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Abstract:

Electrodeposition was studied as a method for placing silver onto an iridium filament from which it
was subsequently thermally displaced into a radio frequency wave induced helium plasma. The
logarithm of the intensity of the light e-mitteti from the silver was found to be directly proportional to
the logarithm of the amount of silver over the range of 10-11 to 10-7 gram of metal. Under the
conditions of the study the method proved to be an extremely interference-free as well as sensitive way
of determining silver.

Instrumental and other analytical parameters were varied and the effect upon the silver determination
was studied. The effect of the presence of several other heavy metals in the plating solution was also
investigated.

A cursory study of the probable potential of the method toward the estimation of several other metals
was made. Mercury, gold, and copper as well as silver will likely, upon optimization of conditions,
prove to be readily analyzable by this method.
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ABSTRAGT
Electrodepésition was studied as a method for placing
silver ohﬂo én iridiuvm filament from which.it was subsequent- .
1y thermally displaced into a radio frequeﬁcy Wévﬁ induced he-
livum plasma, The logarlthm of the 1ntens1ty of the light e-
m:ttmd from the 811ver was found to be directly propcﬂtlonal
to the logarithm of the amount of silver over the range of

10”1 4o 4077

gram of metal, Under the conditions of the
.study the method proved to be an extfemely interference~-free
'aé well as sensitive way of determining silver,

Instrumental and other anaWyulcal parameters were varied,

and the effect unon the 31lvur determlqatlon wag studled The

effect of the presence of several other heavy metals in the

" plating solution was also investigated,

A cursory study of the probable potential of the method
tpwa;d the estimation of sevéral other metals was made, Mer-
cury, gold, and coﬁper as well aé siiver'will likely, upon op-
timization of conditions, prové to be readily analyzable by

this method,




INTRODUCTION

Trace gnalysis of minute quantltles of the heavy metals
in water has been an 1ntr1gu1ng subgect to chemists for many
‘years, The new surge in interest in the effect of these me«
tals on man's environment has spurred muCﬂ resedrch in moré
sen81t1ve methods of trace quantity ana1y81s Some me thods
commonly used are: coloflmetr35 electrochemical "stvlppln@
coulombmeury, ¢lam§ emission spectroscopy,.arc or spark specn
ﬁrosqopyﬁ atomic .absorption spectroscopy, ané nevtron activa-
ktion, '0f these méthods the most sensitive in terms of the ab-
solute ﬁinimum mass of metal detectable is neutrqn activation
analysis (11);

Several recent publications haVe discussed the use of

high frequency 1nduced plaﬂmas 1n atmos pherlc pressure gase
fqr spectral excitation of metals (3, 8, 10, 12, 13). Ex-

- . ~10

tremély good sensitivities on the order of 10 to ‘IO"13 gram

of metal were fepofted {3, 10, 12).° Somexmeth;ds of introduc-
ing the samle into the dischérge were: placing a solid sam-
- ple into a graphite cup and heating fhe éup inside of an in-
~dﬁction coupled gas élasma; introducing it as an éerosoi_into
the diécharée9 and'evépofating the sémple from a heated fila-
méﬁt into the'gas inlet of the discharge chamber (8,-10, 12,
15). : _ \ .

It was thaaght that if these metals_could be electroﬁlatf

ed onto a filament readily and subsequently evaporated into a

discharge this method would be a very sensitive analytical




D
tool. The following study is directed at evaluating this

technique for the anglysis of silver,




STATEME NT oF PROBLEM

The use of atmpspherlc pressure 1nert or diatomic gas 
plasmas as a source for spectral excitatiop of matals has bkeen
‘studied by several workers (3, 8, 10; 129‘13)0 Cooke and co-
workers uéed a low wattage microwave discharge for atomic and
band emissioﬁAexcitation of P, CL, S, N; as well as C in or-
gdnig samples eluted from a gas chromstograph (7). Bache and’
Iisk used this method for the identification of halogen and
phosphorous beafiﬁg‘iﬁsecticides (2), This method was esti-
mated by Cooke'to.be capable'of detecting 10’16 gram'of car- .
" bon., |

As a tool for the analysis qf heavy meﬁalg in wéter the
method as described by the abéve mentione@ workers’suffers
from awkward aﬁd senéitivity limiting sample introduction pro;-
.cedures, PFassel and Hume describe a method of sample intro-
’ ductlon 31m11ar to that used in some atomlc absorption units
{15). The solution sample is introduced as a‘llquld aerosol
through the use of an ultrasonlc dlsper31ng element, Sample
introduction rstes are llmlted to tenths of ‘g milliliter per

mlnutel

which greatly reduces the utility ol the method.

