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| OXYGEN EVOLUTION IN HIGH RATE ANODIC METAL DISSOLUTION
K. Kinoshita*, R. H. Muller and C. W. Tobias
Inorganic.Materials Research Division, Lawrence Radiation Laboratory and

Department of Chemical Engineering, University of California
Berkeley, California 94720

Anodic dissolution of metals at high current densities in the
transpassive state may result in concurrent oxidation of the solvent,
resulting in the evolution of oxygen. The current efficiency of metal
dissolution, the solution compoéition in the boundary layer as well as
the physical nature of the transport process wouid be.affected by the
simultanebus liberation of oxygen. In a recent étudy of the anodic
dissolution of copper at high current densities ihto solutions of KC1,
KN03, K2SOh and Na ClO3, neither direct visual observations of the

(5)

intereleétrode gap, nor high speed photography revealed evidence of

any gas evolution from the anode. Since the possibility exists, that

some. not entirély negligible amounts of oxygen may be carried away from

the anode in solution, rather than in the form of bubbles, determination of

dissolved oxygen in the effluent electrolyté is necessary to

yield»g definitive answer. In the fdllowing,a technique‘for the analysis

.ofv0x§genv?volved under cbnditioné similar to those of electromachining
er o

is'deséribed, and upper limits are established for the current efficiency

of oxygen evolution when copper is dissolved in KN03, KC1 and Kgsoh

electrolytes at current densities up to 80 A/cmg.

¥ Present address: Pratt and Whitney Aircraft Corp., Middletown,
Connecticut 06457 '



Apparatus and Procedure"

' Electroly81s at hlgh current den51t1es requlres hlgh electrolyte flow

velocltles, consequently the concentratlon level ‘of dlssolved oxygen, can

be expected to be qulte low;: Under experimental condltlons llsted in

v Tablz I, detectlon of oxygen evolved w1th 1% current efflclency requ1res
an analyt1cal technique with a sen51t1vity in the 50 parts’ per billion
'(by welght)'range. ‘As an,oxygen sensor,a commerc1al polarograph1c type
analyzer* was chosen. The oxygen—selectlve membrance of the sensor i
served’ to exclude other reduC1ble compounds poss1bly present in the

\

'electrolyte. However, this membrane also contrlbutes to the slow response,
approximatelyulo seconds, of the sensor.’ Therefore;-instead of continuous
' monitoring of the effluent? saﬁples were:collectediduring'steady state’
‘periods of.electrolysis, andﬁsuhjected to»analysis after'thewconclusion'of
| each run.“hThe electrolysis funs were only'of 0.4 - 12 sec0nds'duration.
’kA compact'electrolyte floW'syStem'ﬁas'designed'to ninimize oxygen-

dllutlon and prov1de for the collectlon and analy51s of spec1mens The
system 1s.shown schematlcally in F1g. l{ A 81ngle stroke plston pump L :
‘(hOO cc.volume); drlven by a varlable speed motor** H serves to move
electrolyte solutioh through the electrolys1s cell C and into the open:
- ended collectlon tube F, from where a specimen is later w1thdrawn 1nto

the oxygen analy51s cell B._ Electroly51s is started as soon as the pump
has been set in motlon., Afterdavpredeterninedvtime,chosen for dissolution.
‘of a 50 m1cron copper layer, a relay SW1tch s1multaneously turns off the.

xxx
electrolysis current and Changes the.fast-acting 3-way solenoid valve - G,

% . Beckman model 7787analyzer with model 76365 sensor.
*#. Model JK3, Zero Max, Minneapolis, Minnesota 55408."

¥%% ASCO valves, switching time a prox1matel 10 msec, Automatlc Swltch Co.,
g Y

Florhem Park, New Jersey 0793
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to divert thevelectrolyte flow back into the storage &essel J. The
electrolyte channel downstream from the elecﬁrolysis cell is of constant
dismeter to avoid liquid hold-up in dead volume ppckets. In order to
avoid diiution of the specimen due to the hydrodynamié boundary layer
inside the.flow channel, the péint at which the sample is withdrawn from

the collection coil F is located close to the electrolyéis cell, but far

'enough removed to be unaffected by the finite switching time of the

solenoid valve. A sufficiently long liquid plug remains unused in the
collection coil to exclude possible oxygen diffusion from the open
downstream end of the coil.

The electrolysis cell was constructed of epoxy resin. The copper

anode A was embedded in a removable epoxy piece. It was mechanically

polished on 600 grit eﬁery paper before each expefiment. Anode surfaces
of 3x3 mm and 3.3x0.6 mm (short dimension parallel to the flow direction)
ﬁave been used. The cathode E was made of a square copper rod of 3x3mm
cross section and was also cast in an epoxy insert. The electrode
separation of 0.5 mm was maintained by a "Teflon" spacer which also
provided the side-walls of the 3 mm wide fiow channel.

The oxygen analysis cell B is shown in detail in Fig. 2. During
electrolysis, solution floﬁs through channel I from the electrolysis
cell to the'collection coil. During this phase, needle valve E is in the
open position, as shown in Fig. 2 and piston C is pushed down. Afferwards,
e 3 ml sample of electrolyté is transferred to the measuring chémber D by
raising piston D to the position shown in Fig. 2. This movement also
frees the_magnetic stirrer J, which provides the necessary cifculation in

front of the membrene of oxygen sensor A. To avoid liquid drainage and
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'poss1ble gas leakage, the entry to the measurlng chamber 1s sealed by the
needle valve E durlng measurement The oxygen consumed by the sensor.
dur1ng.a measurement does not measurably decrease the oxygen concentratlon
of the spec1men.; ‘ | | |

In order to exclude the effect of atmospherlc oxygen on the measure-

"ments, ‘the whole experlment was contalned in a nltrogen—purged glove box
and allvsolutlons were de-oxygenated by n1trogen—purg1ng for several hours.

