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TWO-CHAMBER FURNACE FOR FLAMELESS ATOMIC ABSORPTION

SPEC TROSCOPY *

D. A. Church, T. Hadelshl, L. Leong,»R D. McLaughhn, and
B. D. Zak : e N

‘Lawrence Berkeley Laboratory, University of Callforma, Berkeley,
California 94720 : : v

November 19'_1.3.
ABSTRACT -

The construction and operation of .a two-chamber furnace for
flameless at'omie absorption measurements on volatile elements is
described. The furnace consists of a cormbustion chamber and an ab-
sorption tube. The solid, liquid, or ga.seeus sample is introduced by
means of a sample holder inte the comﬁustion chamber, maintained at
an apiaropriet;e tempereture, where combusi‘:iqn. and/dis sociation occur
in a stream of oxygen. The element of interest is earfied by the gas
stream into .the absorption tube, where 1t is detected. RelatiVely large i
volumes or weights of sample containing volatile elements can be mea-
sured in this way without drying and'ashing steps ’whicil might lead to
loss of these.elements. An application to trace 'mercufy detection

using the IZAA spectrometer is discus sed.



I. INTRODUCTION -

In order to successfully measure trace element concentrations by
an atomic_absorptionA(AA)\ technique, the sample must be repi;oducibly
vaporized /a;ﬁd dissociated so that the element of interest can absorb
the incident rf;sonancé light. f‘lameless AA\meésqrements are often
carriedb out by placing the sé.mple in a carbon tube, through which the
1ig>ht‘ beaimn pa_.éses.' The carbon tube, when heated, servés as a*furﬂacé (1)’-_
to vaporiz.e‘ and ;iis_sociate .the sampié. With such a ffurn;a.ce, it is geh-
erally necessary to carryvc‘)ut drying or ashing steps prior to atomizing .
f_he sample, in order to obtain meaningful results. If the sample ele-
ment to be meaéur_ed is ‘vola,tilev, or exists in v_olatilé compounds, as )
do.mercury, arsenic, and selenium,-'these drying and ashing Steps 1;nay
well lead to lo"ss\ of th:is element before the actual\m’easuremento

As a means of circumvent.ing thése procedures, vwe descri_be‘ a
furnace consisting of two heated chambers, which ’doe.s not suffer from
the deficiencies mentioned above, Theb sample is introduced into the
\first (combustion) chamber in a holder, along with a stréam of carrier
gas (Figure 1). Rai)id conductive and radiative heaﬁng of the sample
holder vaporizes the sample. An Qxidiéing carrier gas not only assists -
with the cornbﬁstion of the sample, >reducing smoke and other interfer-
ek_nces, but also carries thé d_iss’ocia-ted constituents reproduciﬁly.into

-the light béamu_ F‘ollowing the short residehcev time in the windowlesé
absorption tube, t.he sample vapor is vented to the surrounding atmo-

sphere. We have tested such a furnace as a component of the Isotope-

shift Zeeman-effect Atomic Abs‘-orption (IZAA) spéétrometer(Z -4)
)

t
‘
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-applied to the measurement of*trace’q>uantitie s of various organic and
inorganic compounds of mercury in solid, liquid, and gaseeus ‘'samples.
Such individual measurements can be performed in less than one minute,
without chemical preparation of the sarﬁple.

II. APPARATUS

The IZAA spectrometer(2;4) consists of-three basic components: | "
e.,single lighif source ywl'-lich provides both a signal monitor beam and a
reference beam; the two—c_hambered furnace; and a detector clomposed
of a éolarizaﬁon ‘analyzerﬁ, interfer eﬁce-filter, and pho‘fomul’c.iplier. _
The 1ig1;t source incorporates an electrodeless discharge lamp cen—
taining a mercury isotope vapor in a unifo;‘rri external magnetic field,
and a means of 'elternately selecting the orthogonéliy pelarized con-

» sfcituen}:s of the light ewr;n'.tted perpendicular to the_ field—directiono _The
wavelength of one of these constifuents is centered on the Lorentz- |
broadened and -shifted abSorption(S) of natural 4mercu.ry. in air; the
other constituent consists of two Zeernén-shifted lines which are
symmetrically displaeed about 1 crm—1 ffom the cen;cral monitqr line(4).
These two shifted lines, on the Wings of the absorption curve, serve as
a reference beam to cér'rect, for 'broad-bapd interferences. An elec-
tfomagneticallf, actuated ph:ase fetardation p_late>(4, 6) permits the two
qrthogoélally polarized constituents to pass the analyzer tovthe »detector
alternately at a frequency of several hundred‘hertz. An automatic’
gein control circuit C~orrects for variations in the total light level