It thé prbduction of photons in the discharge and of -pho-
tqeleétrons at the photocathéde are random processes‘conform»
ing to a Poisson distributiong ﬁhen, if a nﬁmber N of photo»

electrons is produced the standard deviation of N is /7_

H0wever9 durlng the tlme t that ¥ photoelactrons are belng

~

1More material than this extinguishes uhe qlschargea
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~ produced, there are also fronm random background "noise® a num-
ber nt of photoeleCUrono belng creaued Therefore, the total.
standard deviation of the 31gna1 1s/~“z_ﬁ“ It is obvious
that at low 31gnal levels and for long sample intfoducti&n
times,‘the total standard deviation can be much éreatgr than
Jﬁo' Because the detection limit of an analytical method is u-
suaily defiﬁéd as that amount of sample which gives a signal

equal - to two or three times the standard deviation of the

blank (/N + nt); slow introduction of an element into an

blank

excitation source sériously limits the sensitivity of & method

),
. For thismygason the slow evaporatibn of a sample from-a

a graphite cuﬁ int& the discharge desoriﬁéd by Mavrodineau and
Hpghes also limits thg-pqtential of fheir’pfocedure, of
céﬁrseglevaporation of a relativelgﬁlargé vol?me of water to.a
volume suitable for placing into a graph£te cup is also a step
fradéht with potentiél efroré.

To circumvent the statistical problem caused by slow in~
troduction of sample, several workers describe technlques in
which the samnle is 1ntroduced into the discharge by its sud-
den evaporation from 8 heated metal filament (3, 10, 12, 13).
-Sensitivities at the-picogram level were reported, However,

.

.thelr technlque required that sample introduction onto the.

flTamenf be performed by Dlpétlng a few mlcrollters of so]um o

~

tlon onto Lhe W1re For analysis of waters which contaln ex-




o
tremely low levels of the metals in questiong'this step would
necessitate extensive preconcentfatién measures,

Eleqtrodepositioﬁ diréctly onto the filament both as a
separation and as a preconéentration measure had not been re-

ported by other investigators, Because electrodeposition of

metals at. the nanogfam,level has been showvn to be successful;

at least on mercﬁry surfaces, it was thought that it would be
an ideal approach to placing sample onto-ﬁne electrode (1, 9,
16), Silver was chosen to be the metal studied for this pro-

ject both because it has ideal electrochemical behavior and

because a difficult analytical problem to which the method

£

might be immediately applicable was available--the analysis of
the silver in precipitation due to cloud seeding with silver
salts. The presently utilized methodg neutron activation, re-

quires access bto a nuclear reachtor with high neutron flux (1l).




BEXPERIMENTAL

The apparatus used for this study may be separated into
three masin categories: -welectroplating equipment, emission

source, and dstector,

Electroplating'Equipment

Figure 1 illuétratés the electroplating apparatus ubti-
lized fqr_eollecting'most of the daba desofibed in this paper,
‘Aﬁ(TBOO fpm.synchronéué moé@r’with a8 step pulley spins the e-
lectrode filament holaer which is, itself, held in a glass
“joint centered in a wheel bearing. Electrical contact is
made by bending one of the heavy tungsteﬁ wires of the fila-
ment holder coincidentsl With' the axis of revolution and let-
ting a cupped bfassléontact ride over it, The electrolysis
. véssel of about 8 cubic centimetertaapacity 1s made of pyrex
and has a platinum wire sealed into 1t to“serve as an anode,

