L-cystine, E· tin blank, F
- 0.16 ng ml- t Sn in a solution of Copper Benchmark" III.
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Determination of Tin in NBS Standard Reference Material

Benchmark Copper, Open Hearth Iron and Low Alloy Steel

Without modification, the determination of trace amounts of tin in

copper and steel samples by hydride generation IS very difficult

because of severe interference. It is clear from Figure 24 that, under

normal conditions (F), the signal from tin in the copper sample is

suppressed completely due to matrix interference. However, this

interference is eliminated by the addition of L-cystine. Thus, 0.16 ng

ml- 1 tin in a solution of copper sample is quantitatively recovered (C).

The effect of L-cystine on a standard 0.2 ng ml- 1 Sn solution can also

be seen in the figure (A and B). Thus, in the presence of L-cystine (A),

the signal from tin IS approximately 10% higher than that in the

absence of L-cystine (B). Only minor effects are observed in the blank.

Thus, in the absence of L-cystine (E), the blank is slightly lower than in

the presence of L-cystine.

To demonstrate the utility and accuracy of the present method of

sample analysis, this method was applied to the determination of tin In

the NBS Standard Reference Copper Benchmark Standards II and III,

Open Hearth Iron 55E and Low Alloy Steel 363. Although no matrix

interferences were anticipated on the basis of previous experiments,

the method of standard additions was used to improve the accuracy of

the determination and to see if there were any systematic errors

associated with the determination. Three replicate, standard addition

determinations were made for each standard, except for the Low Alloy

Steel 363. The results are shown in Table 9. Paired t-tests and non-
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parametric ranked t-tests (431) showed that there were no significant

differences between the results obtained by the present method and

certified values.

• Calibration Curve o Standard Addition Curve

70

60

E 50
E

.:E 400'>Om
J:
.:::£ 30
ctS
(1)
a.

20

10

0
-.4 -.2 0 .2 .4 .6

Tin Concentration, ppb

Figure 25. Comparison of calibration curve and standard

addition curve in the determination of tin in

Copper " Benchmark n II
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Table 9. Concentrations of Tin in NBS Standard Reference
Materials ()lg g-l)

Sample This work Mean ±Pooled s.d. Certified
mean ± s.d. (n) from Value
standard addition
curve (431); n = number
of points on the line

Benchmark

Copper II

Benchmark

Copper III

Open Hearth

Iron 55E

Low Alloy

Steel 363

1.4 ±O.! (7)

1.6 + 0.1 (4)

0.82 + 0.05 (6)

0.76 + 0.03 (5)

0.77 + 0.11 (6)

69 + 2 (7)

68 + 1 (7)

68 + 3 (7)

(9.7 + 0.4)

x 102 (5)

1.5 + 0.1

0.78 + 0.07

68 + 2

(9.7 + 0.4)

x 102

1.5

0.8

70

1.04 x 103
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The calibration curve and the standard addition curve of tin in the

sample Copper "Benchmark" II are shown in Figure 25. The slopes of

the calibration curve and standard addition curve were parallel and that

the correlation coefficient factors of these regression lines were better

than 0.99. The intercepts and standard deviations were calculated from

the standard addition line by the method outlined by Miller and Miller

(431) and adapted for use on the Macintosh SE StatView program.

RSD

Figure 26 shows the peaks of eight replicate determinations of

0.40 ng ml- 1 tin in the presence of L-cystine. Very reproducible tin

signals were obtained and the relative standard deviation based on

these peak heights was calculated to be 2.0%.

Reagent Blank

High inorganic tin blank from reagents has been considered as a

problem which limited the detection limit for tin determinations (241).

Therefore, to reduce the blank appears very important for analysis of

trace amounts of tin. A series of simple experiments were performed to

find the main sources of the tin blank. The tin blank from L-cystine

(Sigma grade) was insignificant. BDH AnalaR HN03 was found to have a

high tin blank, and so E. Merck Suprapur HN03 was used, which was

found to have a low tin blank. The main source of tin blank was found

to be from NaBH4. With an increase of NaBH4 volume or concentration,
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the tin blank value increased. Even with NaBH4 pellets instead of NaBH4

in 0.1 M NaOH solution, tin blank was observed. This confirmed that

NaB H 4 IS the maIn source of high tin blank. Sodium

tetrahydroborate(III) (NaBH4) from Anachemia was used as the

reducing agent since it had much lower tin blank than others. However,

later lots were found to have higher concentrations of tin. Thus there is

an obvious need to check on each batch of reagent before it is used.

Relatively higher tin blanks were found in 98% NaBH4 from Aesar and

Aldrich corresponding to 0.1 Jlg g-l. In order further to decrease the

tin blank in the NaBH4 reagent, a 4% (w/v) NaBH4 aqueous solution was

treated by sparging with argon for 30 minutes. As shown in Figure 27,

the tin blank was decreased (A) to approximately half of its original

value (B) by this procedure due probably to the release of the tin

hydride from the NaBH4 solution. To stabilize the solution, sodium

hydroxide was added to the solution to make it 0.1 M with respect to

NaOH. It is worth noting that to reduce the tin blank in NaBH4

efficiently, the sparging process was undertaken prior to the addition of

NaOH. Tin blanks in the reagents were subtracted from tin signals.
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Time

Figure 26. Recorded peaks of eight replicate

determinations of 5.0 ml 0.40 ng ml-! Sn in

the presence of L.cystine.
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A B

126

<

Time

Figure 27. Tin blank and its reduction.
5.0 ml of 0.05. M HN03 + 1.0 ml of 4%
NaB H4 in 0.1 M NaOH
A • NaBH4 solution with argon sparging
treatment
B • NaBH4 solution without argon sparging
treatment
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Detection Limit

The detection limit, defined as three times the nOIse, was found to

be 20 pg ml- 1 (or 100 pg for a 5 ml sample) under the optimum

conditions.

Effect of L-cysteine

Because L-cysteine is more soluble than L-cystine in aqueous

solution, and later work indicated that L-cysteine was as effective as L­

cystine in reducing the interference In the determination of

germanium(432), the effect of L-cysteine on tin determination was

studied. Because of the shortage of time, the optimum condition for this

system was not investigated and replicate experiments were not

performed. However, the experimental results showed promising

features. Thus, in the presence of 0.4% L-cysteine in 2.0 ng ml- 1 tin

solution, the peak heights of tin signals were approximately 120%

greater than those in the absence of L-cysteine. The interferences were

also reduced by using L-cysteine. With 0.4% L-cysteine, recoveries of

2.0 ng ml- 1 tin in the presence of 100 Jlg ml- 1 Ni(II), 100 Jig ml- 1

Pt(IV), or 1000 Jig ml- 1 Cu(II) were approximately 40%, 40% and 110%,

respectively, while they were 0%, 7% and 0%, respectively, in the

absence of matrix modifier as shown in Figure 20, Table 8 and Figure

22.
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III. Determination of Germanium

128

Instrumental Parameters

Selection of wavelength was based upon trials uSIng direct

aspiration of a solution of 20 Jlg ml- 1 germanium. The wavelengths

tried were 303.906, 275.459, and 265.118 nm. Wavelength scans of the

atomic emission signals at each of the above three lines were obtained.

Among them, the sensitivities of the signals were 303.906 nm '"

265 .. 118 nm > 275.459 nm, while the background was 265.118 nrn >

303.906 nm > 275.459 nrn. The 303.906 nm wavelength was chosen

because it gave the best signal-to-background ratio and was used for all

determinations.

As indicated in the preVIOUS section on tin determination, the

relative position of the plasma and the slit is an extremely important

factor for the response of the instrument. This is supported by the work

of Ebdon et al. (435), who, after performing a simplex optimization

procedure on the d.c. plasma atomic emission spectrometer in the

normal aspiration mode, observed that the "vertical viewing point" (i.e.

the observation height) is critical and depends on the element being

determined. Unlike the normal aspiration/nebulization mode, the carrier

gas flow through the hydride generator influences the determination

due to the effect of hydride reduction and transportation processes.

Varying the carrier gas flow rates causes the optimum observation

height to change. This implies a possible interaction between the carrier

gas flow rate and the observation height. Therefore, a simplex
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optimization was performed on the system using the hydride generation

process in order to find the best conditions for the determination. Since

sleeve gas pressure and horizontal position of the plasma were

considered by Ebdon et ale (435) to be least significant, only two factors,

the carrier gas flow rate and the background signal (a non- linear

function of observation height), were used for the simplex optimization.