. reaching tlrvl‘e detector, produ‘ced by broad-band interferences. The

signal arises from a difference of detected intensity of the monitor and

'rebferen'ce constituents; this difference is produced by mercury



-3- , : :

absorption only. The difference signal is amplified, converted to a dc
“voltage, and integrated. The integréted signal Qf_an unknoWn is com- =
pared to that of a sta.ndarld, to devte‘rmine'the mercury concentraﬁion.
Our implementvation of the basic twd—chambere’d furnace design
for the iZAA mercury detector consists of a stainless steel shell in a |
"T" shape as shown in Figure ’1, Which is directly heaLteci'by an ac
.c_urre_nt.and indirectly heatedr by‘ heating elemeﬁts. The combustion
chamber volume Vc i/s 'conpecte_d to the absorption tube volume Va By
a multi-orificé insert; . this permits a more uniform distribution of
combusted sample over the absorption tube cross section. " The sample
holder co’nsis\ts of a platinum cup, mounted by four platinum wires to a
thin-wall stainless steel tu;be. Thé carrier gas is-blown both through
the tub.e and around the tube from‘the inlet near the mouth of the fuvrna.ce,
as indicated in Figui'e 1. Thé gas flow prevents 1E);;.ck-diffusion of
sa‘mplre to the COOfl inlet porfion of tl;e furnace. | rI‘Vhe platinum cup also
tends to direct products of rapid cofnbustion toward hotter regions of -
the furnace. With many iiquid samples), én argo'n‘ carrier gas is found
to be ;dequate. Hovw.ever, oxygen is necessary for the combustidn‘of
I‘;lést solids, to reduce thé loéd of interfering smoke wh%ch otherwise
totally blocks the light beam. To maintain }inearity over a relatively
large range of sample volumes, it is neces.sary that the gas flow rate
be larg'e compared with the volume of gas: generated in va?oi‘izing the
sample.’ Liqﬁid sarhples in the rangé of 20-50 pl can be run before
significant errors are detected.. Of course, the use of such a gas flow

system involves dilution of the sample; nevertheless, we observe a

basic detection limit of at least 0.1 ng for mercury with our current
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apparatus. This is cornparable to the detection limit of -other AA sys-
tems using convent-ional carbon tube furnace designe

In the temperature range 850 1000 C, the furnace is su.fflclently
hot and the heat capacity of the sample holder sufficiently low that the
'samp_le' is rapidly vaporized. The signal typically appears in time as
a smooth p'eak with avduration. of several seconds (Figdre 2). The |
signal peak for higher .volatility liqo.id samples hae the same geheral
appearance as that for samples of lower volatlllty, but it may appear
somewhat’ sooner after the sample holder is rnserted. This effect is
particularly 'pronounced' at lower temperatures. The same typ‘ical
" signal appearance is also noted for solid and gaseous sampies.

Based on simple, assumptions, the approxirnate time dependence
of suvch a signal can be#predicted. S'uppose the sample to eorrtain a
ndmbe’r of mercury atoms N, whether in elemental or molecular form.
1f the sarr1p1e'is vaporized rapidly compared to the flow rate R of
carrier gas through the system, the .liber\ation of mercury atoms into
the combustion chamber eah be considered instahtaneous The rela--
| t1ve1y large 1mpedance to gas flow 1nto the absorption tube a1ds m1x1ng
in the combust1on chamber, and time averages the gas Splke produced

by the sample vaporization. If complete mixing occurs, the rate of in-

. crease of atoms in the absorption tube N, is

. RV
dN_/dt = (NR/V ) e c. . | (1)

Again with the assumption of complete mixing, atoms are removed

from the absorption tube at the rate . .

o dNa./dt =‘- (R/Va) N_(t) : ' | (2) |



Thé net density of mercury atoms in the absorption tube, as a _function
_of time t and initial atom number N, is

' - -Rt/V :
N_(t)/V, = W—l}l—v—)—<e ‘f_‘t//Vc e / a>’ 3

_ v c a o :
which has a time depend-.ence.in adequate agreement with the éignal
generally oBserved. Particulai'ly' in the case of insufficiently i'apid,
h'erating, departures fronfl this simple shape are observed When mixtures
of compound$ with marke.dly‘different volatilities a.r‘e investigated.
These effec.ts‘ cax.l‘be predicted by taking the sample vaporization rate
‘into account. This situation can be -elimin‘ated By\more rapid éample
heating, ;:o drive off all constituents at nearly the same instant.
| III. PROCEDURE AND RESULTS

