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Abstract

Electro-electrodialysis (EED) is a promising technology for economic recovery of chromic acid in plating shops. It could potentially achieve
chromic acid recovery, removal of metallic impurities and purification of static rinses in one step. There are however, process limitations.
These are mainly, the poor stability of the applied anion-exchange membrane (AEM) against the oxidative chromic acid solution and the
increase of the AEM resistance, especially at the starting phase of the process, due to the formation of polychromates in the membrane.

In this work, various AEM are investigated for chromic acid recovery. The membrane fufng&BFUMA-Tech GmbH) seems to be the
most efficient. Its current efficiency is much higher than those previously reported in the literature. Furthermore, thePfeassuised
for process optimisation experiments. The process performance depends on the concentration gradient between product (anolyte) and centra
compartment (exhausted rinse water) and the temperature. Our results show that batch processing is recommended and the chromate transf
rates through the AEM could be significantly increased when increasing the temperature weCtd=gtlly, low initial current density
(10-20 mA cnm?), feed flow rate higher than 7 cm’scould help overcoming the process limitations attributed to high AEM resistance.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction process and create deposits of unacceptable quality. More-
over, these impurities reduce the cathode current efficiency
Safe handling of hexavalent-type chromium solutions is a and the bath conductivity and increase resistance. Therefore,
big challenge for the chromium electroplating industry due to exhausted plating solutions should be replaced.
its toxicity and carcinogenicitji—4]. Twenty to sixty percent Three-compartment electro-electrodialysis (EED) could
of the chromic acid used in Europe is being wasted instead ofbe a promising technology for efficient chromic acid recy-
re-used5]. Since many year$,7] there are more and more cling. EED combines electrolysis and electrodialysis. It al-
legislative restrictions forcing for changes. Atchromium plat- lows removal of chromic acid from the plating bath (together
ing process, hexavalent chromium is reduced in a multi-stagewith impurities) and recovering it from static rinse solution.
deposition reaction to elementary chromium. In this process Fig. 1 shows the process principles. One module consists
besides trivalent chromium other undesirable impurities are of three compartments and the outer compartments include
present (iron, copper, aluminium, zinc, organics, chlorides, the electrodes. The rinse water from the plating process con-
etc.). Suchimpurities could accumulate during the deposition taining chromic acid and metallic impurities such as copper,
iron, zinc, aluminium, nickel and trivalent chromium, flows
* Corresponding author. Tel.: +31 53 4894675; fax: +31 53 4864611, through the central compartment. Cationicimpurities migrate
E-mail addressd.stamatialis@utwente.nl (D.F. Stamatialis). towards the cathode through the cation-exchange membrane
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Rinse _ mercialisation is not known. Cohen and Ducl§ri] also
water H,SO, dil described a two-compartment EED configuration equipped
with anion-exchange membranes from MORGANE (type
ARA 17-10) and Sybron Co. (IONAC 3475 XL). Two ap-
AEM CEM plications for chromic acid recovery were briefly considered:

re-concentration of chromic acid in the anode compartment
H o from chromic acid plating solution (250 g} at 58°C) and
Iks _ from a solution containing 8 gl CrO; and 1.6gt?! Fe,
+ . o4 LrOZ N Ll L o which was re-concentrated to 323¢lin the anode com-
1 - —802  Fe* | | D partment. Using the high concentrated plating solution, the
Me2* el AEM MORGANE ARA 17-10 showed better transfer rates
and lower power consumption than the IONAC MA 3475
XL. However, the authors did not mention the test duration
and long-term stability of the membranes.
Other studies described the transport properties of anion-
. . exchange membranes at low chromate concentration solu-
g;‘g’ \Ffv';t: H23(34d"' tions. The AEM used were SB 6407 (Gelman Science),
’ (Reuse) Me2+ Neosepta AFN and ACM (Tokuyama Soda Co.) at 0.01 M

