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Electrochemical Quartz Crystal Microgravimetry Study of Metal
Deposition from EDTA Complexes

Eimutis Juzeliunas®?Howard W. Pickering,* and Konrad G. Weil**

Department of Materials Science and Engineering, The Pennsylvania State University, University Park,
Pennsylvania 16802, USA

The electrochemical deposition of metals from'Methylenediaminetetraacetic acid, EDTA) complexes was studied by electro-
chemical quartz crystal microgravimetry. These investigations are important for the development of environmental clean-up
processes, such as remediation of metal-contaminated soils by EDTA and subsequent electrochemical recovein sftmetal,
electrokinetic soil remediation, electrochemical gas purification, etc. Deposition of metals frequently encountered in hazardous
waste sites, such as Pb, Cu, Cd, Zn, and Ni, was investigated. The potential regions of metal deposition were detected from a dis-
tinct increase in electrode mass. We observed reduction of Pb, Cu, Cd, and Zn from both protonated and nonprotonated EDTA com-
plexes. No indications were found for Ni deposition. While diffusion-limited currents of Cu, Cd, and Pb deposition could be
achieved, the Zn deposition current was much lower. This can be explained in terms of electrode passivation during Zn deposition.
Side reactions were identified, namely, proton reduction, EDTA reduction, and water decomposition.
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Ethylenediaminetetraacetic acid (EDTA), a nontoxic chelatingwhere Me(EDTA) complexes are stable. In contrast, for processes of
agent, forms very stable complexes with most metal ions (Me) and islectrochemical soil remediation the optimal conditions for metal-
widely used in a variety of industrial processes. The chelating propion reduction from the Me(EDTA) complexes are of great interest.
erties of EDTA are also very useful in processes of environmental It is noteworthy that the study of metal-ion reduction from
protection. Recently, new electrochemical concepts were suggestdde(EDTA) complexes is complicated if conventional dc measure-
for various cleanup applications employing EDTA as complexingments are used. The electrochemical polarization behavior of
agent for different pollutant species. The advantage of electrochemké'(EDTA) and F&/(EDTA) was studied over a wide potential
cal processes is the employment of electrodes for the supply of elecange at different pH values in our previous wbrk8Three differ-
trons instead of chemicals, which usually have to be employed irent electrode reactions proceed simultaneously with the metal depo-
large amounts in conventional techniques. sition, namely, proton reduction, reduction of EDTA, and water de-

Fd'(EDTA) is commonly known as a useful agent for the removal composition. The partial current of iron deposition is small com-
of H,S,2NO, 31%and NO+ SO, 11"13from waste gases. NO con- pared to that of hydrogen evolution. Therefore, voltammetric meas-
version to nontoxic compounds was achieved by use of dithionite asrements supply only very limited information about the iron ion
redox mediator with subsequent electrochemical dithionite regeneraeduction. The problem was overcome by the use of electrochemical
tion.1314]t has also been shown that direct electrochemical NO conquartz crystal microgravimetry (EQCM). It could be shown that
version on electrodes from 'REDTA)NO is possiblé>16 EQCM gives reliable data for mass changes even in the presence of

Numerous investigations were conducted over the last years ta rather large hydrogen evolution curréht.
study the extraction of toxic metals from polluted soils with chelat- In the present study we investigated EDTA complexes of metal
ing agents/-31 Different metals were removed from contaminated ions which are frequently present in hazardous waste sites such as
soils using EDTA: Cd17-24 pb, 19.20.24-31Cq 20,29 |jj, 20.2227.29  Cy, Cd, Pb, Zn, and Ni. The attention was focused on the determi-
Cu, 20.24,.21.29.3%¢ 20,297p 19-2229,31.33|n 202975 31Hg 3lgand  nation of the partial current density and the potential region of metal
Cr. 25 Subsequent electrochemical reduction of the Me-EDTA com-ion deposition from the MEEDTA) complexes. Metal deposition
plexes seems to be an effective extension of the remediatiowas detected by an electrochemical quartz microbalance (EQCM).
process®34 The conditions need to be found under which metal The balance supplies data on electrode mass changes with high sen-
ions can be electrochemically reduced to the environmentally friendsitivity and thereby provides for the separation of the partial deposi-

