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Abstract-The effect of hydrogen evolution on mass transport during electrogalvanizing was evaluated for a 
vertical electrode by using a electrochemical tracer. The potentiodynamically measured limiting current of a 
cadmium tracer was compared with those obtained by the codeposition method at various current densities. 
The effects of pH on the hydrogen evolution and the mass transfer rate during electrogalvanizing were also 
determined. The Sherwood number was calculated and compared with that predicted by natural convection. 
It has been found that the mass transport was mainly enhanced by natural convection at current densities less 
than 25 mAcme2 and by simultaneous hydrogen evolution at relatively higher current densities. 

NOMENCLATURE 

concentration in the bulk (M) 
concentration at the electrode/electrolyte interface (M) 
diffusion coefficient (cm’ s _ ’ ) 
Faraday constant (96500 coul eq- ‘) 
acceleration of gravity (980 cm s-*) 
Grashof number 
current density (mAcm-‘) 
limiting current density (mA cm-‘) 
diffusion mass transfer coefficient (cm s - ’ ) 
diffusion mass transfer coefficient of the primary ion 
(cm 6-l) 
diffusion mass transfer coefficient of the tracer ion 
(ems-‘) 
characteristic length of the electrode (cm) 
change of oxidation state 
Schmidt number 
Sherwood number, predicted for combined diffusion 
and natural convection 
Sherwood number experimentally determined 
transference number 
diffusion layer thickness (cm) 
average density across the difTusion layer (pcm-“) 
density of the bulk electrolyte (gcme3) 
density of the electrolyte at electrode/electrolyte interface 
(gem-‘1 
average kinematic viscosity across the diffusion layer 
(cmZs-‘) 

1. INTRODUCTION 

Mass transport is an important aspect in electrodepo- 
sition. Interest in high mass transport has recently 
increased in non-ferrous extractive and coating tech- 
nology due to the trend toward higher current density 
processing. Not only is the mass transport of the 
primary metal ion important, but those of certain 
impurities can also affect the properties of the deposits 
obtained. Low level concentrations of particulates, 
organics and inorganics often influence polarization 
behavior, nucleation and growth, particularly when 
these are mass transport controlled. Thus there is a 

need to characterize the combined engineering and 
electrochemical design parameters to assist in control- 
ling electrocrystallization[l]. 

Continuous electrogalvanizing of steel sheet at high 
current density is receiving considerable attention at 
present due to interest in producing corrosion resistant 
materials for automotive applications. Unfortunately, 
unlike the mass transport governed by gas evol- 
ution[2,3] or natural conveetion[4] which have been 
studied extensively, there is little fundamental tech- 
nical data available on that of a zinc sulfate electrolyte 
using various process parameters. One objective of this 
research was to determine what correlation might exist 
for this specific zinc deposition system where natural 
convection and hydrogen evolution are both active, 
particularly with changing pH and current density. 

It is difficult to directly measure the zinc limiting 
current due to the increasing surface roughness and 
codepositing hydrogen when plating close to the 
limiting current density. A tracer technique[SJ, how- 
ever, can be. used which allows in situ measurement of 
the mass transfer conditions. The tracer must have a 
more noble potential than the primary species and 
must deposit at its limiting current density throughout 
the deposition cycle. The limiting current density of the 
tracer is obtained either by chemical analysis[5,6] or 
anodic stripping[7] of the deposits. Subsequently, the 
mass transfer coefficient of the tracer can be calculated 
by 

i = nFk(Cb- CJ/(l -t). (1) 

Equation (1) is valid for binary electrolyte of a reacting 
cation and the transport coefficient can be neglected in 
cases with sufficient supporting electrolyte. The latter 
situation is the case whenever the calculations were 
made using the Cd tracer ion. Similar calculations were 
made in order to estimate the interfacial Zn+’ concen- 
tration using Equation (l), but it must be recognized 
that these data are only approximations and the trend 
for the change in concentration is more pertinent than 
the actual numerical values themselves. For more 
accurate values, a more rigorous.treatment is required. 
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the diffusion mass transfer coefficient of the 
a’ species (Zn + ’ in this case) can be calculated by 

equation 

Then 
orimarv 

k, = k#MMID-$’ (2) 
where m = 3/4 for natural convection in a laminar 
regime, and 2/3 for other flow regimes. 