K2Cr,07 [12], Raipore 1030 (RAI Research Co.) at 0.02 M
Fig. 1. Principles of electro-electrodialysis (EED) for chromic acid Cr(VI) solutions[13,14]and Selemion AMT (Asahi Glass
recovery. Co.) in solution containing 1.7 gk Cr(VI) [15]. Vallejo et

al.[16] found that the membrane AW 11 (Solvay Co.) was not
(CEM). The cathode compartment is fed with diluted sul- syitable for chromic acid recovery because of rapid increase
phuric acid to form dissolved metal sulphates. The acidic con- of membrane resistance. However, Vallejo ef&l] reported
ditions prevent precipitation of metal hydroxides. Hexava- more promising results with the AEM IONAC MA-3475
lentchromium anions (chromates) migrate towards the anode(Sybron Co.). They showed that the Cr(VI) concentration in
through the AEM. There, chromic acid is formed by the chro- the anode compartment, the pH and temperature are critical
mate and dichromate anions and the protons generated at thgarameter influencing the process. The maximum current ef-
anode. The treated rinse water is reused in the rinsing processiciency achieved in acid environment wad1%. Roualdes
and the pure chromic acid is returned to the plating bath. This et a|. [18] tested a new AEM from plasma-grafted PVDF
process provides purification of chromium plating solutions polymers with hexavalent chromium containing solutions ob-
and the treatment of the rinse water in a single step without tajning Cr(VI) transport number of 0.16. Finally, it is worth
need of either water or chemicals. Exhausted catholyte solu-noting that less membrane stability problems occur when us-
tions can be treated by common physical-chemical treatmenting perfluorosulfonated CEM, which are stable in chromic
together with other effluents generated in plating shops. With acid. Nevertheless, the efficiency for the removal of cationic
respect to industrial requirements some process parametergontaminants is low compared to the anodic electrolyse effi-
are fixed. The concentration of the chromic acid recovered cjency (anodic oxidation of Cr(ll1)=Cr(VI)[15,19-27]
should be higher than 1 matt CrOz in order to avoid strong From process design point of view, the three-compartment
dilution of the process bath. The average concentration of thegeD technology might be better for the plating industry,
static rinse water is 0.1 moft CrOg, but can strongly differ  pecause it can manage three different tasks simultaneously:
depending on the plating shop. (i) removal of contaminants, (i) chromic acid recovery and

The EED process was described by Audifiispropos- (i) purification of static rinse water. Dalla Costa et al.

ing a two-compartment EED with an anion-exchange mem- [15] compared a two- and three-compartment configuration
brane (AEM) for chromic acid recycling up to 280¢1and at lab-scale and found maximum process efficiency in the

energy consumptions in the range of 1020 kWikg Fre-  three-compartment system in the absence of sulfate ions. A
quent AEM replacement was rqulred since the membranepuplication and patent of Bergman and lourtchg2g,29]
worked under very severe conditions. Audran et[&/10] describe a three-compartment cell for chromic acid recov-

pointed out that poor AEM stability might prevent appli- ery at bench-scale. The authors studied various electrode
cation of this technology and studied a two-compartment materials and compared a two- and three-compartment sys-
EED system using an AEM by the company MORGANE tem using exhausted plating solution in the central com-
(France). They could reach an average current efficiency of partment. They reported process limitations due to high
48% and power consumptions of 18 kWiikg, at40°Cand  yoltage increase and current efficiencies between 12% (chro-
50 mA cnm 2. The maximum anolyte (product) concentration mating solution) and 20% (hard chromium plating solu-
was 310gt! CrOs. The authors stated that the membranes tion). However, the type of AEM, membrane stability and
have been working for 4000 h, however the performance test duration was not stated. Shuster et[aQ] and Ki-
during this long period was not reported and further com- don et al.[31] also patented a three-compartment system,
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however, they used a porous diaphragm to separate the anodeCathode Pt Ti | Outlet port Anode Pt Ti
compartment. ’

In this work, the newly developed AEM (fumas®efAP @ 6 @
FuMA-Tech GmbH, Germany) is compared with other com-
mercial membranes for the recovery of chromic acid by EED
showing promising results and overcoming above described
obstacles. In addition, the application of this membrane under
various process conditions is studied aiming to the optimisa-
tion of the process and to the successful up-scaling.
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2. Experimental

2.1. Membranes, chemicals and analysis
QJ|lo)L.©

The IONAC MA 3475 (Sybron Co.), PC 100 D (PCA Endplates
GmbH) and the newly developed fuma8dfAP FUMA-Tech |
membranes were selected for a the membrane screening (set
Table 1. The fumaseP FAP membrane could only be used at
acidic environment, therefore the permselectivity, area resis- Fig. 2. Three-compartment test cell.
tance and IEC could not be determined by standard methods.