ly metallic state and EDTA can be recovered. tion current from contributions of side reactions.
A promising alternative in the electrochemical soil cleanup is the _
in situ electrokinetic soil remediatiot3” Electrodes are embedded Experimental

in the contaminated soil and metals are driven to the electrode by an Experiments were conducted using an EQCN-700 electrochemi-
electric field. Transport of the contaminant occurs by electromigracal quartz crystal nanobalance coupled with a PS-205 potentiostat
tion, electro-osmosis, and electrophoréSislowever, electrochem- (both Elchema, USA).
ical water decomposition can cause a pH increase near the collecting Quartz disks, 14 mm diam and 160n thick, having a funda-
electrodes. Therefore, the solubility of most heavy metals decreasesental frequency of, = 10 MHz were used. According to Sauer-
and their mobility is reduced. Introducing EDTA into the reaction brey’s equatior?? the frequency-to-mass conversion factor is
zone® can help to overcome these effects. Hence, the possibility t@.22 Hz criing when § = 10 MHz. The quartz disks were coated
reduce metal ions from Me(EDTA) complexes at electrodes shouldvith a 10 nm thick chromium underlayer and a 90 nm thick gold
be explored. overlayer. The geometric area of the working electrode was .3 cm
This overview demonstrates that further development of an elecThe specimens were used as received from Elchema. Quartz disks
trochemical cleanup process requires basic knowledge regarding theere glued to the special window of the electrochemical cell.
electrochemical behavior of MEEDTA) complexes. For electro- The experiments were conducted in 0.5 M,$@, supporting
chemical gas purification one wants to know the potential regiorelectrolyte. The Me(EDTA) complexes were produced by dissolving
Na,EDTA (Fisher Chemical, 100.9%) and metal sulfate (p.a. grade)

Electrochemical Society Fellow. in the supporting electrolyte at an equimolar ratio. The measurements
" Electrochemical Society Active Member. o were taken in solutions deoxygenated with nitrogen gas. The pH cor-
Permanent address: Institute of Chemistry, 2600 Vilnius, Lithuania. . .
z E-mail: ejuzel@ktl.mii It rections were made by using 0.1 N NaOH or 0.1/S®j.
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An Ag/AgCl reference electrode was used; the counter electrod@ruckenstein and Shé&§relate this mass increase to anion adsorp-
was a platinum wire. The Rotacell electrochemical cell system RTCtion. Gordon and Johnsdhhowever, attribute this mass increase to
100 and the Faraday cage 702 (both designed by Elchema, USAycreased surface hydration as a consequence of the formation of
were used. Au(OH), (a << 1). The second mass-gain region in Fig. 1 and the

Results and Discussion corresponding limiting current (above €a8 V) are due to the gold

Na,SO, and EDTA solutions—Prior to the study of the oxide formation on the surfaé&4> Recently, this conclusion was
Me(EDTA) complexes one has to elucidate the EQCM behavior in thecolnflrrHedt'a];saGb_)(_;lmuhltaneoutshmdqasurerllwents. bﬁ/ EQCM an(: opti-
blank supporting solution as well as in the metal-free EDTA solution €& rehectvity. € sharp cathodic peak, which appears at ca.
Figure 1 shows a cyclic voltammogram and the simultaneous mas, TV QUrlng the reverse F’O‘er.‘“a' SWeep, IS due to t_he reduction of
chang for a gold electrode in the supporting electrolyte adjusted tghe QX|de layer developed during the positive potential SWeep.

Figure 2 shows a voltammogram and the corresponding mass-
While no remarkable faradaic process is observed during the potenti{‘:lh"’mge curve obtal_n_ed f_rom a solution containingBAA. Anod-
swe@ fromE = 0.0 V toE = —0.4 V,an increase in electrode mass IC EDTA decompqsmon is observed ‘”?‘F’OV? ca. 0.5V. Numerous pro-
is observed in this region. A similar phenomenon was also reporteﬁUCts of the anodic EDTA decqr_nposnmn inN&), +t422504 solu-
for platinum electdes in acid medi284%410ne may assume that .o (pH 0.35-4.0) were identified by Johnson et"ak.g., CO,.
hydrogen atoms are adsorbed on the electrode during the negati maldehyde,]mlnodlagetlc acid, ethyleped|n|tr}|0tr|qcet|c Z.ic'd'
potential sweep and water molecules are bonded with the surface viny/enediglycine, glycine, 2-oxo-1-pigineacetic acid, amino-
these hydrogen atorfi&41As a consequence, the surface becomes® hylglycine, 2-oxopiperazinand ethylenediamine. Thus, the reac-
more hydrophilicj.e., develops a thicker adhering solution layéris tlorll_patr:j\{v?ys tseem tg. be rathetr compllgated.d during th ti
explanaion is supported by infrared spectroscopy, which shows that wtc_> I Istinct ca O.ACE%J_FX?” SI a:_re oAservg B _urllzr)g 2e gegi Xe
hydrogen atoms are adsorbed at potentials belowgQ 4 in acid potential Sweep In acl TA solution (A an in Fig. 2). Peal
solutions?243 appeas at the same potentla[ asin t.he EDTA-free solution (Fig. 1).