Other mass transfer related properties, such as the 
limiting current density and diffusion layer thickness 
can also be estimated by use of Equation (1) and 

6 = D/k. (3) 

When the tracer is codeposited with Zn, the ZnS04 
concentration at the cathode is significantly reduced. 
Natural convection due to differences in electrolyte 
density is expected and mass transport is enhanced. 
Wilke er a/.[43 correlated the Sherwood number to the 
Grashoff and Schmidt numbers for a laminar natural 
convection condition by the semi-empirical equation 

about 1 cm’ (0.75 cm x 1.34 cm). Electrolytes contain- 
ing 1.53 M ZnSO, (100 gl-’ Zn+2) and 0.89 mM 
CdSO, (lOOmgl- Cd’2) at pH 2.5 and pH 5 were 
sparged by N, gas before each test. During the tests, 
the electrolyte was not agitated but kept under a N2 
atmosphere. All tests were performed at ambient 
temperature. The potential scanning range was from 
- 1.25-1.35 volts us Hg/Hg,S04 reference elec- 
trode and the scan rate was 2 mV s- I. In this potential 
range, only the Cd was deposited and its limiting 
current density was directly determined from the 
limiting current plateau observed in the cyclic voltam- 
mogram. To prove the validity of this potentiodynami- 
cahy measured value, Cd deposited on different 
electrodes for 30 min was also chemically analysed. 
The electrodes included: (1) low carbon steel degreased 
with trichloroethylene, and electro-cleaned cathodi- 
tally and then anodically for 1 min in 600 gl- 1 H,SO., 
at4OOmAcm- ‘, (2) Zn polished by 600 grit SIC paper, 

Sh = 0.66 (Gr . SC)“~ 

Gr = sL%u- Pj)IPvz 

SC = vjD. 

(4) 
and (3) low carbon steel electrocleaned and pre-coated 
with Zn at 100 mAcm-” for 2.5 min in electrolvte at 
pH 2.5 or pH 5. The electrolyte was exposed to air. The 

(5) 
potential of deposition was controlled in the Cd 
limiting current plateau region. Cadmium was also 

(6) cemented spontaneously onto the Zn-coated steel 

where 

The experimentally determined Sherwood number, 

Sh’ = L/6 (7) 

and compared with the predicted Sherwood number. 

Sh’, can be calculated[4] by 

limiting current densities of Cd were calculated from 

electrode without any external power source. The Cd 

the analysed amount of Cd in the deposits by 
Faraday’s law. 

deposits were then dissolved in 2.5 N HNOa and 
analysed by atomic absorption (AA) spectroscopy. The 

In this study, the limiting current density of a Cd 
tracer was potentiodynamically measured in ZnSO, 
electrolytes. The limiting current was directly observed 
from a cyclic voltammogram[8, 91. allowing a quick 
evaluation of the mass transfer properties to be made. 
In addition, negligible natural convection occurred by 
using this technique since the concentration of the 
tracer was sufficiently low to prevent density changes of 
the electrolyte at the electrode surface. The limiting 
mass transport of the tracer during Zn, tracer and 
hydrogen codeposition was obtained by chemical 
analysis of the deposits similar to the technique used by 
Ettel er al.[5]. The results were compared with those 
determined by the potentiodynamic method. Thus the 
enhancement of mass transfer due to natural convec- 
tion or simultaneous gas evolution during the codepo- 
sition of the tracer and Zn can be evaluated. 

Since some hydrogen is evolved during electrogalva- 
nizing, electrolytes at different pH’s were used in order 
to see the effect of simultaneous gas evolution on the 
mass transport. The effect of current density on mass 
transport enhancement by natural convection and 
possible hydrogen evolution was also investigated. 

2. EXPERIMENTAL 

The experimental set-up consisted of vertical elec- 
trodes in a 400 ml beaker fitted with a plastic cover. 
The potentiodynamic measurements were made using 
a Pt gauze counter electrode and a saturated 
Hg/Hg,SOr reference electrode ( + 0.656 volts us she). 
The working electrode was a 0.75 cm x 11 cm Cd strip 
polised with 600 grit SIC polishing paper and covered 
with electroplaters’ tape to expose a working area of 

For codeposition of Cd and Zn, a low carbon steel 
cathode, as described earlier, was used. Pure Zn, with 
approximately 2 cm2 area, was used as the anode and 
placed about 3 cm from the steel cathode. Electrolytes 
containing 1.53 M ZnSO, and 0.89 mM CdSOL with 
pH values of 5, 2.5, 1.5 and 0.6 (1.53 M or 15Ogl-’ 
H2S04) were used. The deposition time varied with 
current density, which was in the range from 25 to 
300 mAcm_‘, in order to give 15 coulombs and a 
theoretical thickness of about 7 pm. Depositions at 
lower current densities (2-10 mAcm_‘) were also 
carried out for electrolyte at pH 5 and a deposition 
time of 25 min. The deposits were dissolved, analysed 
by AA, and the limiting current densities of Cd were 
calculated as described earlier. For deposition in 
electrolyte containing 1.53 M H,SO,, the current 
efficiency for Zn deposition at 100 to 1500 mA cm-’ 
was determined by AA analysis. The Hz current 
etTiciency was found by difference, then the Hz 
evolution rate was calculated by Faraday’s law. 