The signal to background ratio was taken as the response. Using 1.0 ng

ml- 1 germanium in 0.04 M HN03 and 1.0 ng ml- 1 Ge with 0.4% (m/V) L­

cysteine, similar optimum conditions were obtained as shown in Table

10. With eleven experiment units, the optimum conditions for the

determination were found to have a flow meter scale of 47 (arbitrary

units), which corresponds to an argon flow rate of 730 ml min-I, and a

background signal of 6800 (with no gas flowing). After the simplex was

performed, the two factors were varied one at a time to find the range

of the optimum signal. While keeping background digital signal at 6800,

the gas flow rate was varied from 490 ml min- 1 to 970 ml min- 1 and

germanium signals were obtained as shown in Figure 28. Within the

range of gas flow of 630-730 ml min- 1 in the absence of L-cysteine and

560-730 ml min- 1 in the presence of L-cysteine, maximum and identical

signals of germanium emission were obtained. At the constant argon

flow rate of 730 ml min-I, the effect of observation height on Ge signals

is shown in Figure 29. The optimum plasma position was found to

correspond to
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Table 10. Simplex Optimization Results for Germanium Determination

Experiment Simplex Carrier Background
Number Formed Gas Digital
(Vertex) by Vertex Flow

(Arbit.
Units)

Signal/B ackground
Ratio

Without With
L-cysteine L-cysteine

--~--~------~~----~~~-~~-~--------------~---~-----------------~~-

1 47 6800 49, 48 90, 90

2 43 6100 50, 46 87, 83

3 54 8100 33, 32 58, 60

1, 2, 3

4 36 4800 26, 25 68, 70

1, 2, 4

5 40 5500 46, 45 83, 85

1, 4, 5

6 5 1 7500 42, 41 82, 75

1, 5, 6

7 58 8800 30, 29 43

1, 6, 7

8 65 8100 1 5 1 3

1, 7, 8

9 54 6100 29, 29 48

1, 8, 9

1 0 36 4800 25 68

1 1 confirm 1 47 6800 48 90
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Figure 28. Effect of carrIer gas flow on germanium signals.
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Figure 29. Effect of observation height on germanium signals.
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the background reading over a range of 6000 to 9000. Thus the argon

flow rate of 730 ml min- 1 and the background signal of 6800 were used

for the entire study. It should be noted that the background fell to

between 400 and 600 during the determination as the argon flow

changed the shape of the plasma so that less of the plasma image was

intercepted by the slit of the spectrometer. The reason for the choice of

the background signal with no argon flowing was because the

background signal changes very little when the gas is flowing this not

be a good indicator of observation height.

The Hydride Generation Process

The speed of evolution of stannane from solution during reduction

of solutions of tin by tetrahydroborate(III) (NaBH4) suggested the

generation of germane may be similar. Preliminary experiments on the

effect of reaction time between germanium and NaBH4 showed that this

was indeed the .case and so all further determinations were performed

with argon flowing continuously through the hydride generator.

Addition of solid L-cystine to the reaction vessel before reduction

increased the signal from tin and so addition of solid L-cystine was also

considered to be important for the determination of germanium. In

addition, it was felt that the soluble L-cysteine might be more easily

handled and thus provide convenient interference reduction similar to

the rather insoluble L-cystine, which created a foaming problem when

large amounts of solution and solid L-cystine were used.
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Sodium tetrahydroborate(III) solutions, with concentrations from 1

to 10% (m/V), were used to identify the best concentration. Figure 30

demonstrates the effect of NaBH4 concentration on the peak heights of

germanium signals. Within the range of 4 to 10%, results were virtually

identical. Below these values, the signals of germanium were reduced.

A solution of 6% sodium tetrahydroborate(III) stabilized with sodium

hydroxide (O.1M) was chosen for all determinations.

Nitric acid and hydrochloric acid were investigated as media for

germanium solutions. The effect of their concentrations was found to be

rather similar on the signals from germanium as indicated in Figure 31.

With either HCl or HN03, concentration had a critical effect on the signals

from germanium, but a relatively wider range of HN03 concentration

was tolerated. In the presence of L-cystine, germanium signals were

enhanced by approximately 60% over solutions without L-cystine under

the optimum HCI or HN03 concentrations. Nitric acid was chosen as the

medium of germanium solutions for hydride generation since

germanium can easily be lost from hydrochloric acid via its volatile

tetrachloride and since most samples of metals etc. are dissolved in

nitric acid prior to analysis.
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Figure 30. Effect of NaBH4 concentration on
germanium signal

o - 1.0 ng ml-! Ge in 0.04 M HN03
• .. 1.0 ng ml- 1 Ge in 0.04 M HN03 and

0.4 % L-cysteine
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Figure 31. Effect of acid concentration on germanium
signals
o - Hydrochloric acid (Hel)

e - Hel \\rith 0.4 g L-cystine
~ - Nitric acid (HN03)

~ - HN03 with 0.4 g L-cystine
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Figure 32. Effect of nitric acid concentration of
germanium signal (9.0 ml of 1.0 ng ml- t Ge)
o · in nitric acid (HN03)

• • in HN03 with addition of 0.4 g L·
cystine

A • in HN03 and 0.4 % (m/V) L-cysteine
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Figure 32 illustrates the variation in germanium signal at various

nitric acid concentrations and in different media. Solutions of 9.0 ml of

1.0 ng ml- 1 Ge and 2.0 ml 6% (m/V) NaBH4 in 0.1 M NaOH were used to

carry out this experiment. It is clear from the figure that the signals

from germanium are considerably enhanced by the presence of L­

cysteine and L-cystine. In addition, the best signal from germanium was

achieved in the presence of 0.4% L-cysteine and at a lower acid

concentration (0.01-0.02M HN03). Compared with the signal in the

presence of only nitric acid, the signal of germanium was increased by

approximately 100% in the presence of 0.4 % L-cysteine.

Since the optimum acid concentration for germane formation

depended on the reaction medium, as indicated in Figure 32, it was

worthwhile comparing the pH values of the reaction solutions, before

and after the hydride reactions were complete. A series of solutions

were prepared where the reaction conditions were similar to those used

in performing the hydride generation for the determination of

germanium. Thus, each aliquot of 9.0 ml of 1.0 ng ml- 1 Ge solution In

HN03 (O.001-0.10M) was taken and placed in a beaker. The pH value of

this solution was determined as shown in Table 11 (initial pH). Then, a

2.0 ml solution of 6% NaBH4 in 0.1 M NaOH (pH=12.5) was added to the

beaker containing the Ge solution. After 10 sec., 40 sec., 80 sec., etc.

following the addition of NaBH4, the pH values were determined. Three

different media, HN03 alone, HN03 with addition of 0.4 g solid L-cystine,

and HN03 with 0.4% (m/V) L-cysteine, were investigated. The pH values

are summarized in Table 11. Although the optimum initial pH values for

the three media were significantly different, the pH of the reaction
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solutions, after the NaBH4 was added, were very close, I.e., 8.4-9.0. This

is probably due to the buffering effects of L-cysteine and L-cystine in

the aqueous solution. The dissociation constants for L-cysteine, for

example, were pKa l= 1.71, pKa2= 8.33.

L-Cystine created a foam during the determination which limited

the volume of solution that could be used for the analysis to

approximately 5.0 mI. This foaming was considerably less when the

solution was made up to 0.4% (m/V) with L-cysteine instead and

allowed a larger volume of theanalyte solution to be used. The best

volume for this systeJJ1 was found to be 9.0 mI. The time for a complete

determination typically was less than one minute.



Table 11. pH values of the reaction solutions for germane generation

HN03
Conc.

(M) No Additional reagents

Initial Add NaBH4 and

wait for

10 s 40 s

pH Values Determined

With L-cystine

Initial Add NaBH4 and

wait for

10 s 40 s

With L-cysteine

Initial Add NaBH4 and

wait for

10 s 40 s 80 s 180 s

0.001 - - - - - - 3.23 8.65 9.00 9.15

0.002 - - - - - - 3.01 8.75 8.93 9.10

0.005 - - - - - - 2.70 8.70 . 8.84 9.03

0.01 - - - - - - 2.53 8.40 8.79 9.01

0.02 1.77 10.11 10.23 1.81 9.15 9.09 2.20 8.36 8.73 8.93

0.03 1.60 9.36 9.57 1.65 8.80 8.95 1.96 8.34 8.71 8.91

0.04 1.48 8.80 9.10 1.53 8.72 8.92 1.76 8.27 8.69 8.84 9.07

0.05 1.39 8.48 8.86 1.44 8.52 8.83 1.66 8.26 8.69 8.85 9.05

0.06* 1.31 8.50 8.91 1.35 8.47 8.85 1.53 8.22 8.66 8.83 9.00

0.07 - - - - - - 1.46 8.20

0.08 - - - - - - 1.38 8.17

0.10 - - - - - - 1.24 8.15

* In 0.06 M HN03 and in the presence of L-cysteine, the pH values were 9.10 and 9.20 after 5

minutes and 12 minutes, respectively. I--"
-i>
o
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Interference Study

Both L-cystine and L-cysteine were studied with the objective of

reducing interferences. If L-cystine was used, approximately 0.4 g solid

reagent was directly added into the reaction vessel for each

determination. L-cysteine, on the other hand, was dissolved in the

analyte solution since it is water soluble. Preliminary studies were

carried out to investigate the optimum concentration of L-cysteine to

use in order to reduce interferences. As can be seen from Figure 33, the

enhancement of the signals of germanium standard solution reach a

maximum when the concentration of L-cysteine is 0.02 % (m/V). At

this concentration, interference from 1000 JJ.g ml- 1 of copper was also

eliminated. For nickel, however, the interference from 10 JJ.g ml- 1 of

nickel required a minimum concentration of 0.2% (m/V) L-cysteine.