At potentials below E= —0.4 V a cathodic current with a peak Furthermore, peak is absent in solutions with pH values of 4.6 and
atE = —0.8V appears. This current is not observed in neutral sup-f."9 (Fig. 3). These data |mply that current A is d_ue g@T—Ireduc_:-_
porting solution and therefore may be ascribed to proton reductio on. Current B shoulq be attrlbqted toétﬁhe cathqdlp decomposn_lon of
The mass gain stops when the proton reduction starts. The sligfg> 1/ Which was discussed in detail.The distinct current in
decease in mass below ca. —0.5 V may be due to replacement at 4.6 s_olutlon |nd|_cates easy EDTA decomp_osmon, whereas the
liquid by gas bubbles during hydrogen evolution on the electrode. process Is retarded in neutral media (pH 6.9, Fig. 3). These data con-

Two mass-gain zones are observed above ca. 0.3 V in Fig. 11‘[rm the well-known fact that the_ protonated forms of wea%organlc
There is no remarkable faradaic process in the first mass-gain zor?é;'(_lll_f] can be rehduced mo.retﬁasnyl tit1_an the tdgp_rotog;reg_ r;ns.
(ca.0.3-0.8 V), which is the so-called double-layer region. A similar. . € mass-change cun the solution containing T( ig. 2)
phenomenon can be observed in HEBA HNQ, solutions®-46 is similar to that in the blank supporting electrolyte (Fig. 1). Thus,
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Figure 1. EQCM data and cyclic voltammogram recorded simultaneously irFigure 2. EQCM data and cyclic voltammogram recorded simultaneously in
0.5 M NSO, solution adjusted to pH 3. @edic potential sweep 20 mV 0.5 M NSO, + 10 mM NgEDTA solution adjusted to pH 3. Cathodic
s 1was started at 0.0 V. potential sweep 20 mV-4 was started at 0.0 V.
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Figure 3. Cyclic voltammograms recorded in 0.5 M,8@, + 10 mM
Na,EDTA solution adjusted to pH 4.6 (upper) and pH 6.9 (lower). Cathodic
potential sweep 20 mV-4 was started at 0.0 V.

0.5

the mass vspotential change in the EDTA solution may be ex- 0
plained in the same way as was done for the supporting electrolyt , 0.0 1 10 mM Cu'(EDTA)
In the region B> 1.0 V EDTA oxidation is accompanied by oxide- € pH2.9
layer formation. It may be assumed that the oxide film has an inhibit & -0.5 1
ing effect on the EDTA oxidation, which leads to the hysteresis ir €
the reverse potential sweep. An analogous conclusion was drav 2 -1.0 -
studying EDTA oxidation on Pt electrod¥s. g

CU'(EDTA) solutions—Figure 4 shows the polarization behav- g 157
ior and the mass-change curve for a solution containing 10 mN @
CU'(EDTA) at pH 2.9. When the potential is swept fron+=E.0 V 3 207
in negative direction, a cathodic curremf, appears below ca.
—0.4 V. A simultaneous increase in the electrode mass is observe 2.5
which indicates copper deposition

12 A
CU'(EDTA) + 2e” < Cu + EDTA [1]

The deposition rate reaches a limiting value below —0.6 V. This cau "g 10
be seen from the appearance of a limiting curreat —0.4 mA o 5
cm 2 and a constant mass gaim/dt= 0.11 pg s*. According to 3
Faradays law, this mass gain rate corresponds to a current i S 6
—0.33mA cm?2, which is in satisfactory agreement with the ob- E
sened value. S 4]