The electrolysis voltage source is a simple rectifier trans-

former unit common. to sophomore chemistry laboratories,




sSynchronous
notor

rectifier-
transformer

Figure 1: Electroplating Apperatus
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 M'Emi§sion-Ap§aPatus

_ Figﬁre 2 deplictg all of the‘emission and~detection appa-
rata and figure 3 illuétrates the tube in whioh the dischafge
ﬁakes place., The tube is made of pyrex and conéists of two
parts, The first, the fiiamgnt holder, is a male 19/22 éyrei
.jgint through which is sealed twplheavy tungs%en wires, A he-
lium inlet is also sealed onto the éideo To the énds of fhe
tungsten wires iélclampedy By maéns‘of two soft steel'clipsp
the 0;020 cm, diaméter iridium wire filament, Iridium was
chosén because of its chémical inertness and high melting -
p§iﬁt éf 2l 5l degrees C, ~The other‘pért of the tube 1is a fe-
. malg pyrex joint with é constricted discharge chamber at fight
angies to it., A quartz lens collimates the light emitted from
thg chamber, \

The radiofrequéncy génerator is a Fischer.ana Co., type
'SP dlathermy machinea' The oscillation frequency is 23.8 M Ez,
and the powef,input to the oscillafor circuit is édjuétablé in
steps of 27, 51, and 91 watts, The oubtput leads to the dis-
charge tubé are inductively coupled to the tank coil of-thé
dscillator circuit, A pi-section filter was cénétrﬁcted to
smooth the osciliator supply voitage in order to prevent 120
cycle'modulation of the discharge, The iridigm filamat geatep'
. was a low voltage transformer (hof»wire giass tubihglcuttér)
in series with'a large éuféﬁransforher, o L
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Detection Apparatus
. The detection apparatus consisted of a Beckman DU mono-
chromator with a Sylvania LP28 photomultlptler and a Tektro-
nixy"type 56l storage oscilloscope. An Atomic Instrument Co,
péwer suﬁply variable from O to minue 1500 volts powéred.the
phoﬁotubea A2 ﬁicrofafad capacitor was placed across thé two

megohm load resistor of the phototube to filter off high fre-

guency nolse from the diathermy machine, Because a relatively

high and steady background signal of about twenty to one hun-
drea'millivolts2 prevented the ﬁse of the more. sensitive set-
tings of.the oécillosconep a "dark voltage" nulling device was
1nLerposed 1p£o the signsl 1eads This device consisted of a
penllte battery in bafallel w1ﬂh a potentlometerh |

Other necessary apparata include a Taylor gas flow meter,’

an optical pyrometer for measufing filament téﬁperatnres, and

an interval timer. The flowmeter is calibrated for compressed

air, and had to be recalibrated for'heliumo _

Sample Preparation

The stock silver solutions were made up of the carefully

dried reagent grade nitrate salt dissolved in 0.1 M doubly

distilled nitric acid, Working solutions were made up daily

Ey dilution with distilled water, Thése_solutiqns were stored

2Th is background voltage depended upon tae voltage per
appli L

ed to. the pnotomultlpllef
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i

.during use in polyethylene bottles to forestali possible ad-

sorptlon onto glass vessels {9),
The workLng solunlons of the Ouher metals were prepared
as needed by dilubtion of one molar stock solutlons w1th dis~

tilled water, or, 1f nseded to-prevent hydrolysis, nitrie écido

' Genoral Analytlcal Procedure
- The f:rst part of the procedure followed is the eJectrOw

plating step, The working solution was pipeted into the elec-

'.trolysis cell and distilled water was added to a level indi-

cated by a cruyon mark on the cell, The belt was placed onto

the correct pulléy in order o give the desired mixing speed

.and the filament holder was placed into the wheel bearing

spindle, Then the lead from the positive side of the electro-
plating voltage supply was attached to the anode aﬁd the cup-
ped cathode contact was fitted over tﬁe end of the coaxlal
tungsten lead, The stirring‘motor was started and then the
voltage was turnéd on at the same time that the interval timer
was ac_‘cuétedo At tﬂe énd of the plating period, the electrol-