Signals from germanium were reduced at a L-cysteine concentration of

1.0 % (m/V). The decrease of, germanium signals at high L-cysteine

concentration may be due to the change of acidity caused by the large

amount of L-cysteine. Thus the concentration of L-cysteine chosen for

interference reduction was 0.4 % (m/V).
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Figure 34. Co(II) interference reduction by L-cystine
and L-cysteine in Ge determinations
o - 5.0 ml of 1.0 ng mI-l Ge in 0.04 M HN03
• - 5.0 mI of 1.0 ng mI-l Ge in 0.04 M HN03
+ 0.4 g L-c~!stine

at· - 9.0 ml of 0.50 ng mi-! Ge in 0.04 M

H N 0 3 and 0.4 % L-cysteine
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Figure 35. Cu(II) interference reduction by L-cystine
and L-cysteine in Ge determinations
o -5.0 mI of 1.0 ng mI-l Ge in 0.04 M HN03
• • 5.0 mi of 1.0 ngml- l Ge in 0.04M HN03
+ 0.4 g L-cystine
& - 9.0 ml of 0.50 ng mI-l Ge in 0.04 M

H N 0 3 and 0.4 % L-cysteine
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Figure 36. Ni(II) interference reduction by L-cystine
and L-cysteine in Ge determinations
o · 5.0ml of 1.0 ng mI-l Ge in 0.04 M HN03
• · 5.0 mI of 1.0 ng mI-! Ge in 0.04 M HN03
+ 0.4 g L-cystine
A - 9.0 mi of 0.50 ng mI-l Ge in 0.04 M

HN 0 3 and 0.4% L-cysteine
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Figure 37. Pd(II) interference reduction by L-cystine
and L-cysteine in Ge determinations

o - 5.0 mi of 1.0 ng mI-t Ge in 0.04 M HN03
• - 5.0 mi of 1.0 ng mI-t Ge in 0.04 M HN03

+ 0.4 g L-cystine

... - 9.0 mi of 0.50 ng mI-t Ge in 0.04 M
H NO 3 and 0.4 % L-cysteine
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Figures 34-37 compare the interference effects from typical

interfering elements, CoCII), Cu(II), Ni(II), and Pd(II}. The figures show

the recoveries of germanium in acid solution alone, In the presence of

0.4 g of solid L-cystine, and in the presence of 0.4 % mlV L-cysteine.

Signals from 9.0 ml of a solution containing 0.5 ng ml- 1 germanium or

5.0 ml of 1.0 ng ml- 1 germanium solution were obtained in the presence

of interfering ions at a series of concentrations. Recoveries were

calculated by comparison with the germanium standard in the absence

of the interfering ion.

It is clear that both solid L-cystine and 0.4 % (m/V) L-cysteine

reduce interferences substantially and to a similar degree in most cases.

Thus concentrations of interfering ions can be tolerated at 100 to 1000

times the levels without the interferen·ce reducing agent. Palladium

strongly interfered in the production of GeH4 both with and without

interference reducing agent and this was the only case where addition

of solid L-cystine to the Pd(ll) containing germanium solution actually

causes a reduction in the signal from germanium. With a solution of L­

cysteine, however, the interference is reduced and solutions containing

up to 10 Jlg ml- 1 of palladium can be tolerated without a substantial

loss in the signal from germanium.
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Table 12. Interference studies in the determination of
germanium

Metal
Ion
Added

Amount
Added

Germanium
Recovery (% )

No interference- L-cysteine
reducing agent 0.4 % (m/V)

(5 ml 1.0 ppb Ge) (9.0 ml 0.5
ppb Ge)

L-cystine
0.4 g

(5.0 ml 1.0
ppb Ge)

v (V) 0.5 ml 200 ppm
1.0 ml 200 ppm
0.5 ml 2000 ppm
1.0 ml 2000 ppm

Cr (VI) 0.5 ml 100 ppm
1.0 ml 100 ppm
0.5 ml 1000 ppm
1.0 ml 1000 ppm
0.5 mllOOOO ppm
1.0 ml10000 ppm

100

97

100

94

40

Mn(ll) 0.5 ml 1000 ppm
1.0 ml 1000 ppm
0.5 ml10000 ppm
1.0 ml10000 ppm

Fe(lll) 1.0 ml 10.0 ppm
1.0 ml 100 ppm
1.0 ml 500 ppm
1.0 m! 1000 ppm
2.0 m! 1000 ppm

Zn (II) 0.5 ml 100ppm
1.0 ml 100 ppm
0.5 ml 1000 ppm
1.0 ml 1000 ppm

Mo(VI) 0.5 ml 100 ppm
1.0 ml 100 ppm
0.5 m! 1000 ppm

94

86

95
83

28

92
74

100

97

100

100
100
100

97
77

100
94

100
93

100

100

97

93

100

96

100

100
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1.0 mi 1000 ppm
0.5 ml10000 ppm
1.0 mI10000 ppm

78 100 96
50

0 20

Ag(l) 0.5 ml 22.6 ppm
1.0 ml 22.6 ppm

Cd(II) 0.5 ml 100 ppm
1.0 ml 100 ppm
0.5 ml 1000 ppm
1.0 ml 1000 ppm

Pt(IV) 1.0 ml 0.10 ppm
1.0 ml 1.00 ppm
1.0 mi 10.0 ppm
2.0 mi 10.0 ppm
1.0 mi 100 ppm
2.0 ml 100 ppm

Au(III)1.0 ml 0.10 ppm
1.0 mi 1.00 ppm
1.0 ml 10.0 ppm
0.5 ml 100 ppm
1.0 ml 100 ppm
2.0 mi 100 ppm

Hg(II) 0.5 ml 10.0 ppm
1.0 mi 10.0 ppm
0.5 ml 100 ppm
1.0 ml 50 ppm
1.0 ml 100 ppm
0.5 mi 1000 ppm
1.0 mi 1000 ppm

TI(I) 0.5 ml 100 ppm
0.5 ml 1000 ppm
1.0 ml 1000 ppm

92

87

56

100
100
84

56

100
98
82

66

95

93
103

41

94
91

100
86
73

100
99
96
94
96
94

98
99

100
100

89
78

96

100

100
103

100
100

94

100

100

70

100
100
98

60

98
100
100

90

100

98

87
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Table 12 summarIzes the recoveries of germanIum in the presence

of various transition elements. Generally there is a very satisfactory

recovery of germanium at concentrations of transition elements

that would be encountered in the course of analysis. The sensitivity of

the method is generally such that dilution of the sample solution will

bring the concentration of the interfering element within the range

where L-cysteine will reduce its interference to a negligible level.