From earlier voltammetric measurements a limiting diffusion §
current for iron deposition from 5 mM HEDTA) solution was E
found to be = 0.17 mA cn, while EQCM data lead to= 0.2 mA 2
cm 2. 38 These rates are about half those measured for copper redt
tion from 10 mM CU(EDTA) solutions. This indicates that both 07 . , . . — ; .

ions are reduced under diffusion control and that the diffusivities o
CU'(EDTA) and Fd(EDTA) do not differ very much.
A further current increase is observed in Fig. 4 below-€a75V,

Figure 4. EQCM data and cyclic voltammogram recorded simultaneously in
0.5 M NgS0, + 10 mM CU'(EDTA) solution (pH 2.9). Cathodic potential
sweep 5 mV s! was started at 0.0 V.

-1.4

-12 -10 -08 -06 -04

potential, Vg uoc)

which does not affect the mass gain rate. In order to make curre Figure 5. EQCM data and voltammetric characteristic recorded simultane-
contritutions more visible, a higher potential sweep rate was applieiously in 0.5 M NaSQ, + 10 mM CU'(EDTA) of pH 2.9. Potential sweep
(Fig. 5). Indeed, two current peaks A and B appear in Fig. 5 after thrate 20 mv s
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Figure 6. Voltammogram of a copper electrode in 0.5 M@ adjusted to g 51
pH 2.9. Potential sweep rate 20 mV!sThe gold electrode was preplated
with copper from a 0.5 M N8O, + 10 mM CU/(EDTA) of pH 2.9 at E= 0 1
—0.7V for 4 min. Then the solution was replaced by the deaerated solutiol
under investigation. T T v T T -
-6 -14 -12 -10 -08 -06 -04 -02 00 02 04
copper deposition currentiiy is higher in the first deposition stage. potential, V,gxuc,

This may reflect the development of the diffusion layer during therigure 7. EQCM data and cyclic voltammogram recorded simultaneously in
polarization. It should be mentioned that a limiting current and ¢0.5 M N3SQ, + 10 mM CU(EDTA) solution (pH 7.0). Cathodic potential
steady-stee diffusion profile can only be observed at low scan rates sweep 20 mV st was started at 0.0 V.

at a scan rate of 20 mV/s the voltammogram indicat¥3zehavior,

in contrast to what is seen in Fig. 4 at a scan rate of 5 mV/s. . L .

The current A can be attributed ta®i reduction on deposited . ©@dmium deposition in the pH 6.6 solution starts at E1.0V
copperA similar current peak can be seen in Fig. 6 at a copper elec(F'g' 9).ie. at more negative potentials than m_the pH 3.28 solu_tlon
trode in EDTA-free solution. Consequently, current B can be attrib-(cad_o'g.v' Fig. 8). Consequentlghe process is more favored in
uted to EDTA reduction, as was already reported by Méliex4° aCITkTeEIU@M ield the limiting d iti i
They found the following reduction products from 'GEDTA): for- e EQ curves yie € imiting deposttion currenci

_ T2 i i ; H—= — w2
maldehyde, formiate, glycoacid, acetate, ammonium, monomethyl- 0.23 mA cnT*in acid solution (Fig. 8) and 0.19 mA cm

amine,and ethylenediamine. in the _neutral one (Fig. 9). These valut_e_s are very close to the values
Figl'Jre 7 depicts results obtained in'TEDTA) solution at pH 7. estat_)llsh_ed fqr ron and copper deposn_lon which were concluded to
Copper deposition starts below €20.7 V,as indicated by an increase be diffusion .“m'ted currents. Ther(.eform,maa/ be supposgd that
in electrode mass and a corresponding cathodic current. Thus, copp%lFCthhe'T''CaI depos_mon_ Of. cadmium from'(EDTA) solutions,
deposition in neutral solution occurs at more negative potentials agakes p_Iace asa dn‘fusnon-hm_ﬂed process as _weII. . . .
compaed to acid solutions (Fig. 4 and 5). However, the diffusion-lim- During the reverse potential SWeep, anqdlc cadmlum. Q|ssolut|0n
ited reduction rate, derived from the steady-state slapet(Fig. 7), stats actually at th_e same potentla_ls at v_vhlch the deposntlon_started,
is of the same magnitude as in more acid solutions (Fig. 4). .e.,atE ~ —0.6V in the acid solution (Fig. 8) arld~ —1.0V in
The anodic copper dissolution takes place abov@.0a/ in both the neutral one (F'g'. 9). The mass decreage vanlshe.s at at_)out O'O.V’
acid and neutral solutions, as can be seen from Fig. 4 and 7. The d nd the mass remains constant over a wide potential region (until