As cation-exchange membrane reinforced N&¥@24 (Du

Pont Polymers) was used (J&ig. 1). All solutions were pre-  the CEM. The cell frames were made of polypropylene
pared using deionized water. Synthetic rinsing solution was pressed together with gaskets (Vifjnbetween two end-
prepared from chromium(VI) oxide (Fluka Chemie GmbH, plates Fig. 2). The compartment thickness was 0.7 cm for the
27083, p.a.) and nickel(ll) sulfate hexahydrate (VWR Inter- central and 1.2cm for the outer compartments. Polypropy-
national, 106727, p.a.). Sulfuric acid was also from VWR lene spacers (Nalt€x3604) were used for turbulence im-
International (100731, p.a.). The chromic acid was deter- provement and membrane support. The effective membrane
mined by iodometric—potentiometric titration with thiosul- area was 100 cfn Haber—Luggin capillaries were installed
phate using a combined Pt electrode (Mettler-Toledo GmbH, to measure single membrane potentials. For this, and due to
DL67 automatic titrator and ST20A sample changer). The the strong chromic acid solution, a resistant solid electrolyte
chemicals used for this determination were potassium iodide capillary filling was developed containing sodium trisilicate,
(Riedel-de H&n, 30315, p.a.), sulfuric acid (VWR Interna- potassium chloride and hydrochloric acid. The voltage drop
tional, 100731, p.a.) and 0.1N sodium thiosulfate solution over the AEM was measured with Ag/AgCI/KCI (saturated)
(VWR International, 109950, TitrisB). The proton concen-  reference electrodes. As electrode material platinised tita-
tration (acidity) was determined by acid-basic titration and niumwas used (mesh type). The test equipment was designed

Inlet port| CEM AEM

the metals were analysed by ICP. for minimum dead volume (approximately 0.4 | per compart-
ment) in order to follow concentration changes within short
2.2. Equipment and process conditions experimental time (2h). All solution reservoirs were kept

at constant temperature using double wall glass bottles and
For the comparison of the AEM and the influence of three magnetic drive pumps supplied the cell (flow velocity
temperature, current density and concentration, the test cellin all compartments was adjusted to 10 cm)s Power was
consisted of three compartments divided by the AEM and supplied by a Voltcraft laboratory rectifier (0—-2.5 A, 0-30V).

Table 1
Characteristics of AEM used in membrane screening experiments

PC 100 D IONAC MA-3475 Fumas&pFAP
Manufacturer PCA GmbH Sybron Chemicals Inc. FuMA-Tech GmbH
Reinforcement Reinforced Reinforced Plain film
Thickness gm)? 110 570 46
Swelling (%) 39.8 27.2 30.4
Area resistanced cn?)P 1.87 30 n.a.
Permselectivity (%6) 91.0 92.3 nd.
IEC (meqg?) 1.45 1.26 n.a.

*

n.a., not available (see text).

a8 Membranes left for 24 h in measuring solution.
b 0.5N NaCl, 25C.

¢ 0.1N KCI/0.5N KClI, 25°C.
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The experiments for optimisation of flow velocity were
performed with the commercial Micro Flow C8lfrom Elec-
troCell A/S, Denmark and a ED pilot plant which allow the
adjustment of different flow velocities. The cell was equipped
with a MOX coated Ti anode (DSAfor O,) and a stain-
less steel cathode. The synthetic rinsing solution for the cen-
tral compartment contained 0.1 M Gs.01 M NiSQ, and
10~4M H,SQOy except one experiment where a mixture of
0.3M Cr0; and 0.003 M HSO4 was used. The anolyte solu-
tion ranged from 0.1 to 1 M Cr§)pure). The catholyte solu-
tion was basically 0.05 M 50y, except for the experiments
where cell voltage was followed. There, 0.2 M$0;, solu-

tion was used (see results). The experiments were performed

for up to 3.5h at 20-50C. The current density was varied
from 10 to 30 mAcnT2. During all experiments, samples

from each compartment were regularly taken and analysed

for chromate and total acidity. Parallely, the current, voltage,
temperature, conductivity and pH in each compartment were
carefully monitored.

3. Theoretical background
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Fig. 3. Variation of CrQ@ concentration in the anode compartment. System
parameters: 30 mA cn?, 30°C, anode compartment: 0.1 M Cs0

interstitial pH in the membrane phase could be much lower
resulting in increased polychromate formation in the mem-
brane[16].