Table 13 shows that the behaviour of hydride forming elements IS

different from that of transition elements. It appears that there is

relatively little interference from these hydride-forming elements

under the conditions of the reduction reaction, except for selenium. In

fact, L-cysteine appears to inhibit the formation of germane at high

concentrations of selenium. Surprisingly, tin shows essentially no

interference, even though the conditions for the generation of stannane

are essentially the same as for the generation of germane.
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Table 13
Recoveries of Germanium from Solutions Containing Other

Hydride-Forming Elements

Metal
Ion
Added

Amount
Added

Germanium
Recovery (%)

9.0 ml 1.00 ppb Ge 9.0 ml 0.50 ppb Ge
in 0.04 M HN03 + in 0.04 M HN03
1.5 ml 6% m/V and 0.4 % m/V
NaBH4 L-cysteine + 2.0 ml

6% m/V NaBH4

Sn(ll)---o3-ffil--foopprrl----9S-------------97------------
1.0 ml 100 ppm 93 94
0.5 ml 1000 ppm 98 103
1.0 ml 1000 ppm 108 97

Pb(II) 1.0 ml 100 ppm
0.5 ml 1000 ppm
1.0 ml 1000 ppm

As(III) 0.5 ml 100 ppm
1.0 ml 100 ppm

Sb(III) 0.5 ml 100 ppm
1.0 ml 100 ppm

Se(IV) 0.5 ml 10 ppm
1.0 mIlO ppm
0.5 ml 100 ppm
1.0 ml 100 ppm
0.5 ml 1000 ppm
1.0 ml 1000 ppm

Te(IV) 0.5 ml 100 ppm

1.0 ml 100 ppm

97 100
100

94 93

88 103
85 97

100 100
88 94

85 100
83 100
88 69
95 39
48 26
25 10

98 100

98 94
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Interference effects from the sample matrix were also compared in

the absence and presence of interference reducing agent. As shown In

Figure 38, the signal of 1.8 ng ml- 1 germanium in a solution of Open

Hearth Iron 55E was severely suppressed by the sample matrix in the

absence of interference reducing agent (B). However, with 0.4% L­

cysteine dissolved in the sample solution, the matrix interferences were

eliminated and thus a signal (A) corresponding to a recovery of 100%

was obtained. Similar interference reduction by solid L-cystine was

obtained in the determination of germanium in a copper matrix.

Germanium in "Benchmark" Copper II was undetected as shown in

Figure 39 (D), and therefore germanium standard was spiked into this

sample solution so that it contained 1.0 ng ml- 1 of germanIum. The

signals from germanium were compared in the presence (A) and

absence (E) of L-cystine. With 0.4 g solid L-cystine, the suppressing

effects due to the sample matrix were eliminated and the signal from

1.0 ng ml- 1 germanium was completely recovered. Compared with the

signal from 1.0 ng ml- 1 germanIum standard solution (B), the recovery

of Ge from the sample was 105%.
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Figure 38. Comparison of the signals of 1.8 ng ml- l Ge
in a solution of Open Hearth Iron S5E in the
presence (A) and absence (B) of L-cysteine
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Figure 39. Reduction of interference from copper

matrix by L-cystine
A-l.O ng ml-lGe in " Benchmark n Copper II,
with L-cystine. B-l.O ng ml- l Ge standard
solution, with L-cystine. C-l.O ng ml- l G e
standard solution, without L-cystine. D-
" Benchmark " Copper II, with L-cystine.
E-l.0 ng mI-l Ge in 19 Benchmark " Copper II,
without L.cystine.



Table 14. Effect of some sulphur and/or nitrogen containing compounds on germanIum

signals and interferences

Reagents

Used

Relative Peak
Height of
Ge Signals

Recovery (%) of Ge Signals in the Presence of

1.0 ppm Ni 10 ppm Ni 100 ppm Cu 500 ppm Cu 100 ppm Co

none 100

thiourea 11 0

urea 90

Na2S203 40-50

NH20HCI 65 -75

penicillamine 170

8

100

0 10

90 105

0 14

65-85 50-75

60 55

65

o

70

o

65

~

VI
VI
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Other possible interference reducing agents were also tried. These

included thiourea, urea, NHzOH.HCI, NaZSZ03 and penicillamine. To save

time, approximately 0.4 g solid reagents were directly added into the

reaction vessel prior to the addition of germanium solution, interfering

solution, and NaBH4 solution. The effects on germanium signals and

interference reduction are summarized in Table 14. It is interesting to

point out the distinctive effects caused by thiourea and urea. Although

the reducing property of thiourea could be thought to be part of the

reason for interference reduction, a simple qualitative test indicated

that this is unlikely to be true. Two mixture solutions, Fe(N03)3 with

thiourea and Fe(N03)3 with urea, were tested by NH4SCN solution. A red

color appeared in both solutions, indicating that Fe(lll) was not reduced

to Fe(II). It is also important to note that there is also an acidity effect

involved in the cases of NHZOH.HCI and NaZSZ03. The pH values are

shown in Table 15. The significant change of pH of the solution with the

addition of NH20H.HCI might cause the germanium signal to change.

Therefore, to study the sole effect of interference reduction, adjustment

of the pH of the solutions is recommended.
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Table 15. pH of solutions with the addition of some reagents

Solution

1.0 ng ml- 1 Ge in 0.04 M HN03

4% (m/V) NaBH4 in 0.1 M NaOH

5.0 ml of 1.0 ng ml- 1 Ge in 0.04 M HN03 (1)
+

1.0 ml of 4% NaBH4 in 0.1 M NaOH (2)

(1) + (2) + 0.1 g thiourea

(1) + (2) + 0.5 g thiourea

(1) + (2) + 0.05 g urea

(1) + (2) + 0.4 g urea

(1) + (2) + 0.05 g NHZOHCI

(1) + (2) + 0.5 g NHZOHCI

(1) + (2) + 0.1 g NaZS203

(1) + (2) + 0.7 g NaZS203

(1) + (2) + 0.1 g L-cystine

(1) + (2) + 0.5 g L-cystine

(1) + (2) + 0.05 g L-cysteine

(1) + (2) + 0.3 g L-cysteine

(1) + (2) + 0.3 g thiosemicarbazide (NHzCSNHNHz)

pH values

1.33

12.88

9.30

9.31

9.30

9.34

9.32

8.26

5.11

9.16

8.88

9.25

9.14

8.81

8.15

9.15
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), on the other hand, proved very effective in

In addition to L-cystine and L-cysteine, other amino acids, such as

glycine, alanine, valine, leucine, and histidine, were investigated in

terms of their effects on sensitivity and interference reduction in the

determination of germanium. Cobalt(II), copper(II), and nickel(ll) were

chosen as interfering ions, and approximately 0.4 g of the solid amino

acid was used to reduce interference. The efficiencies of these amino

acids in reducing the interferences are illustrated in Figures 40-42. As

we can see from the figures, both peak heights of germanium signals

and the interference reduction effect decreased from glycine to leucine,

with the size of the alkyl group connected with the amino group (R­

CH(NH2)-COOH) (where R= -H, -CH3, (CH3)2CH-, and (CH3)2CHCH2-).

Histidine (R=crQI2-
reducing the interference effects, although it caused a decrease of

germanium sensitivity by approximately 10%. In fact, histidine

approved more efficient than L-cysteine and L-cystine in the reduction

of interference from Ni(ll) if we compare Figures 36 and 42. It should

be noted that the optimum instrumental and hydride formation

conditions for performing these experiments were obtained in the

absence of amino acids. In the presence of amino acids, the optimum

conditions may not be the same, and there may be potential to achieve

better sensitivity and interference reduction effec'ts. Nevertheless, the

results indicated that appropriate amino acids, for example histidine,

were promising interference reducing agent In germanium

determinations by hydride generation.
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Figure 40. Effect of amino acids on signals from 5.0 ng
mI-l Ge in the presence of Co(II)
a · without amino acid.• · with 0.4 g histidine.
A - with 0.4 g glycine. y- with 0.4 g alanine.
0- with 0.4 g valine. X - with 0.4 g leucine.
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Figure 41. Effect of amino acids on signals from 5.0 ng
mI-1 Ge in the presence of Cu(II)
O· without amino acid.• · with 0.4g histidine.

A· with 0.4 g glycine. ". with 0.4 g alanine.
<:>. with 0.4 g valine. X· with 0.4 g leucine.
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Figure 42. Effect of amino acids on signals from 5.0 ng
m 1-1 Ge in the presence of Ni(II)

o · without amino acid.• • with 0.4 g histidine.
fj.. with 0.4 g glycine. .... with 0.4 g alanine.
<>. with 0.4 g valine. X - with 0.4 g leucine.
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Figure 43. Comparison of peak profiles of 5.0 ng mI- I G e
in the presence of alanine(B), valine(C), and
absence of amino acid(A)
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Figure 44. Comparison of peak profiles of 5.0 ng mI-! G e
in the presence of -cysteine(A), L-cystine(B),
and absence of amino acid(C)
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Table 16. Peak height and peak area of germanium signals

164

Peak Height (em)

Individual Mean

Peak Area (cm2)

Individual Mean

Without

Amino Acid

With

Alanine

With

Valine

With

L-cysteine

With

L-cystine

Without

Addition

10.0

10.0

12.2

12.2

8.9

7.4

7.4

16.8

12.2

10.1

10.8

10.6

7.4

16.8

12.2

10.1

28.9

30.6

34.9

33.1

32.6

33.0

32.4

41.2

38.7

40.8

42.6

36.5

42.7

31.5

32.8

32.7

40.0

41.7

39.6
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Figure 43 shows the peak profiles of germanium signal In the

presence and absence of alanine and valine. In the presence of alanine

(B) or valine (C), the peaks of germanium signals become lower and

wider compared with that in the absence of amino acid (A). However,

there was no significant difference in peak areas. Similar effects were

obtained while comparing the absence (C) and presence of L-cystine (B)

and L-cysteine (A) in germanium solution as shown in Figure 44. Peak

height and peak area corresponding to the signals shown in Figures 43

and 44 are listed in Table 16. These results and the peak profiles have

clearly shown the possible kinetic effect. Thus, the results imply that

the effects of amino acids on germanium signals are probably not only

dynamic, but also kinetic, during the hydride generation and

transportation processes.