solution is complete since the electrode mass returns to its initial- 1.2V). Hence, some cadmium is still present on th_e electrode
value at E= 0.0 V. In form of scarcely soluble compounds. A further stripping process

takes place above 1.2 V., in the region where anodic EDTA and
Cd'(EDTA) solutions—Figures 8 and 9 sho simultaneous  water decomposition takes place. During a subsequent reverse po-
EQCM and voltammetric curves in acid and almost neutraltential sweep, a cathodic peak atE0.7 V and the simultaneous
Cd'(EDTA) solutions, respectivelfThe cadmium deposition reaction mass decrease indicate the reduction of a gold oxide layer, as dis-
cussed previously (Fig. 1). Even after the complete cycle=aDBD
Cd'(EDTA) + 2¢” < Cd + EDTA [2] V, a residual mass gain is observed indicating strong bonding be-
tween the nonsoluble compound and the electrode surface (Fig. 8).
PBH'(EDTA) solutions—According to Fig. 10, lead deposition
from a solution of pH 3.12

is indicated in the acid solution below ca0.6 V by the distinctive
increase in the electrode mass. The current peak=at-8.8 V is
typical for proton reduction (Fig. 1 and 2). The partial current of
Reaction 2 is very lw compared to the peak current. 8¢ mass PU'(EDTA) + 2~ < Pb +EDTA [3]
gain rate at E= —0.8 V yields a partial ion reduction currenti

—0.072 mA cm?2, whereas the total current is much higher. The takes place belovea. —0.7 V (Fig. 10). The current peak at £
small peak at E= —1.1 V should be attributed to EDTA reduction, —0.8V is due to proton reduction, as discussed earfliee slope
as it follows from current B in Fig. 2, established in a metal-freedm/dtaroundE = —0.9V leads to a current density of Reaction 3 of
EDTA solution. i = —0.29 mA cmi2 The total current at this potential is=
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Figure 8. EQCM data and cyclic voltammogram recorded simultaneously in
0.5 M NgSQ, + 5 mM Cd'(EDTA) solution (pH 3.28), potential sweep rate
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—0.45mA cm 2. The difference of these currents equals the rate of
proton reduction. AtE > —1.2 V, a further current contribution
appeas in Fig. 10 which can be assigned to EDTA reduction. The lim-
iting deposition current in Fig. 10iis= —0.17 mA cnm2, which cor-
responds well to the diffusion-limited currents discussed previously.
One can see from Fig. 10 that anodic lead oxidation starts at
about—0.6 V, indicded by the anodic current A and the simultane-
ous decrease in mass. Lead ions produced by the anodic current may
be stabilized by reaction with EDTA, which is present in the vicini-
ty of the electrode after the cathodic Reaction 3. Two sharp current
peaks B and C are accompanied by distinct increases in electrode
mass. Obviously, scarcely solabcompounds are formed on the
electode surface associated with these currents. Current B can be
attributed to the reaction

2Pb +S0f~ + H,0 ©PbO-PbSQ+ 4e + 2HT  [4]
The equilibrium potential for this reaction can be calculated ¥om
E = —0.113 —0.0295 pH —0.0148 log 32~ [5]

Under the conditions of Fig. 10 one obtaths= —0.426 Vjgagcis
compaed toE = —0.44 V for the onset of current B. Current C may
be ascribed to the reaction
4Pb +S0;~ + 4H,0 © 3PbO-PbSQH,0 + 8e™ + 6H™ [6]
Its equilibrium potential &
E = 0.03 —0.044 pH —0.0074 log G —0.330 Vagiagal [7]

under the conditions of Fig. 10. The onset potential of current C is
E=-035V

Figure 11 shows EQCM and voltammetric data obtained in
PH'(EDTA) solution at pH 6.34. According to the mass curve, lead