ysis vessel was lowered away from the spinning filament while

" a stream of distilled water was played over the surface of the

filament to rinse off any adhering solution,

*

The second part of the procedure is the excitation and

- measurement sten The fllamont wa.s placed into the dlsﬂharoe

tube aad Lhe heatef leads and hellum tube attachedo e he-
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1ium~vélve was turned on to give the desired flow rate and the
filém@nt hegter was adjusted to é low level to dry the fila-
ment, After the filement was dried, the heater was turned off
and ‘the sutotransformer adjﬁstéd tb give the filament tempera-
ture desired for the final step, ‘Then the diathermy machine
was turned on and the discharge iﬁitiaﬁedc A check was made
of the oscilloscope trace level and the "stﬁrage" mode achi-
vated? Finally, the heater circuit was closed and_tha sample
evaporated inﬁo the discharge. The péak emission inteﬁsity in
millivolts was recorded and is the ."signal" referred to in the
remainder of this paper, Figure L is a Polaroid snapshot of a
fypical signa%:stored on the screen of the oscilloscope,

An intégrating circuit consisting of a capacitor parals
leling a solid_state operational emplifier was tried and e-
vinced promise of extending the seﬁéitivity of ﬁhe method over
enother order of magnitude, Howevér, insufficient fime pre-

vented development to the point that results could appear in

thié thesis,
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Conditions:

silver: TO'Bg
filement temperature 1600 degrees C
helium flow 75 cc/sec
photomultiplier voltage 990 Volts
entrance slit 0,030 mm
plating time 6 minutes
abscissa scale 200 m sec/ma jor
division
ordinate scale 20 mV/ ma jor
division

Figure lj: Snapshot of a Typical Signal




RESULTS AND DISCUSSION

: My dlbcuSQ1on of bhls new method of analysws will con-

cern itself Drlmarzly thh typical results and theilr precision,

<

with Lhe offect of

¢

varylng experimental parameters upon those
results, and possible aprplication of the method to different

samples,

Typical Analytical Results-

Pigure 5 is a typical analytical curve for silver over
four orders of magnitude, At very high levels of silﬁer the
recurve talls off; this is 1ikelj due to a longer time being re=
guired to drive the larger amounts of silver from the elec- |
4 _trode@- An-integrating readouﬁ system would dacide/the matter,
Figure 6 depic%é another épalytical curﬁe for silver over a

=1 =10 grem of silver, A sensi-

' raﬁge from 5x10 gram to 5x10
t1v1ty 11m1t (here defined as that quantlty of silver glVJﬁg 8
deP]eotlon of three times the standard deV1at10p of the blank)
of_395x10 -1 g, was calculated, A series of five determina-
tions of peﬁ nanogfams of silver under similar conditions gave
a coefficient ‘of variation of 4,5 %QI‘The coeffecient of vari-
atlon,ns calculated as follows: . |
| | (s/x)xnoo

where X = mean éignal in mllllvolts and S = signal stan-
dard deviation in millivolts . . : T

Tdble 1 shows the results of an experiment aimed st de«'

Jtermlnlnc tho ef feot of having other heavy metals present in
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Conditions: Filament temperature 1500°C.
helium flow T5ce/see
pover 51 watts
photomultiplier voltage Y070 Volts
10 minutes

plating time
monochromator slit 0.0175 mm.,

Figure 5: Analytical Curve for Silver
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Conditions: 1600°C., 75 ce/second, 51 watts, 1070 V,
10 minutes plating, 0.0175 mm

Analytical Curve for Silver
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Table T,: Interference of Some Other Heavy Metal

Conditio:

-

5 o )< AR 5 3 1 oy y 5 - - P a ~° ” _8

< B He flow 75 {.u‘/;:-'\:(‘-} erature 1600 G a0 2.
Ag, 1070 V,, 0,015 5 minute plating pe-
riod