Qualitative Tests for Interference Studies

A series of qualitative reactions were performed in order to give a

possible explanation of interference reduction mechanism. For simplicity,

the reactions and the corresponding observations are tabulated in Table

17. As can be seen from the NH4SCN test of iron, Fe(III) was reduced to

Fe(II) in the presence of L-cysteine. Cu(II) was also possibly reduced to

Cu(I). Ni(II) and Co(II), having no intermediate valency, were not reduced

by L-cysteine.
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Table 17. Some qualitative reactions and the observations

Reaction

1000 Jig ml- 1

Fe(N03)3 (1)

Without cystine With L-cystine With L-cysteine
or cysteine

yellow, clear yellow, clear intermediate blue
quickly disappeared

(1) + NH4SCN

(1) + NaBH4

1000 Jig ml- 1

CU(N03)2 (2)

(2) + NaBH4

red red

black ppt black ppt

yellow, clear green, clear

blue blue

black ppt black ppt

colorless, clear

no ppt, clear

blue, suspension

pale-yellow, suspend

clear yellow solution
(disappeared after
30 min.), no ppt

at first no ppt, at first no ppt,
ppt appeared twice amounts of
with more NaBH4 needed to
NaB H4 added cause black ppt

1000 Jig ml- 1

Ni(N03)2 (3)

(3) + NaBH4

1000 Jig ml- 1

CO(N03)2 (4)

(4) + NaBH4

green, clear

black ppt

red, clear

black ppt

green, clear

red, clear

black ppt

green, clear

red, clear

about twice amounts

of NaBH4 to cause
black ppt.

Note: ppt -- precipitation
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This may not be relevant to the interference reduction. However, in the

presence of L-cysteine, the absence of precipitation, while NaBH4 was

added to the transition metal ion solutions, may be an indication of

complex reactions between L-cysteine and transition metal ions.

UV/Visible Spectroscopic Study of Interference

Since a conjugate system exists In amino acids, the UV/visible

spectrum is usually available. If amino acids complex with metal ions,

the UV/visible absorption wavelength should be shifted. Therefore,

wavelength scans on the UV/visible spectrometer may give useful

results for interference studies.

Figures 45 and 46 compare the wavelength scans of 200 J..lg ml- 1

C u (N°3)2 (Figure 45) and 20 Jlg ml- 1 CU(N03)2 (Figure 46) in the

presence and absence of L-cysteine in aqueous solutions. In the

presence of L-cysteine, the absorbances of the Cu(II) solutions at 301.3

nm were significantly increased and the maximum absorbances were

probably shifted to a lower wavelength. Slight effects of UV/visible

absorption of Fe(N03)3 in the absence and presence of L-cysteine were

also observed. However, in the case of CO(N03)2, the presence of L­

cysteine did not change the wavelength for the maximum UV/visible

absorption (Figure 47). The wavelength scans of germanium (Figure 48)

and tin (Figure 49) solutions also indicated that the presence of L­

cysteine had no significant effect on UV/visible absorption wavelengths.
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Figure 45. UV/Visible spectra
A·200 Jlg mI-1 Cu2 + in H20
B·200 Jlg ml-1 Cu2 + in 1.4 % L-cysteine aqueous
solution. C-l.4 % L-cysteine aqueous solution.
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Figure 46. UV/Visible spectra

A·20 Jl.g ml-} Cu2 + in H20
B-20 Jig mI-! Cu2 + in 1.4 % L-cysteine aqueous

solution. C-l.4 % L.cysteine aqueous solution.
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Figure 471/ UV/Visible spectra.
A • 20 Jlg ml- t Co2 + in H2 0 ..
B - 20 J.lg mI-l Co2+ in -cysteine aqueous

solution.
C • 1.4 % L-cysteine aqueous solution.
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Figure 48. UV/Visible spectra.
A .. 2 J.1g ml- 1 Sn in H20.
B-2 Jlg ml- 1 Sn in L-cysteine aqueous

solution.
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Figure 49. UV/Visible spectra
A-I Jig mI-1 Ge in H20.
B-1 Jlg ml-! Ge in 1.4 % L-cysteine aqueous
solution. C-l.4 % L-cysteine aqueous solution.
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These results may not explain the interference effect and its reduction

by L-cysteine. However, they imply that the interaction among analyte,

interfering ions, and interference reducing agents are not significant

before the hydride reduction process. This led us to concentrate on the

interference reduction during the hydride formation and transportation

periods.

Determination of Germanium in Standard Reference Materials

Determination of germanium in the "Benchmark" Copper I by the

standard addition method (5 points) revealed that the germanium

concentration was below the detection limit which, at the dilution

employed in this determination, was 0.07 Jlg g-1 (in the solid sample).

The sample spiked with 0.5 Jlg of germanium was determined to have a

concentration of O.52±O.02 Jlg g-1 by standard additions (5 points). This

determination is consistent with a germanium concentration of less than

0.07 Jlg g-l. Figure 50 illustrates the calibration and standard addition

curves for the determination of germanium in the Open Hearth Iron

55E. The germanium content in the sample determined by standard

addition (5 points), was 18.3±O.7 Jlg g-1 and from a calibration curve (5

points) was 18. 6± 0 .6 Jl g g- 1 . The sample spiked with 20 Jl g of

germanium gave a recovery of 103% based on a 5 point standard

addition determination. The standard and sample solutions were made

up to 0.4% (m/V) L-cysteine.
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RSD

174

A serIes of determinations of a solution containing 0.10 ng ml- 1 of

germanium is shown in Figure 51. A relative standard deviation of 3.1 %

was calculated based on the peak heights of these seven replicate

determinations.

Detection Limit

With a 9.0 ml sample, the detection limit for the determination of

germanium, defined as three times the noise, is 20 pg ml- l or 180 pg

for a 9.0 ml sample of the analyte in the presence of 0.4% (m/V) L­

cysteine.
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curves in the determination of germanium in

Open Hearth Iron 55E
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Time

Figure 51. Seven replicate determinatioll$ of 0.10 ng mI-t

Ge in 0.015 M HN03 and 0.4 % L-cysteine
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IV. Determination of Lead

177

Comparison of Reaction Media

The optimum conditions for plumbane generation were studied

with the gas flowing system. Choosing reaction media is one of the most

important and critical steps. Reaction media containing acid and oxidizing

agents were investigated as shown to be necessary by Jin and Taga (260),

who studied reaction media for plurnbane formation by using a

continuous-flow hydride generator coupled with an AAS system.

HN03-HZOZ, HN03-(NH4)ZSZOg, and malic acid-KZCrZ07 systems were

compared as hydride formation reaction media. In the HN03 - HZ 0 z

reaction system, the concentrations of both nitric acid and hydrogen

peroxide had very critical effects on lead signals. Reproducible signals

were difficult to obtain unless critical controls of HN03 and Hz 0 z
concentrations were employed. This appeared impractical in terms of

simplicity, accuracy and speed of sample analysis.

The HN03-(NH4)2SZ0g reaction system was studied next in which the

concentrations of HN03, (NH4)ZSZOg, and NaBH4 were varied. As shown in

Figures 52 and 53, both nitric acid and ammonium persulphate

concentrations affect the lead signal dramatically. Concentrations of 0.1 M

HN03 and 5% (mN) (NI4)zSZOg were chosen as reaction media since the

highest lead signals were achieved under these conditions. The response

of lead signals with increasing sodium tetrahydroborate concentration is

shown in Figure 54. Solutions of 5.0 ml of 10.0 ng ml- 1 lead and 1.0 ml

NaBH4 in 0.1 M NaOH were used to carry out these experiments.
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Maximum and identical lead signals were obtained at NaBH4

concentration between 8% to 12% (m/V). Thus, 10% NaBH4, stabilized with

0.1 M NaOH, was applied as the reducing agent for plumbane production

from the reaction solutions of 0.1 M HN03 and 5% (NH4)ZSZOg.
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Figure 52. Effect of HN03 on lead signal



Discussion: Determination of Lead 179

80

E
E 60

......,
J::
C).-
t]) 40

:I:
~

CO
Q)

c. 20

o
o. I 0 0.50 1.0 5.0 10 20

Ammonium Persulphate Concentration, %(m/V)

Figure 53. Effect of ammonium persulphate concentration

on lead signal (5.0 ml 10.0 ng ml- t Pb)
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Figure 54. Effect of NaBH4 concentration on lead signals.
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The malic acid-potassium dichromate reaction system was found to

give better reproducibility. The concentrations of the reagents involved,

malic acid, K2Cr207, and NaBH4, were also investigated. Figure 55

illustrates the effect of malic acid concentration on lead signals. The

highest lead signals appeared at malic acid concentrations within the

range of 0.05 M to 0.07 M. Lead signals decreased beyond this range.