We report here—‘the results of measure_m;nts of mercury concen-
tfationé 1n solid and liquid sarﬁple s. The results of méasﬁrements of |
éaseous sémples are reported elseWhere(4), as are measurements
using an earlier version of the IZAA spéctrometer on fish samples(3).
For the case 6f liquid éampleé, measurements were madé to check
for any cherrﬁcal ox;‘matrik effvects' which nﬁght influence the measure-
ments. Also, the physical parameters of the'measure.ment.s wefe varied,
in ordevr to better understand the limits and capabilities of therfurli'lrace.
‘Such detailed measurementsvfor solid samples are still in prog»re»ss.

The solid samples investigated to date include animal and fish
muscle, dried and ffesh.plant leav\es and stems, .hair, bléod, sediments,

powdered ceramic, and NBS standard samples. The procedure with |

solid samples was either to first weigh the sample in a platinum boat
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boat which was then placed inbtlhe sarﬁple holder, or to weigh the s‘ample ]
directly in the holder. For a given gas flow rate (typically 400 ml/n}in)
. a primary limitation on the-weight of solid sample to be run is felate-d
to the voiume of oxygen available for combustion. When the s‘afnple =,
weight approaches a limit proi)ortional to gas flow rate, smoke from the
sample begins to be obéerx‘red. Small increases in ‘samplervweight then '
lead 'to a large increase in smoke, which eventﬁaIly atfénuates the light \
b;eam beyond the cé,iaability of the IZAA automatic gain c\ontl"ol to fuﬁctidn ‘
correctly. In practice, we limited sam.ple’ Weigﬁt so that no more than
'10% of the incident light was obscured by émoke. As Equation (2)
show:s, increa.msin‘g the gas flow ‘rate decreases the ciwell time of the
atoms in the absorption tube; and hence the signal'. Consequently,
increases in éensitivify cannot be achieved by incx:easing both sample
weight and gas flow.” However, wé khav/e found that relati;rély lé.rge
sample Welig_hts can usually be handled, vsvince s‘nfoke is- ho£ always a
limitation. “ Sample Wéights in the 20-30 mg range or ﬂighei‘ are
, routiﬁely run. This rel_ativeljhiéh slarnplevweight permits precise con-
trol of sample size, and ‘rn‘akes it pos_siblé to extend measurements to
lower concentrafions of mercury. Results of measuremenfs on cali-
brated solid sample; ‘ar‘e presénted_ih Table I.

Measﬁrements with standard solutions were fir sat carried out over
a range_of sample volumes Iin 5 ul steps at a.given mercur‘y concentra-
tion. Strict linearity to atr least 20 pl was observed. LNext, :a plot of
signal vs. concentratioh with a givén_(S pl) volume sample showed
1i'néarit$r for mercury sample weights of 0.1 ng to ‘more than 50 ng.

To test for systematic effects, the following measurement parameters



7=

were varied: (1) CuO was introduced with the liquid éf:andard to pro-
vide'excess oxygen, (2) ,th-e oxygen Cafrief gas was replacéd with argon
‘cb produce an oxygen deficiency, (3) the pH of the standard solution
was varied over an order of magnitude from 0.03N to 0.3N, (4) the
a.n_ién of the standard solution was changed ffom C1” fo SOZ R /(5) organic
mercury solutions and inorganié mercury standards were separatellyr
melasured, and then’ separately added to ‘the sample holder and the re-
sults checked foxi additiyity, (6) additiyity was éhecked for mixed
Qrganic and inorganic fnércury soiutions, énd (7) the oven temperature
was varied over the range 850 °C to \101k0 °C. The measurement re-‘
sulté showed additivity for inorganic and organic sample s 'urzxder‘ all con-
ditions, and no depe-ndence‘on' theb chemical parameters varied. Re‘sullts
- of 'selgcted_r;nea;éurements are presented in Table II.
IV.. SUMMARY

The two-chamber furnace of\fer’sya useful and accurate means for
reproducibly vap,orizing; 'combusting, and dissociéting samples in‘ solid,
iiquid, ‘olr gaséoué form containing volatile elements. An oxidizing
carrie.i' gas serves both as an aid to combustion of the sample and as a
means for reproducibly carvrying the vaporized sample from the com-
bustiop chamber to the absorption tube. Consequently, | no prior chémi-n
cal sample pfeparétign is required for solid samples, and drying and |
ashing c;rcles are ﬁ_ot necessary. Sample measurement times are re-.
duced to about one minute. Solid sample w\eights in the tens of mg can
be handled. When-employ_ed with theb IZAA spectr\or‘neter, the automati,c

background correction permits the measurement of samples in the

presence of residual interferences and smoke.
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Table I. Measurements of Solid Standards Using Two Slightly Different Versions of the Two-Chamber .