The specific energy consumptides m (in kWh molgrlo3)
is essential for comparison of the efficiency of the EED with

The process performance could be evaluated on the ba-Other recycling methods. Here, the total cell voltage, is

sis of current efficiency (concerning formation of chromic
acid in the anode compartment) and specific energy con-
sumption (kWhkg?l). The overall current efficiency for
the product (chromic acid)@g, is defined as the cur-
rent carried by chromate ions relative to the total current
used:

mveF
L = 1
P= 311 1)

wherem s the mass of produck the molar weightpe the
stoichiometric number of electrons for the reactiénthe
Faraday constantthe electric current ands the time[32].
In chromic acid solutions, the chromium is present as differ-

entanionic species (monochromate, dichromate, trichnromate,

polychromate ions). The formation of large polychromate
ions increases at higher chromic acid concentration and low
pH, as described by Sarmaitis et [@3,34] In fact, the fol-
lowing reactions take place:

H* 4+ HCrOy~ + Crn072~ <> Crz0102~ + H20
H* + HCrOs~ + Crz0102~ < Crs013%~ + Ho0

This means that different chromate species may migrate
through the anion-exchange membrane depending on solu
tion composition. Rinsing effluents used in this study con-
tained 0.1 M CrQ of pH around 1.2. The chromate ions are
either monovalent or bivalent charged. At these conditions,
the chromate is present as monochromate (mainly HCrO
20%), as dichromate (@072~ and HCpO;~, 62%) and to

a lower extent (18%) as trichromate ¢Qn¢?"). The va-
lence regarding one mol of chromium is predominantly 1.
Therefore, the stoichiometric numbey=1 was used in all

)

an important influence factor:

E _ UcUeF
M= Mag

3)

4. Results and discussion
4.1. Membrane screening

Experiments with diluted and highly acidic solution in
the anode compartment were performed. The experiments
with diluted chromate solution (anode compartment: 0.1 M
CrOs, i=30mAcnT?, T=30°C) were used for screening
of the AEM and for comparison with recent literature re-
sults.Fig. 3 shows the increase of Cr(VI) concentration in
the anode chamber for the studied membranesTaide 2
presents the overall results. The experiment with funfsep
FAP was performed for only 1 h due to the fast depletion
of the rinse water in the central compartment resulting at
low electrolyte conductivity. For this membrane, the cur-
rent efficiency was more than two times higher than for
the other membranes. Both fuma8epAP and PC 100

Table 2
Performance of the various AEM using 0.1M GrOn the anode
compartment

IONAC MA 3475 PC100D Fumas&pFAP
D 0,7 0.13 0.18 0.42
Es.m (KWh mo|5r103) 3.7 1.0 1.1

Process parameteiiss 30 mA cnt2, T=30°C.

calculations. Nevertheless, it should be considered that the 2 Overall current efficiency.
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Table 3
Performance of the various AEM using 1 M Gy@ the anode compartment

IONAC MA 3475 PC 100 D FT-FAP
B 0,2 0.10 0.08 0.14
Esm (KWh mOErlo3) 1.9 1.4 1.6

Process parameteiiss 20mA cnt 2, T=30°C.
a Qverall current efficiency.

D membrane show promising results having low power
consumption per mol Cr® The IONAC MA 3475 mem-
brane shows the lowest current efficiency and the highest
power consumption due to high voltage drop. It is impor-
tant to note that for this membrane our results are in excel-
lent agreement with those reported earlier in the literature
[17].

The performance of the PC 100 D, fuma8epAP and
IONAC MA 3475 membranes were then studied using 1 M
CrOs concentration in the anode compartment. The experi-
ments were conducted at lower current density (20 mA¥m

because high initial voltage increase was observed when us-

ing 30mAcnt?2. In all cases, the current efficiency is lower
compared to the previous experiments with 0.1 M €80-
lution (seeTable 3. The fumasep FAP shows the highest
chromium transport and current efficiency and low power
consumption. This membrane had the best overall perfor-

mance; therefore, it was further used in process optimisation30

experiments.