Concentration of potassium dichromate, however, showed more critical

effects on lead signals. As can be seen from Figure 56, the highest lead

signal was obtained at K2Cr207 concentration of 0.30% (m/V). A rapid

decrease on lead signal appeared either above or below this level.

Therefore, a 0.30% K2 Cr2°7 concentration was selected and analyte

solutions were made up to this concentration in K2 C r2 0 7 so that the

highest sensitivity was achieved and the uncertainty caused by K2Cr207

concentration was avoided. While the increase in the concentration of

malic acid, from 0.01 M to 0.10 M, had little effect on the pH of 0.2%

K2Cr207 solutions, the increase of K2Cr207 concentration, from 0.05% to

2.0% (m/V), caused the pH continuously to increase as indicated in Table

18. At the given conditions, i.e., 0.060 M malic acid and 0.30% K2Cr207, the

initial pH of the solution, before the addition of NaBH4, was 3.06. The

effects of varying concentrations of reducing agent, NaBH4 , are shown in

Figure 57. With the increase of NaBH4 concentration from 2% to 12%

(m/V), the signals from lead gradually increased and became identical at

NaBH4 concentration from 12% to 14%. A concentration of NaBH4 of12%

was thus chosen for all determinations with the malic acid-potassium

dichromate system. Replacement of malic acid by tartaric acid gave

similar results.
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Table 18. The pH values of lead containing solutions with increasing

K2Cr207 concentration in 0.06 M malic acid

K2Cr207 Concentration, %(mN) pH Value

0.05 2.28

0.1 2.47

0.2 2.66

0.3 3.06

0.4 3.21

0.5 3.29

0.6 3.42

0.8 3.63

1.0 3.73

2.0 4.25
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Figure 57. Effect of NaBH4 concentration on lead signals.
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Interference Studies

Interference effects from transition metal ions have proven very

serious in the determination of lead as its hydride (260, 369-370, 380,

382, 386). However, no reference has been found that suggests a way to

overcome the problem by using interference reducing agents until very

recently (286). The extremely toxic reagent, NaCN, was reported to reduce

the interference from Cu (II) to a level of 0.5 J.!g ml- 1. In an attempt to

find a more efficient and less toxic interference reducing agent, a number

of possible masking agents, chelating agents, or reducing agents were

studied for interference reduction. Cu(II), Fe(II) and Ni(II) were chosen

as interfering ions. The reaction media applied were 0.10 M HN03 and

0.50% (NH4)2S208. The results showed that many interference reducing

agents used in the determination of most other hydride forming elements

were not sufficient to reduce interference in 'lead determination. These

reagents included EDTA, KI, KSCN, 1,10-phenanthroline, thiourea, sodium

acetate, sodium oxalate, oxalic acid, salicylic acid, tartaric acid,

semicarbazide, Na3 p °4, NaH2P 04, and dibenzo-18-crown-6. It is

interesting to note that amino acids, including L-cystine, L-cysteine, and

histidine, did not reduce the interference from Ni, Cu, and Fe. Sodium

citrate, ascorbic acid, penicillamine, dithizone, and thiosemicarbazide have

been found to reduce interferences to a level where a 10-fold excess of

interfering ions could be tolerated compared with those in the absence of

interference reducing agents. The results of these reagents in reducing

the interferences are summarized in Table 19. Although the interferences
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from the transition metal ions studied were reduced, the effect was still

severe, especially with Cu(II) solution.

With malic acid-potassium dichromate and tartaric acid-potassium

dichromate, the interference effects from transition metal ions are also

listed in Table 19. With these reaction media, the interferences were

much less pronounced than with the nitric acid-ammonium persulphate

reaction system. Interference from Cu(II) was the worst in all cases

studied.

Determination of Lead in Tap Water

Since the interference from copper was problematic, a systematic

decrease of lead signal in a copper-containing sample was studied. Figure

58 compares the calibration curve of lead standard solution and the

standard addition curve of a water sample collected from copper pipes

(with a dilution factor of four). Because of the signal suppression by

copper, the two curves were not parallel. Therefore, a standard addition

method IS required for the analysis. From this method, the lead

concentration was found to be 80.0 ng ml- 1 in the tap water sample. The

lead blank of the reagents corresponded to approximately 4.0 ng ml- 1 in

the solution. This blank value was subtracted from the sample result. The

lead signal from a water sample collected from an iron tap (with a

dilution factor of 4) was completely recovered, as shown in Figure 59, and

both the standard addition method and calibration method can be used

for the determination of lead.
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Table 19.

Determination of Lead

Interference of lead from transition elements

(5.0 mI of 10.0 ng mI-l Pb)

with
peni­
cilla­
mine

Metal
Ion

Amount
Added
(0.5 ml)

Recovery of Lead, %

____..=-:O.:..;::;..l-.:oM~·.-;:;,H=N...:..;;O=:o....;3 - 4% (NH4l2.S2..Q..8.-=S~ys:=:.::.;te:.:o::m=-- _
without with with with with
addition sodium ascorbic dithi- thiosemi-

citrate acid zone carbazide

0.3%
KzCrz07
0.06 M
tartaric
acid

0.3%
KzCrz07
0.06 M
malic
acid

-----------------------------------------------------------------------------------------------------
Fe (II) 10 ppm 30 100 112 112 .. 45 .. 96

100 ppm 0 93 93 17 87 .. - 100
1000 ppm 0 5 .. .. - .. 90 99

Co (II) 1.0 ppm 38 .. .. - - .. - 96
10 - - - - - - - 100
100 .. - - - .. .. 99 100
1000 - - .. - - - 75 78

Ni(II) 1.0 ppm 0 85 107 77 90 100 .. 98
10 0 56 65 .. - .. 90 94
50 0 0 - - - .. - 98
100 - - - - - - 93 96
1000 - - .. - - .. 60 69

~

00
-J
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• Calibration curve o Standard addition curve
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Figure 58. Comparison of calibration curve and standard addition

curve of lead signal from tap water sample collected from a copper pipe.
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Figure 59. Comparison of calibration curve and standard addition

curve of lead from tap water sample collected from an iron pipe.
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V. Preliminary Investigations into the Determination of

Antimony

Improvement of hydride generation method for antimony

d etermina tions

A gas flow system was also investigated for antimony

determination by stibine formation. As a carrier gas, the argon flow rate

was kept constantly between 760 to 970 ml min-I. Unlike the other

hydride forming elements studied, the production of stibine required.

only a very small amount of reducing agent, NaBH4. In the normal

procedures for the arsenic, germanium, tin and lead determinations as

discussed in the previous sections, an analyte solution was injected into

the reaction vessel and followed by the injection of NaBH4solution.

However, in the determination of antimony, signals of antimony were

recorded as the analyte solution was introduced into the reaction vessel,

before the NaBH4 solution was added. As shown in Figure 60, a sharp

peak of Sb signal from 5.0 ml of 5.0 J.Lg ml- I Sb in 0.1 M HN03 was

observed prior to the injection of NaBH4 solution. After this peak, a

further 1.5 ml solution of 10% NaBH4 in 0.1 M NaOH was introduced into

the reaction vessel containing the above solution. As indicated in Figure

60, no signal appeared at this stage (B). This meant that the stibine

generation reaction was complete without the additional injection of

NaBH4 solution. After an injection of 1.5 ml of 10% NaBH4 solution, six

consecutive determinations of 5.0 ml of 5.0 J.Lg ml- I Sb gave the signals

shown in Figure 61 without further introduction of reducing agent. This
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may possibly be applied to rapid determination of antimony by uSIng a

high concentration of NaBH4 solution for the first injection with no need

to inject the NaBH4 solution for each determination. This could be another

project for research. The reproducibility had first to be improved. In

order to avoid the uncertainty caused by any residual NaBH4 present, a

simple reversed order for the injection of sample and NaBH4 solutions

was employed, i.e., injection of the NaBH4 solution prior to the sample

solution to ensure that an excess of NaBH4 was available. With this

modification, the reproducibility of antimony signals was greatly

improved. The antimony signal was observed instantaneously after the

antimony solution was injected into the reaction vessel. Figure 62 shown

five reproducible peaks (A) from 5.0 ml of 20.0 ng ml- 1 antimony.