;Calibratlon : | | o

' The oxygen sensor employed requlres a cal1brat10n in each appl1cat10n
ln“order.to relate the meter readlngs to the de31red_concentratlon un1ts.

Thls calihrationg#astperformed"in'the electrolysis-and analysis system
deseribedf'hKnoun amoﬁnis'df'o#ygéﬁ were”introduced into the'electroljte
Stream.b&ﬂelectrolysisy .Forrthis'purpose~the copper anode was replaced
by_a.platinum anode of 0.03 cm® surface area. -A typical calibration
curve is‘ShoWn in Fig. 3. 1In this test the'meter controls were set to'

result in a reading of 6 for the hlghest current employed (30mA)

Background readlngs were subtracted from results w1th the lower currents.’

Slmilar callbratlons were performed_for the othervelectrolytes and'flow;
rates listed in'Table l. Calibration in ?N KClvwas not possible. It.
appears that due_tO'thevhigh orerroltage,forioiygen_evolution onvsmooth '
platinum"klgés V for l'A/cm2),6 chlorine evolutionvis the predominant

, o _ .

anodic reaction in this solution.~_ Calibration data from 2N KNO ‘were

3

therefore used for the interpretation of dissolution experiments in 2 N KC1.
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Results and Discussion

Oxygen analyses were conducted at 8-10 current densities within the
ranges given in Table I for each combination of eleétrolyte composition

and flow rate. Under these conditions, corresponding to a current range

‘of 0.2h‘to 3.0 A, the anodic copper dissolution proceeds in the trans-

(1,4,8) ,
passive mode. > In order to detect 1% current efficiency for oxygen

evolution during anodic metal dissolution at the lowest current and
highest flow rate employed, the senéor mﬁstvbe capabie of detecting

oxygen evolved at the plafinum anode (with an assumed 100% current
efficiency)vwhen 2.4 mA is péssed. The calibrations show (Fig. 3) that
thé.resulting oxygen concentrations at both flow rates (100 and 500 cm/sec)
can be detedted.

Under all conditions of anodic copper dissolution investigated in
this study, the increase in oxygen concentration detected by the sensor
was less than what would correspond to 1% of the applied current. These
reSuits.are in qualitative agreement with the extremely small leveis of
anddic gas evolutioh observed optically in free convection experiments,
and with the total absence of bubbles observed under flow conditions.

From a thermodynamic point of view9 Cu,.0 and Cu0 would be expected to form

2
before oxygen evolution potentials are reached (Table II). Experimental

10,11,12 have confirmed that Cu is first

observations in alkaline solution
oiidized to Cugo; suhsequéntly Cu0 is formed, and at high enough potentials,
oxygen is evolved.v The fact that little or no oxygen is evolved in anodic
copper dissolution under forced electrolyte convection suggests that the

electrode potentials don't reach sufficiently high values during the

continuous removal of solid reaction products, composed mainly of cuprous

a



‘oxide.

1_ . :f ”b_'r._ﬁ*; °E¢” :,UCRL-20339

h’B’LThus, a situationYCOmparable to that réporfed'ﬁj.Hicklingi

 and Taylgr,lo where oxygen evolution occurred onlyﬂafte?fa'cupric'oxidé‘

layer had fdfméd (which was thick: enough tovprqteét;the metal surface’

from further attagk) does not arise under‘the-experimentdl'conélusibns'
stated above.

Thé'abSence'of oxygen evolution'during'therhigh-rate anodic

dissolutibh of goppéi supports'thé hypothesis that Obsérved-non—integral'

valences result from the simultaneous dissolution in the +1 and +2

"_valerice states.
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Electrol&té

- Flow. Rate . .

- (ém/sécf A(cc/Sgc) j”;f  _- (amé/cmzji .

L Cpr}eht'DenSity Range- = - l", Y

2N _KNO.,

2N KC1..

3

1100
500

-100

- 500

100

' 500

15 2,537
7.5 . 10.5-80
15 s

7.5 . '10.5-63

7.5 . 5.350

1.5 . - 5.3bo -

'fi
1
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Table iI; Equilibrium Potentia159 of Possible Anode Reactions

- \EO(Volts)
2 Cu + H0 - -~ Cun0 + 2H + 2e 0.7
Cu + H,0 ——————= CuO + 28 + 2e 0.570
2 H,0 0, + Ui + ke ‘ 1.228

2 2
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" 'FIGURE CAPTIONS

Electrolyte flow system for oxygen gas analysis.
A; ahode§ B, epoxy oxygen analysis ceil; C, epoxy electrolysis

cell; D, magnétic stirring motorj E, cathode; F, coiled

 collection tube, 3/16" stainless; G, 3-way solenoid valve;
: H;bmechanical variable speed drive electric motor; I, tefion.

piston; J, storage flask; K, gas sparger inlet‘tube; L, polyvinyl

chloride pump cylinder.

_Croés—section of oxygen analysis cell.

A, oxygen sensor; B, epoxy cell; C, polypropyiene plunger; D,

measuring chamber; E, needle valve; F, mounting bracket,; G,

plunger holder; H, O-ring seals; I, solution flow channel; J,
' epoxy coated magnetic stirring bar; K, stainless steel tubings
to electrolysis cell and collection coil; L, flange.

‘Calibration of oxygen_sehsor and sampling technique with platinum

2

3
concentration at 30 mA: 0.3 ppm.

anode in 2N KNO, at 500 cm/sec flow rate. Calculated O
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apparatus, method, or process disclosed in this report may not in-
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resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, ''person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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