20mV st deposition starts below ca. —1.1 V. Comparing this potential with
1.0 B
0.5 7 . 37
o S
b —
E oo v 5 5 mM Pb"(EDTA)
< | -— < 2- pH 3.12 |
E 051 f & c
. 2
7 1.0 / 2 '
8 5 mM Cd"(EDTA) g
£ 15 pH 6.6 € 0
3 2
3 20 3 1
-2.5 4
2.5 A 20
o ) 0.12pugs”
£ 2.0 - B £ . 0.11 mA cm?
o . fdmidt=0.11ug s O 154"
g) 0/19 mA cm g_i
g 1.5 \ d g
‘:‘:’ g 10 4
5 1.0 - 6 78
3 @ 075 “og 0.31pgs’
17} . dm/dt=0.05ugs" 7] [ . 029mAcm*?
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E 05 A / 13
0.0 4 - 0
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potential, V,gx ¢ potential, V

Ag/AQCI

Figure 9. EQCM data and cyclic voltammogram recorded simultaneously irFigure 10.EQCM data and voltammetric characteristic recorded simultane-
0.5 M Na§1804 + 5 mM Cd'(EDTA) solution (pH 6.6), potential sweep rate ously in 0.5 M NgSQ, + 5 mM PH'(EDTA) solution (pH 3.12), potential
20mv sl sweep rate 20 mV$.
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B 5mM CU'(EDTA)], cadmiumi = 0.23 mA cm 2 (Fig. 8), lead =
0.8 0.17 mA cm 2 (Fig. 10), iron i= 0.2 mA cn 2. 38 The deposition
IS 5 mM Pb'(EDTA) c reaction is inhibited in the region of water decomposition. Indeed, no
g 0.6 1 pH 6.34 f mass change is observed betweeh6 and—1.4 V in the reverse
< potential sweep. Zinc dissolution only ocgabove ca. .1V, as can
E» 0.4 1 be seen from the pronounced mass decrease and the corresponding
= anodic current. Zinc stripping is completed atE-0.4 V.
g 0.2 1 The data in Fig. 12 show that the partial current of zinc deposition
o is only a small fraction of the total current. Therefore, the dominant
s 0.0 1 cathodic process is4@* reduction. This is a good example to demon-
§ 02 strate the usefulness of the EQCM in cases where an ion deposition
| current is masked by a much higher hydrogen evolution current.
0.4 Figure 13 gives data obtained for a''PBEDTA) solution of pH
i 7.2,i.e.,when HO" ion concentration is negligible. Zinc deposition
in this solution takes place below —0.8V, as is evident from the mass
12 - increase and the corresponding cathodic current. The current peak at
" ca. —1.05V is most likely due to the reduction of EDTA (Fig. 2),
3 10 1 g-:;ms;m., which is present in the vicinity of the electrode after the cathodic
o 4] ' Zn'"(EDTA) deposition. The dissolution reaction starts at=E
o ‘ —1.0 V. The accumulation of scarcely sdeiltompounds on the
o 4 Soums surface is evident above —0.75 V.
s The steady-state mass gain in Fig.dr@/dt= 0.02 pg s1, cor-
o 4 responds to a current density= 0.06 mA cm 2. The limiting cur-
& rent obtained from the voltammogram is i0.08 mA cn2. Much
E 21 higher currents were determined in neutral solutions for other met-
- als:i = 0.17 mA cm 2 for copper [Fig. 7, when corrected to 5 mM
0 : - CU'(EDTA)], i = 0.19 mA cm? for cadmium (Fig. 9), and #
— T + — T T T 0.2mA cm 2 for lead (Fig. 11). This difference implies that under
-6 -14 12 -10 -08 -06 -04 -02 00 the conditions studied the zinc electrode is quite passive. A possible
potential, V reason for this is considered.
' T Ag/AgC! A gold electrode was immersed in 5 mM'"ZBDTA) of pH 7.4
Figure 11.EQCM data and voltammetric characteristic recorded simultane-and polarized t&= = —0.7 V by a potential step (Fig. 14). The

ously in 0.5 M NaSQ, + 5 mM PB'(EDTA) solution (pH 6.34), potential

steady-stege cathodic current is negligible at this potential. While a
sweep rate 20 mVs.

the analogous one in Fig. 10, we can conclude that lead depositic
is more favored in acid media. The current maximum—0.4 mA 0
cm 2atE = —1.3V coincides well with the current derived from 0] 5 mM Zn'(EDTA)
thedm/dtslope. Upon sweeping the potential in positive direction, a PH3.0

limiting currenti = —0.15 mA cm 2 also coincides well with the 05 J
valuei = 0.13 mA cm 2 calculaed from dn/dt slope. Thus, there
were no side reactionsdnd along with lead g@sition prior to the
beginning of water decomposition.