4.2. Process optimisation

4.2.1. Use of synthetic and industrial rinse water
Industrial rinsing solution was used in the central compart-
ment to see whether the use of synthetic solution could affect

rane Science 261 (2005) 49-57 53
Table 5

Effect of the type of rinsing solution on the performance of the fun&sep
FAP membrane (1.0 M Cr@in the anode compartment)

Industrial rinse water Synthetic solution

zDeCrOsa 0.18 0.14
Es,m (KWh mokjo, ) 1.1 1.6
Process parameteiiss 20 mA cnt2, T=30°C.
a Qverall current efficiency.
1.0 T T T T T T T T T T
.
0.8 |- //o//'/ 4
06} / —=—Cr(vl)
z —o—H"
o —4—807
0 C 04 ™ 4
S \
02 4

0.6 0.8

[CrO,]

0.0

Fig. 4. Current efficiency for Cr@ SQ;%~ and H vs. the initial CrQ
concentration in the anode compartment. System parameters: 30 A cm

4.2.2. Influence of chromic acid concentration in the
anode compartment

The industrial process could be performed either in batch
mode with fluctuating chromic acid concentration in the an-
ode compartment (due to fluctuating acid recycling to the
bath) or in continuous mode with permanent high acid con-
centrationinthe anode compartment (continuously acid recy-

the membrane performance. Depending on the bath type, thecling). Vallejo et al.[17] reported for the IONAC MA 3475

chromic acid solution could contain organic additives acting
as reaction catalysts or wetting agef#s]. Fluoride surfac-
tants could be present, which could cause fouling of the ion-
exchange membranf6—38] The industrial solution for the
central compartment was obtained from exhausted chromic
acid bath from a plating company, which produces chromium

membrane that the current efficiency strongly depends on
the anolyte concentration. In our experiments, the current
efficiency for Cr(VI) transport decreases from 0.42 to 0.14
when the initial CrQ concentration in the anode compart-
ment increases from 0.1 to 1 Mrig. 4). The decrease of
the current efficiency for Cr(VI) results in an increase of

automotive accessories. The rinsing effluent was prepared bythe current efficiency for protons from 0.57 to 0.85 whereas

dilution. The composition of both synthetic and industrial so-
lutions used in the central compartment is giverTéable 4

the sulphate transport remains generally |dvig( 4). Be-
sides the proton leakage, a loss of water occurs in the an-

The test parameters were the same as in membrane screeningde compartment. Othef89] also studied the relationship

experimentTable Spresents the comparison showing that the
current efficiency and the power consumption are compara-
ble indicating the suitability of the membrane using industrial
rinse solution.

between proton leakage and water flux at high acidic condi-
tions and found that the proton flux increases while the water
transport to the anodic side decreases, in agreement with our
findings. Besides, the nature of chromic acid in the AEM is

Table 4
Composition of effluents used in the central compartment (rinse solution)

Al(ppm) B (ppm) Cr(ppm) Cu(ppm) Fe(ppm) Mg (ppm) Na(ppm) Ni(ppm) Pb(ppm) Zn (ppm) 4>SCppm)
Synthetic 0 0 5730 0 0 0 0 651 0 0 1090
Industrial <3 15 5490 <2 27 <1 23 36 <2 167 99
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Fig. 5. Variation of Cr@ concentration in the anode compartment at 20 and
50°C. System parameters: 20 mA cfy anode compartment: 1.0 M CO Fig. 6. The cell voltage at 30mAcm. Anode compartment: 1.2M
) ) . CrO3+0.012M HSOy; central compartment: 0.3M Cg3 0.003M
also important. Chromates could be present in many differ- H,s0y; cathode compartment: 0.2 MyB0y at 25°C.

ent species depending on pH and chromic acid concentration.

At high acid environment, the proton leakage could be en- ton concentration in the anode compartment especially at the
hanced by the formation of polychromates under dehydration solution—-membrane interface. The protons there have lower
acting as proton conducto[33,34] These large polychro-  kinetic energy at higher temperatures and the entry into the
mates immobilised in the membrane could even reverse themembrane might be hampered.