- Furnace Operated near 850 °C

: Sample weight NBS Value? Number of Res'u.ltsbJ
7 Sample range (mg) . (Ppb) measurements (ppb)‘_ :
R T I5TL  2.9-9.4 | 155815 9 154428
NBS bovine liver 5-10  g6x2 9 | 22,1i6.3
NBS bovine 7“731' 10-12 16%2 6 15.845.1
NBSSR‘;\ZVE?HHVM 10-20 o f6s2 8 16.243
NBSSR?\ZVEQG;?“V”. 20-30 L 1es2 4 13.721.4
Seal 1ion_kidney 202_3;9 | _ 1‘600>,C 1650d ' 10'

Fé6

1300100

AUnce rtainty is two standard deviations.
Uncertainty is one standard deviation.
®single X-ray fluorescence result. (LLL Value)

dSingle cold-vapor AA result. (LLL Value)
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Table II. Additivity of Organic and Inorganic Samples Under a Variety of Conditions
’ ) Expected result
from separate .

v

Carrier ' : Number of Result measurements
" gas Sample Amount measurements (ng) (ng)
CH,HgCl in 0.03N HCI 5\ . 6 3.35%0.28 —
HgCl2 in 0.03N HCI (1 ppm) 5\ 6 5.0 £0.24 5 ng standard
o . Mixture of two samples . 5\ 6 8.0 +0.6 8.35+0.37
2 ) ) .
' Thimerosal® in H,0 , 5) 6 4.8 £0.3 —
HgClZ in 0.2N HC1 (1 ppm) 5\ 6 5.0 £0.3 5 ng standard
Mixture of two samples - . 5\ [ 9.8 +0.7 - 9.8 £0.43
CH3HgC1 in 0.3N HCl1 . 5B\ ’ 3 4.65+0.25 . —
02, CuO . : ‘ . - :
in | HgCl2 in 0.3N HCI1 (1 ppm) BN .3 5.0 £0.38 5 ng standard
sample : :
holder - Mixture of two samples .
(1/2 concentration) . ~  BA . 7 2.9 0.5 2.4 +0.25
" 8.F. Bay sediment
(20-50 mg) spiked
with 5\ of 1 ppm - ,
HgCl2 in 0.3N HC1 . 5\ ‘ 5 50+9.3 50+2.2
O . . ‘ .
2 S. F. Bay sediment
(3-6 mg) spiked with o :
5\ HgCl2 . 5\ 9 © 50+%2.8 50+£2.2
~ ’ i ‘ . ’
[ HgCl, in 0.3N HCI (1 ppm) 5\ - 5 5.0 #£0.1 5 ng standard
v HgCl, in 0.3N HCI (1 ppm) = 10\ 3 9.6 £0.14  10.0 *0.14
CH,HgCl in 0.3N HCI 3 T4 4.65£0.24 S
Argon s o . ‘
CH3HgCl in 0.3N HCl1 10\ - 4 - 8.91%0.27 9.3 £0.35
Mixture of two samples v
(1/2 concentration) ) 5\ 5 2.46£0.16 -~ 2.41%0.14
CH,HgCl in 1IN HZSO4 plus ’ :
NaOH 5\ 2 4.70£0.21 4.65+0.24

%A trade name for sodium ethylmercurithiosalicylate.
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Figure Captions
Figure 1. An example of a two-chamber fur.na.ce used in measui‘ements
of trace quantities of mercury. V'I'he walls bf th¢ chamber are made of
welded stainiess steel. A large ac current is passed thréugh these walls
to, provide re‘sistive heating in addition to the heating from the heater
elements sho?vm A stop reproduéibly positions the sample hplder in
the furnace. The holder consists of a platinum"foil cup supported by
four platinum wires welded fo é stainless steel tube. The length of the
absorption tube is 30 cm, and its diameter is 1.25 cm.
Figure 2. Chart recordings of signals f..or (a) S‘ul of 1 ppm H_gCl2 in
0.3N HC1, -(b) 5 pi of about 1 ppm CH3HgC1 in 0.3N HCI, and
(c) 5 ul of Thimerosal (sc;dium etﬂylmefcurithiosalicyiate) in water.
We find that the integrated signal is a more us_eful measure than peak

signal height. Small differencés in signal shépe, which -do not affect

the integrated area, can be seen.
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