Antimony blank (Figure 62 B) was undetected.

Nitric acid was used as the reaction medium for stibine production.

The effect of nitric acid concentration on antimony signal is shown in

Figure 63. Solutions of 5.0 ml of 0.20 J-Lg ml- 1 Sb and 1.0 ml of 4% NaBH4

(m/V) in 0.03 M NaOH were used to perform these experiments. The

highest signal of Sb was obtained at HN03 concentration of 0.040 M, and

thus this was chosen for all determinations.
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8

Antimony

Time

A

193

Figure 60. Peak profile of antimony signal.
A .. Injection of 5.0 ml solution of

5.0 J.lg ml- l Sb in 0.1 M HN03
B .. Injection of 1.5 ml solution of

4% NaBH4 in 0.1 M NaOH.
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Figure 61. Six consecutive peaks of 5.0 ml of 5.0 Jlg ml- 1 Sb
after a single injection of 1.0 ml of 10% NaBH4_
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Figure 62. Reproducibility of peaks from .5.0 mt of 20.0
ng ml-! Sb in 0.10 M HN03 (A) and blank (B).
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Figure 63. Effect of HN03 concentration on antimony signals.
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Interference Reduction

Interference effects from a number of transition metal ions were

studied. L-cysteine was demonstrated to be a suitable interference

reducing agent. Solutions of 10.0 ng ml- 1 Sb were made in either 0.040 M

HN03 or 0.040 M HN03-0.4% (m/V) L-cysteine solution. In the presence

and absence of L-cysteine, the recoveries of the Sb signal in the presence

of Co(II), Cu(II), Ni(II), and Pt(IV), at a series of concentrations, were

compared in Figures 5 and 6. As we can see from the figures, the

interferences from Co(II), Cu(II), Ni(II), and Pt(IV) were significantly

reduced with L-cysteine. These results, along with the others, are also

summarized in Table 20. 1000 J.1g ml- 1 of Cu(II) and Fe(II), 100 J.1g ml- 1

of Co(II), 10 J.1g ml- 1 of Ni(II) and Pt(IV), and 1 J.1g ml- 1 or Pd(II) showed

no significant interference on Sb determinations in the presence of 0.4%

L-cysteine.

L-cysteine has shown promise in reducing interference in the

determination of antimony. With more detailed studies, this method for

the trace determination of antimony, by hydride formation in various

matrices, could be improved.
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Figure 64. Recovery of 5.0 ml of 10.0 ng ml- t Sb in the
presence of Ni(II) and Pt(IV)
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Figure 65. Recovery of 5.0 ml of 10.0 ng ml- l Sb in the
presence of Co(II) and Cu(II)

o .. in th.e presence of Co(II)
.. in the presence of Co(II),- with L-cysteine

A .. in the presence of Cu(II)
- in the presence of Cu(II), with L-cysteine
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Table 20. Interference reduction by L-Cysteine in
antimony determinations

Metal
Ion

Amount Added
(0.5 ml)

Recovery of 5 ml 10.0 ppb Sb (%)
Without L-cysteine With L-cysteine

Cu (II)

Co (II)

Ni (II)

Pt (IV)

Pd (II)

Fe (II)

10 ppm

100 ppm

1000 ppm

10 ppm

100 ppm

1000 ppm

1.0 ppm

10 ppm

100 ppm

1.0 ppm
10 ppm

1.0 ppm

10 ppm

10 ppm
100 ppm

1000 ppm

69
60

77
79

44

12

o

70
46

96
95

89

90

92
82

96
8 1

55

95

100

94

64

101
100
94
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VI. Application of Signal Enhancement by Easily

Ionized Elements in Hydride Generation DCP-AES

Determination of Arsenic, Antimony, Germanium, Tin

and Lead

Enhancement of Analyte Signal and Changes of Background

Signal enhancement by easily ionized elements (EIEs) is an

important feature in DCP-AES. It depends on the EIE (139, 168), the

concentration of EIE compounds (37, 143, 159-160), and the different

elements determined (139, 141, 169). With the concern for these

factors, this effect was studied by introducing each of the alkali and

alkaline earth element-containing solutions at various concentrations

in the determination of As, Sb, Ge, Sn and Pb by hydride generation

DCP-AES. Distilled water, alkali, and alkaline earth element-containing

solutions, with concentration ranging from 0.10M to 2.0M, were

introduced to the d.c. plasma through a conventional peristaltic pump

and a pneumatic nebulizer while the hydride, carried by argon, was

introduced through the inner tube to the d.c. plasma. Atomic emission

spectroscopic signals were then obtained with the spectrometer and

recorded and measured with a chart recorder. Comparing the peak

heights of the emission signals obtained in the presence of EIE

solutions to those in the presence of distilled water, signal

enhancement data and background results were calculated and shown

in Table 21. The background increase(+) and reduction(-) values
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indicate the background changes in the presence of EIEs compared to

the background signal in the presence of distilled water, which was

between 300 to 600, depending on the elements determined and the

PMT and gain settings used, while the full scale of recording was

10,000 arbitrary units. The concentrations of As, Sb, Ge, Sn, and Pb

solution used in performing this experiment were 20.0 ppb, 20.0 ppb,

2.0 ppb, 2.0 ppb, and 20.0 ppb, respectively.

As shown in Table 21, in all cases the As, Sb, Ge, Sn, and Pb,

analytical signals were significantly enhanced with any of alkali

element-containing compounds. Comparing the results obtained with

aspiration of LiCI, LiOR with Li2S 04, and MgCl2 with MgS04, we can see

that the signal enhancement effect is essentially independent of anion,

but dependent on the cation. With the increase of alkali metal

concentration from O.10M to 2.0M, the signal enhancement factor

increases. Although a higher concentration of alkali elements may give

a higher signal enhancement factor, a concentration of EIE of 1.0M is

recommended since higher salt concentration may cause solid salt to

appear on the top of the sample tube. It is worthy of note that,

although the background level was changed with the introduction of

alkali elements, no significant change of noise was observed.

With aspiration of alkaline earth element-containing solutions to

the d.c. plasma, the signal and background results are more

complicated and depend on the different analytes. As we can see in

Table 21, in arsenic determinations, signals were enhanced and the

background was decreased with all alkaline earth elements, whereas

the opposite phenomenon was observed in the case of tin
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determinations. In the determination of antimony and germanium,

both signal and background were increased with increasing alkaline

earth element concentration. For the determination of lead, Be, Ca, Sr,

and Ba enhanced lead signal, whereas Mg suppressed the lead signal.

As a result of enhanced intensities of emission lines (142, 144),

both peak height and peak area of emission signals were increased.

There is no change in the peak width, however, as can be seen in the

cases of lead (Figure 66a) and germanium (Figure 66b) signals when

1.0M KCI was introduced. Results of signal enhancement, measured by

both peak height and peak area are summarized in Table 22.

It was also found that the enhancement effect of the EIE does not

depend on the hydride generation procedure. As a trial, arsenic(III)

and arsenic(V) were used as standards and they were made in solution

with and without L-cysteine. The effect of EIBs on arsenic signals was

then studied with the above reaction solutions. The results showed

that same signal enhancement was observed by using either As(III) or

As(V) as reaction solution. Also, similar enhancement effects were

obtained in the presence and absence of L-cysteine, although L­

cysteine speeded the hydride reaction and reduced the interference in

the hydride generation process.



Table 21. Effect of EIEs on signal and background in the determination of AS,Sb, Ge, Sn
and Pb *

EIE EIE Signal Enhancement Background increase (+) or reduction (-) based
Compound Conca (%) on a background signal of 300 -- 600 (%)

lM) As_~_Sb Ge Sn Pb As _~__Sb ~_~_Ge Sn Pl1

LiCI

LiOH

Li2S04

NaCI

KCI

RbCI

CsCI

1.0 24 46 - - 60 -19 -27 - - n.d.
2.0 24 44 - - 70 -20 -25 - - n.d.

0.10 - - 5 28 26 - - n.d. +7 n.d.
0.50 - - 13 38 56 - - n.d. +14 n.d.
1.0 - - 15 57 60 - - +6 +16 n.d.
2.0 - - 22 61 70 - - +16 +18 n.d.

0.10 5 29 5 24 37 n.d. n.d. - n.d.
0.50 12 39 15 41 54 -10 n.d. n.d. +6
1.0 21 42 20 45 61 -14 -6 - +8 n.d.
2.0 29 66 23 55 73 -17 -11 +10 +11 n.d.