The anodic lead dissolution in almost neutral solution (Fig. 11)
stats at about —0.85 V. The anodic current A and the simultaneou
decease in mass suggest the anodic reversal of Reaction 3. A su
sequent mass gain above ca. —0.34 V occurs when the curre
deceases after peak B. This behavior may be explained by lea
oxide formation

cm

o
=}
1

\

current density, mA

-
o
!

Pb +H,0 <PbO +2e + 2H" 8]

—_
[3)]
1

the potential of which ®

-
o
i

E = —0.356 —0.0295 log 8- = —0.349 V [9]

The nature of currents C and D needs to be identified in furthe
investigations.

The EQCM data in both acid and neutral solutions indicate tha
in order to dissolve the deposited lead the formation of hardly solu
ble species must be avoided.

dm/dt = 0.038 1529 s!
i=0.11 mAcm

mass change, ug cm’2
o
&
A

0.0

Zn'(EDTA) solutions—Results obtained in acid #(EDTA) solu- R ‘ :
tion of pH 3.0 are shown in Fig. 12. A zinc deposition reaction start: 16 -14 -12 -10 -08 -06 -04 -02 00
belowca. —0.7 V. A constant mass gain raden/dt= 0.038 g s 1is )
obsered in the region between1-1 and -1.5 V, which corresponds potential, Vagge
to an ion reduction current 0.11 mA cm 2. This current is Some-  Figre 12 EQCM data and cyclic voltammogram recorded simultaneously
what lower than ion reduction currents observed in acid solutions Cin'0.5 M NaSQ, + 5 mM zd/(EDTA) solution (pH 3.0), potential sweep
other metals: coppér= 0.17 mA cn 2 [Fig. 4, when corrected to  rate 20 mV 51,
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0.4

0.2

0.0

-0.2

current density, mA cm™

0.4 -

5 mM Zn'(EDTA)
pH7.2

3.0 1

2.0 1

dmv/dt =0.02 ug s
i=0.06 mA cm”

mass change, ug cm

0.0 1

T T

16 -14

-1.2

T T

-1.0 -0.8
potential, V

T T T T

-06 -04 -02 00

Ag/AGC!

faradaic process is absent, an electrode mass gain can be seen from
Fig. 14. This mass gain occurs very slowly at the beginrdngdt
= 3.77X 1074 pg s 1), however, with time it reaches an approxi-
mately ten times higher value. The total maais gs Am =~ 0.38 g
cm™2, which remains for a long time unchanged when the potential
is returned to the open-circuit value. (Let us remember that the mass
of a monolayer of a metal in the underpotential region is 4.6
cm~2for Cd and 0.14wg cm 2 for Cu.>%) Hencethe mass gjn is
caused by a few monolayers only. It is likely that a scarcely soluble
compound precipitates onto the surface, which gives rise to the pas-
sivity of the electrode in the region of zinc deposition. Presumably,
Zn(OH), could precipitate on the electrode.

It follows from the stability constant log & 16.552 that about
5.6 X 10”2 mol/L of noncomplexed Zn(Il) ions ampresent in a solu-
tion containing 5 mM ZWEDTA). At negative potentials, Zn(ll)
ions can adsorb on the Au surface and (EDTA) can act as a
Zn(ll) ion donor. In spite of the very low concentration, the transfer
rate of Zn(ll) to the electrode could be high enough due to a very
thin diffusion layer caused by a relatively high donor concentration.
With time, the surface concentration of Zn(ll) increases sufficiently
to cause precipitation of Zn(OK)Certainly, this proposition needs
further verification by experiments.