Metal g. Metal Signal

Cu 10 325

Standard deviation of silver determination alone 11,8 mv
Mean value of silver-alone signal 333 mv :
n

s
95% confidence interval 303--363 mv
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the plating solution, One micfogram of tihy,lead bismﬁthy
antimony nickel, copper, or mercury had no stétistically sig-
nificaht effeect upon the determination of ten nanograms of
silver, The mercury solubion ﬁsed ﬁas rather badly contami-
nated with silver., AL lower filament temperéfures‘coppar in=-
terfered with the silver detérmination markedly (17Y. How-
ever, the volatility reduction of the silver by coplated cop-

pér at higher temperatbtures did noﬁ seem‘to affect the peak

silver emissgion,

Effects of Experimental Parameters

Thislsectipn of the discussion may be.broken into two
‘main cétegories: plating parasmeters and excitation parame-
ters, The methdd of study used in allmcases was to ﬁold all
but one parameter constant and study the .effect of varying
that parameter, ‘In some cases where there may exist parame-
ter interactions, this is not sbtatistically the most desirable
approach; however, it suffices to give first order optimiza-
tion values at least,

. Plating parameﬁérs studied weré the effect of'stirring
rate, applied voltaééy and differiné solutions upoh the speed
of the plating proceéso Figure'? gives. a curve obtained by
platiné out one mnanograsm of silvef from a neutral aqueous\éol'
lufion for différing times, It doas nob. fib exactly the theo-

retically predicted first .order decrease of concentration with
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' timg curﬁe for a constant potential electrolytic separation
: (6)o‘ Tt follows that the times necessary to‘complete 90%
depositiop of a sample varied with the level of SilVGP.pPGSm
ent, Six ﬁinutas were required (atb 2150 rpm) to pléte 20%
bf the.silvef from a solution-containing'10 nanograms, 7.5
minutes for a one nanogram solution, aﬁa:about 11 minutes for
a 100 picégram solufiona

.Timés necessﬁry to plate'ninéty pefcent of the silver
from a one nanogrém solutions were 7,5 minutes at 2150 rpm, 19
"minutes at 1170 rpm, and & 1ong but undetermined bime at 390
M, Higber mixing speaeds were not atfempted because of the
danger of oferheating the étifring motor; These times were
much sh?rterB than those'observed by Alvarez, whose electroly-
tic separation of silver from zine onto a ftationary graphite

" electrode required about six hours for the same degree of conm~
. . * -

pletion (1);
Varying the voltage difference applied between the fila-
ment and the anode over a range of li to 25 volts did not af-
fect the degree of plating completion during a Tixed electrol-
ysis pe‘m’.oé° | .
A cursory étﬁdy of plating silver from 0,1 M nitric acid
‘éf 1/100 ?mmﬂnium.hydrdxide solufions indicated that plating

~.

times were not significantly different in these media,

'BSlightly fluting the walls of the electrolysis vessel ©o
. break up the vortex around the filament may lead to shorter
plating periods, -
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_'Excitation parameters studied were the effect on signél
level of varying the gas flow, filament temper%turé, and dig-
oharge boweré ‘

Figure.S shows the Pelatibnship of flow rate in.cc/sec to
, éignél for one nanogram of silver, Appavently at low flow
rates the sample i1s not cérried inté the discharge well and
‘most of it deposits onto the sides o the btube. AL very high
rates of flow the intensity falis_offs probably because the
‘silver is carried thrbugh too quickly and/or ﬁecause'the dis=
charge becomes leés energetic at high.flow ratéso Neighboring
heliﬁm,spectral lines become. 1es§ intense at increased rates
of flow, . _ , _

The vesults of the investigation of the effect of fila-
menk temperatures upon signél are deéictgd,in figure 9, There
is no signal at filament temperatures below 900 G,, From 900°
¢, to 1350°C, the signal increases rapidiyo At this point it
' pemains constant to at least 1720°C,, At 1350°0C. the vapor
presSure of’ bure silver is on the order of one millimeter of
mercury, One woﬁid expect behévior similar to this for the
integral of signal over time but not for the peak of the emis-
sion signal unless the time required for the silver to come
off of the electrode is very short cdmpared with the time that
it is within the dischafgé chamber, Assuming“é cTross se;%ion

of the discharge chamber to be 2 em® and its length to be 3
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e, and a helium flow of 75 cm, 3/second, the lee that the