0.10 12 17 23 39 40 n.d. +22 n.d. +8 n.d.
0.50 19 24 44 52 50 -12 +9 - +16 n.d.
1.0 21 46 44 65 60 -19 n.d. - +16 n.d.
2.0 31 61 56 83 65 -18 -21 n.d. +19 n.d.

0.10 5 12 40 28 30 n.d. +36 - +8 n.d.
0.50 21 63 57 52 50 -19 n.d. n.d. +16 n.d.
1.0 26 61 78 66 70 -26 -21 n.d. +16 n.d.
2.0 19 3 103 76 88 -26 -41 n.d. +21 -6

0.50 21 51 - - - -18 +21
1.0 36 61 56 46 90 -30 -20 +6 +31 +7
2.0 36 10 103 68 90 ..30 ..31 +10 +63 -10

0.50 31 39 64 - 85 ..33 -37 n.d. .. -10 f'..)

1.0 41 76 90 -34 -34 -14 0- - - - +:'-

2.0 19 15 - - 115 -33 -42 - - -18



EIE EIE Signal Enhancement Background increase (+) or reduction (-) based
Compound Conca (°/0) on a background signal of 300 -- 600(0/0)

(M) As Sb Ge Sn Pb As Sb Ge Sn Pb

BeS04 1.0 12 37 18 -25 14 n.d. +71 +330 +86 +71
2.0 - - 24 -46 14 - .. +450 +130 +100

MgS04 1.0 26 66 49 -100 -59 n.d. +78 +150 +1400 +1500
2.0 36 66 57 - - -6 +59 +260

MgCI 2 1.0 29 68 - - -69 n.d. +70 - - +1500
2.0 36 76 - - - n.d. +73

CaCI2 1.0 38 56 43 -55 73 -10 +60 +110 +270 +140
2.0 36 63 54 - 73 -11 +77 +360 - +250

SrCI2 1.0 38 42 49 -25 95 n.d. +74 +130 +180 +130
2.0 - - 49 -55 73 - - +450 +300 +220

BaCI2 0.50 19 37 29 0 77 -7 +110 +320 +150 +200
1.0 19 39 43 -26 50 -9 +110 +580 +290 +340

*. "n.d." -- The change is not detectable.
"-" -- not determined.
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Table 22. Comparison of the enhancement by peak height and peak

area

Element EIB Signal Enhancement (%)

Peak Height Peak Area

Ge

Pb

As

Sb

1.0 M KCI

1.0 M KCI

1.0 M esCI

1.0 M esCI

78

70

50

74

64

75

78

77
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Stability of the Enhanced Signals

In conventional DCP-AES, the uncertainty and nonreproducibility

caused by EIEs is a severe problem due to variable or unknown EIE

concentrations in different samples and to the difficulty in matching

the matrix of sample and standard solutions. However, this problem is

overcome in the hydride generation d.c. plasma system since the

hydrides are separated from the sample matrix. Thus alkali or alkaline

earth elements are not introduced to the plasma from the hydride

generator along with the hydride even if they are present in the

sample.

Since separate introduction of EIE solutions through the

peristaltic pump and pneumatic nebulizer can be easily controlled, the

concentration of EIE in the plasma can be kept constant. As shown in

Figure 67 , very reproducible germanium signals were obtained with

and without EIE. Eleven replicate determinations of 0.50 ppb

germanium gave a relative standard deviation (RSD) of 4.7% in the

presence of distilled water and 4.1 % in the presence of 1.0M KCI.

Similar results were obtained for lead determinations, where eleven

replicate determinations of 2.0 ppb lead gave a RSD of 6.0% in absence

of EIE and 4.6% in the presence of 1.0M CsCI. We can also see from

Figure 67 that there was no signal from the germanium blank even in

the presence of 1.0 M KCI. The introduction of EIE reagents of

analytical grade purity to the d.c. plasma did not increase the blank

value because the concentrations of the analytes in these reagents are

negligible compared to their detection limits by conventional DCP-AES.
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Calibration

Enhancement by EIEs 209

With EIEs, reproducible and enhanced signals were achieved,

which is promising in improving sensitivity for trace analysis. In order

to estimate the analytical applicability of signal enhancement by EIE,

selective calibration and linear regression were performed. Figure 68

shows the calibration curves of lead, with concentrations from 0.0 ppb

to 80.0 ppb. Linear calibration curves were obtained with or without

EIE signal enhancement. Correlation coefficients of the two curves

were 0.997 for water aspiration and 0.998 for 1.0M CsCI aspiration.

The slopes of the line were 1.14 and 2.17 for the introduction of

distilled water and 1.0M CsCI, respectively. Similar results were

obtained for the determination of germanium. The correlation

coefficients for concentration of germanium from 0.20 ppb to 2.0 ppb

were 0.998 and 0.999 for the aspiration of distilled water and 1.0M

KCI, respectively.
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Arsenic:

Matrix modification with 3% L-cystine in 5M Hel dramatically

improves tolerance to transition elements by factors of 10-100. While

interference by elements such as Ni(II) and Pt(IV) is greatly reduced,

tolerance to the presence of Pd(II) and Au(III) is only slightly increased.

Application of the method to the analysis of the NBS reference standards,

Low Alloy Steel 363 and Open Hearth Iron 55E, yielded excellent results

of 101+7 Jlg g-l As (certified value 100 Jlg g-l) and 71+7 Jlg g-l

(certified value 70 Jlg g-l), respectively.

Preliminary studies with the gas flowing batch system of operation

indicated that a 4-fold increase in the As emission signal was obtained in

the presence of L-cysteine in a reaction medium of 0.1 M HN03. L­

cystine, on the other hand, produced an enhancement factor of about 1.5.

Tin:

Studies of the production of stannane indicated that the effect of

allowing argon to flow continuously through the reaction vessel was

beneficial in decreasing the background noise and in improving

reproducibility. The presence of 0.4 g L-cystine in a reaction medium of

0.05 M HN03 improved tolerance to transition elements by factors in the

range 100-1000. However, interference by Pd(II), Pt(IV) and Au(III) was

not eliminated by L-cystine.

The detection limit for Sn In solution was 20 pg ml- 1. The RSD at a

concentration of 0.4 ng ml- 1 Sn was found to be 2%. Excellent results were
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obtained in application of the method to NBS standard reference

materials highly concentrated in the otherwise problematic elements, Cu

and Fe. Preliminary studies using 0.4% L-cysteine indicated that this

would be an equally effective reagent in the reduction of interferences.

Germanium:

Optimum conditions for the determination of Ge in the presence of

potential interferences were found to be 0.4% L-cysteine in a sample

medium of 0.02-0.04 M HN03. A larger sample volume of 9 ml (rather

than 5 ml) was employed by the use of L-cysteine in solution instead of

the solid form of L-cystine; 2 ml of 6% NaBH4 were employed for

reduction. An increase in peak height signal of about 100% was seen in

the presence of L-cysteine, while peak area was unchanged. Increased

tolerance factors in the range 100-1000 were observed in the presence of

transition elements (e.g. Cu, Ni, Co). L-cysteine(0.4%) and L-cystine(0.4g)

behaved similarly in most cases with the clear exception of tolerance to

Pd(II). L-cystine actually degraded results while L-cysteine allowed

interference-free determination of Ge up to levels of about 10 Jlg ml- 1

Pd(II). In the study of mutual hydride-forming interferences, only Se was

found to be problematic (suppression); this effect was actually enhanced

In the presence of L-cysteine.

The detection limit for Ge was 20 pg ml- 1 in solution. An RSD of

3.1 % was obtained at the 0.1 Jlg ml- 1 level of Ge. Germanium spiked in

solutions of the NBS Copper I and Iron 55E standard reference materials

were totally recovered.

Among other amino acids investigated, histidine appeared very
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promising. While sensitivity (peak height) was not enhanced, tolerance to

high concentrations of Ni(II) (> 100 J..lg ml- 1) was superior to that in the

presence of L-cysteine.

Lead:

Conditions for the generation of plumbane were optimized for two

oxidizing reaction media, HN03 - (N!4)S20g and malic acid - K2Cr207. The

latter system not only resulted in better reproducibility, but also was

much less susceptible to suppression of the Pb signal by transition

elements.

Antimony:

Preliminary studies have indicated that the presence of L-cysteine

has a beneficial effect in reducing interferences from Cu, C, Ni, and Pt in

the determination of Sb in a reaction medium of 0.04 M HN03.

EIEs:

Advantage can be taken of the positive interference created by the

presence of EIEs in analysis by DCP-AES. A constant amount of the EIB

can be nebulized into the DCP separate from injection of the hydride.

Signal enhancements in the range 40-90% (peak height or peak area)

have been demonstrated in the determination of As, Ge, Pb, Sb, and Sn

with nebulization of 1 M CsCI or 1 M KCI.
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