Ni'"(EDTA) solutions—There is no indication from either cur-
rent measurement or from mass determination that Ni deposition
occuss from acid NI(EDTA) solution (Fig. 15). The mass change
curve in this case is similar to that in metal-free EDTA solution
(Fig. 2). The mass increase between 0.0 and —0.8 V is due to proton
adsorption and the increase in surface hydrophilicity as discussed
previously. There is no distinctive mass increase indicating metal
deposition below ca—0.8 V. The electrode was polarized down to

Figure 13.EQCM data and cyclic voltammogram recorded simultaneously E = —1.8V and the gold film on the quarwas destroyed by hydro-

in 0.5 M N@lso4 + 5 mM Zn'(EDTA) solution (pH 7.2), potential sweep gen

rate 5 mv s-.

0.100
0.050
J

0.000 -

0.050 A

0.100 A

current density, mA cm’

0.150 A

iy

0.30

IS

0.20

L

mass change, ug cm?
°
s

0.00 A

{_dmvdt =3.78x10° pg s

0 50

100

time, s

150

200 250

300

gas; however, no indications of Ni deposition were detected.

001

-1.0 1

-2.0

5mM Ni'(EDTA)
pH 3.0

-3.0 1

-4.0 -

current density, mA cm?

mass change, pg cm’?

T T T T

-1.5 -1.0 -0.5 0.0
potential, Vs oc

Figure 14. Current and electrode masstime for a gold electrode after a Figure 15. EQCM data and voltammogram recorded simultaneously in

potential step from 0.18,Y

Zn''(EDTA) solution (pH 7.4).

110 —0.7 Y giagal iIN 0.5 M NgSO, + 5 mM

0.5M N?ZSO4 + 5 mM Ni'"(EDTA) solution (pH 3), potential sweep rate
5mVs -
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Therefore, futue efforts should be focused on searching for a cata-

lyst, which facilitates Ni reduction. 1.

Conclusions 2.
The electrochemical deposition of Cu, Pb, Cd, Zn, and Ni from 3-

Me'(EDTA) complexes was studied by EQCM in acig.(pH 3)

and neutral (capH 7) solutions. These investigations are important s
for environmental clean-up processes, such as remediation of soil by.

EDTA and subsequent electrochemical recovery of metal, electrokl-
netic soil remediation, electrochemical gas purification, etc. It was ’

detected from the distinct increase in electrode mass that Cu, Cd, Phy
and Zn can be reduced from their respective EDTA complexes,o.

whereas no indications were found for Ni reduction. In contradiction

to Allen and Cher?3 we observed reduction of the metals from both 10-
protonated and nonprotonated EDTA complexes. The reduction wag,

more favored in acid solutions.

Copper deposition, indicated by a distinct increase of the eleci2.
13.

trode mass, occurs below —0.4,Myc from acid solution and be-
low —0.7 Vigiagcl from a neutral one. Three side reactions, namely,, ,

proton reductlon EDTA reduction, and water decomposition Were15:
identified in distinct potential regions below the copper depositionis.
region. The EQCM data during the reverse potential sweep indicatl7.

ed complete copper dissolution above Q.g.¥q-

18.
The cadmium deposition reaction was indicated belowig 7n (iandL. M. ShumarEnviron. Pollut. 95, 219 (1997).

20.
tral one. T e partial current of cadmium deposmon in acid solution21.

is very low compared to the total current, indicating the deposition22- r al =
3. J. Hong and P. Pintau¥ater, Air, Soil Pollut.86, 35 (1996).

—0.6 Vgiagal in acid solution and below —1.Q¢/aqcs in the neu-

reaction to be accompanied by proton reduction. Cadmium anodi

stripping may be complicated due to formation of scarcely solubleys
26.
Lead deposition from acid BEDTA) solutions can be observed 27

species on the electrode surface.

belonv 0.7 V, simultaneously with proton reduction. In neutral solu-
tion, lead deposition takes place below —1.1 V. In neutral solution

the experimental lead deposition current agrees well with that calcugg.

lated from the slopem/dt.Hence, there is no side reaction in the 30.
31. J. E. van Benschoten, B. E. Reed, M. R. Matsumoto, and P. J. McGaktey,

region prior to water decomposition.
Anodic lead oxidation occurs aboved.6 V in an acid solution

and above —0.85 V in a neutral one. During the reverse potentlaig:
sweep we see the formation of scarcely soluble compounds on tha.

electrode. From the potentials at which the deposition reactions starg®- o
36. L. M. Vane and G. M. Zang, Hazard. Mater.55,61 (1997), and other articles in

one can identify PbO-Pb§@nd 3PbO-PbSPH,0, respectively, as
the deposited products.
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