,51lver takes in coming off must be 1ess than O 08 second, b

The relatlonshlp of power 1nput to the oscillator circuib

to the signal is shown in table 2,

~Table 2: Power Input to Oscillator'Circuit Versus Signsal

Conditions: 10“8 g Ag, 1600°filament bemperature, 5 min,

plating time,1070 V, phototube voluagey 0, 015 Tm

slit,
.Power {(watte) Signal (millivolts)
27 ) . ' 230
51 | | 350
91 690

Possible Application of This Method to Other Metals
A cursory study was made of the possible applications of
this method to the determination of other heavy metals, The

procedure followed was to set the monochromator on the wave-

length of an intense emission line of the metal, start the he-

lium flow, initiats the discharge, and see if there was ap-

preciable background, Following this, one microgram of the
metal in distilled water (acidified if necessary) was plated
out for five minutes and the same excitation and measurement

procedure used for silver followed, The results are in tablé

3,

4L .divect determination of this time was not possgible due
to a large instrumental time conSUanu of approximately O. 075

second,
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Table 3: Application of the Method to Other Metals

Conditions: 0,030 mm-slit, 75 ce/sec He flow, 51 watts, 1070
V. phototube voltage

Metal Line (A) Signal

Sn 2863.3 None

¥ ~ / -t F'a anve de o -~
Hg 2536,5 Very strong
Pb 1,057, 8 Weak

Pb 2170,0 None

Au 2L28,0 Very strong
Sb 2175.8 None

Bi. 2230,6 Very weak
Cu 32h7.5 i Very strong

Ni 2320,0 None
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It appears from the tesults obtained that mercéry9 gold,
and copper, as well as silver, plate out of solution and are
excited-under the conditioﬁs use& for this investigation, With
Further development this method of snalysis may be found suit-
éble for their determination, Ancdic st?ipping analysis on

mercury plated electrodes has been successful for the deter-

-mination of cadmium, antimony, bismuth, &nd other metalsg at

concentrations as low as 10"7 M (16), Betause mercury seems

to plate readily onto the iridium filament, it may be possible

%o plate metals other than gold, silver, mercury, and copper

onﬁo'pré«piated mercury films and determine them also by this

procedure, _ ' _ - -




CONCLUSION

| ‘This investigation has attempted-to determine the feag-
sibility of electrodeposition followed by wadio frequency in-
duced plasma excitation of metalé as an anal?ticél toblo The
results indicate that it is a very sensitive and'reﬁroducible
method of determining silver, The presence of microgram quan-
tities of tin, nickel, mercury, copper, bismuth, lead, or aﬁn
timony was deﬂonétrated not to interfere with the dgﬁerminam
tion of ten nanograms of silver under the correct experimental
ca(:)r'lciln"_tions:a Also indicated wa.s evidence of potential utility

of the method for heavy metals other than silver,

SUGGESTIONS FOR FURTHER WORK

-

There is much more to be done before the full potentisl

-

of this analytical procedure is realized even for the estiﬁam
tion of'silverg An excitation btube withfé/long discharge
through which the silver must pass and in whidﬁ it may be mors
completély excited needs fuller investigation, Oodling of the
phototube ﬁo reduce background nolse should be helpful, Some
- means of cooling the disoﬁérge tube to permif higher discharge
poﬁers will increase sensitivitby. |

The potential of a signal integration type readout needs
to be brcbed: This investigator is convinced that this step
alone williincrese sensitivities by an order of mégnifﬂdéa An
integrated signal should also reveal a mére theoretically ﬁal=

uable picﬁure of the relationship of experimantal.parameters
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to emission than is made possible by measufaﬁent-of ﬁhe peak
emission alons - |

Of course the largest field for furbhev work lies in the
wnvestlgatlon of the appllcab311ty off the method for otaef
metals As was polnted out beforeg coplating of mercuwy will
p0831ble allow estimation of a w1de range of metals, This, of
course, needs to be checked out com.pletelyo

'Aﬁother line of research would be electrodeposition fol-
lowed by thérmal atoﬁization of metals into an inert gas at-
moséﬁere for atomic ébsorption measuremends, One should get

quite efficient atomization of metals as they boil off the

filament, ‘ -
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