AEM character due to their second negative charge. As a In conclusion, the improved Cr transport at higher tem-
result, the membrane becomes highly permeable for protonsperature could be exploited in the EED process. Never-
and cations. Nevertheless, in our experiments no other cationgheless, the benefit from the improved transport should be

besides proton where found in the anode compartment. weighed against long-term material stability (membranes
and/or equipment) and extra heating costs of the process so-
4.2.3. Influence of process temperature lutions.
Experiments with high chromic acid concentration in the
anode compartment(l M) were performed, besides at3D 4.2.4. Influence of current density—voltage drop
(see earlier results), at 20 and8Dtoo. The CrQ@ concen- In all experiments, the voltage increases sharply during

tration in the anodic compartment during the experiments the first minutes. Both total voltage drop over the EED sys-
is shown inFig. 5. Apparently, the product concentration in- tem and single voltage drop over the AEM were measured
creases much stronger atB8Dthan at 20C. Table 6presents using Haber—Luggin capillarieBig. 6 presents the first two
the current efficiencies and power consumptions. The currenthours of this experiment at 30 mA crishowing that the in-
efficiency was 0.33 at 50C compared to 0.04 at 2C€. The crease of the cell voltage is parallel to the voltage increase
increased chromium transport at higher temperatures couldover the AEM. Similar increase of resistance has been ob-
be attributed to lower proton leakage at higher temperaturesserved by Vallejo et al[16], too. They attributed this phe-
[40]. The decrease of proton transport is mainly associatednomenon to the formation and accumulation of low mobility
with reduced water organization at the membrane—solution polychromate inside the membrane at high acidic conditions
interface at the anodic sid86]. Similar behavior was also  resulting to the deprotonation of the membrane active sides
observed with the IONAC MA-3475 membrafier] but not and increase of resistance. This was confirmed from the fol-
to this extent. For the latter, the current efficiency for hex- lowing experiments where a different AEM pre-treatment
avalent chromium was 0.16 at 50 and 0.11 at 30C using procedure is applied. A commercial test cell (Micro Flow
0.1 M CrQ; solution in the anode and central compartment. Cell®) is used and 30 mA cnt are applied. The first exper-
The difference in our case might be attributed to the high pro- iment is performed with 0.2 M k504 in each compartment
and the voltage stays constant at 2.7Rig( 7a). A second
Table 6 piece of AEM is pretreated in 0.2M 3$0, and then di-
Effect Qf temperature on the performance of fum&eE&AP membrane rectly overflowed with 0.1 M Cr@while the current starts
(1.0 M in the anode compartment) . . . . .
passing. There is a strong increase in voltage observed in the

20°C 80°C 50°C beginning. The voltage reaches to 6 V in the first minute and
PCr0,° 0.04 0.14 0.33 remains at this level. Finally a piece of AEM is pretreated in
Esm (KWh molg;o, ) 3.7 16 0.5 0.2 M H,SOy and rinsed in 0.1 M Cr@for 2 h. Then, the ex-

Process parameteiis: 20 mA cni 2. perimentwith 0.1 M CrQis repeated and the voltage reaches
a Qverall current efficiency. very high level (18 V). From these results, we can conclude
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Fig. 7. (@) The cell voltage at 30 mA cth. System parameters: 2@, anode and central compartment: 0.1 M €#10~*M H,SOy or 0.2M HSOy;
cathode compartment: 0.2 MpBQO4, v=7cms . (b) The cell voltage at 20 and 30 mA crhanode compartment 1.0 M Cs@30°C). (c) The cell voltage at
30 mA cnT 2. System parameters: 2G, anode and central compartment: 0.1 M g#10~* M H,S0y, cathode compartment: 0.2 MpBQy.

that the initial voltage is strongly associated with the chromic tem. This might cause damage on membranes and/or other
acid concentration inside the membrane and the formation ofequipment. Additionally, processing with increased voltage
polychromates discussed earlier. It is worth to note that De leads to high power consumptioi@ble 7presents the cur-
Korosy and co-workerfA1,42] also described the increase rent efficiency and power consumption for these two current
of the membrane resistance due to presence of multivalentdensities. Practically there are no differences in current effi-
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presence of insoluble acidic colloids. According to them the 20 mA cnT2.
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ing lower initial current densities and high flow rates. The Cel® at three different flow velocities. The superficial flow
following experiments aim to investigate this.

Fig. 7o shows the variation of voltage in time at 20 and
30mAcnT?2 using 1 M CrQ@ anodic solution. The initial volt- Table 7
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and 13-15V for 30 mA crm?. The increased current density 20mAcm? 30mAcnt?
(greater than 20 mA cr?) considerably improves the chro- g0, 0.14 0.14
mate transport (the chromate flux was around 30% higher atEsm (kwhmoky, ) 16 25

30 mA cnT 2 in accordance to Faraday’s law) but also results process parametefB= 30°C.
in a steadily growing high voltage drop over the EED sys- 2 Overall current efficiency.
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