3. RESULTS AND DISCUSSION 

The potentiodynamically measured limiting current 
density of Cd decreased with time. A relatively constant 
current density, about 0.01 mA cm-* for electrolytesat 
pH 2.5 and 5, was observed after a steady state was 
reached. Similar values were obtained by AA analysis 
of the 30 min deposits of Cd on a steel electrode, Zn 
electrode, Zn-coated steel electrode or by cementation 
of Cd on a steel electrode pre-coated with Zn in 
electrolyteat pH 2.5. However, when the steel electrode 
was pre-coated with Zn in the pH 5 electrolyte, the 
limiting current of Cd obtained by cementation or 
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electrodeposition was about 75% higher than that 
measured potentiodynamically. This increase of the 
limiting current of Cd may be due to the increase of 
surface roughness of the Zn coating when compared 
with that deposited in electrolyte at pH 2.5. 

The limiting current densities of the Cd tracer, 
obtained from, Zn-Cd codeposition followed by AA 
analysis, are plotted us the codeposition current densit- 
ies as shown in Fig. 1. The potentiodynamically 
measured iL Cd+* was also included in the same figure 
as the point’at zero codeposition current density. The 
limiting mass transport of Cd was enhanced by a factor 
of 2.5-36 in the codeposition current density range 
investigated, when compared with the value poten- 
tiodynamically obtained in the absence of Zn de- 
position. The mass transport increased with Zn current 
density as expected, since the concentration gradient 
across the diffusion layer would be larger at higher 
current density, thus increasing the natural convection 
caused by the difference in electrolyte density. 
Simultaneous hydrogen evolution also enhanced the 
mass transport. Similar values of i +z were obtained 
for deposits plated at 25 mA crn’gelectrolytes with 
different pH values, which indicated that the effect of 
hydrogen evolution on the mass transport was not 
significant at this low current density. For deposition at 
higher current densities, however, the mass transfer 
rate increased with the increasing acid content in the 
electrolyte, probably because of increasing hydrogen 
evolution even though simultaneous vigorous evol- 
ution of hydrogen bubbles was observed only for 
electrolyte containing 1.53 M H,SO,. In general, the 
reproducibility of the data was good, except for up to 
15% error for the highly acidic electrolyte. Since 
hydrogen evolution is very sensitive to the substrate, a 
slight variation in the pretreatment of the substrate can 
result in a significant difference in the partial currents 
obtained. 

Dendrites on the edges of the deposits were noticed 
when the current density exceeded about 175,200 and 
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Fig. 1. The effect of current density and pH on the diffusion 
limiting current density of Cd tracer. Electrolytes contain 
1.53 M ZnSO., with: 0, 1.53 M H,SO,; V, pH 1.5; o, pH 2.5; 

A, pH 5. 

300 mAcm-’ for the electrolyte at pH 5, pH 2.5 and 
pH 1.5, respectively. Deposits obtained in electrolyte 
containing 1.53 M H2S04 were smooth for the current 
density range studied. Figure 2 shows the tendency 
toward roughness for a deposit obtained in an elec- 
trolyte at higher pH with slower mass transfer rate, 
probably due to less hydrogen evolution. The deposit 
was made at a relatively high current density, 
300 mAcm_‘, and on a circular exposed area to avoid 
the dendrite formation on the edges. The micrographs 
were taken at the same location on the two cathodes, 
allowing a direct comparison. The difference in mor- 
phology was more pronounced at the edges than in the 
center. In general, a rough and dendritic deposit is 
expected when the plating current density exceeds a 
certain fraction of the limiting current density[lO]. In 
other words, the roughening of the deposit could be 
eliminated by increasing the mass transfer if the cause 
is a low limiting current density. As indicated by the 
mass transfer results shown in Fig. 1 and the calculated 
iLZn+zr the deposit was made at about 40’;/, of the 
iLzn+z inelectrolytecontaining 150 gl-’ H,SO, but at 
about 60y0 of the ilZn +I in electrolyte at pH 2.5. Thus 
the micrographs shown m Fig. 2 are in agreement with 
the trend of increasing mass transfer rate in a more 
acidic electrolyte, probably due to more hydrogen 
evolution. However, other electrolyte properties such 
as viscosity, pH, conductivity, etc., could also influence 
the morphology of the deposits due to effects such as 
different mechanism of hydrogen bubbling and the 
current density distribution. 

The theoretical increase in mass transport by natural 
convection was calculated following Wilke’s ap- 
proach[4], using Equations (4), (5) and (6), and com- 
pared with the measured values. Some results of 
calculations are shown in Tables 1 and 2 for selected 
electrolyte at pH 5 and electrolyte containing 1.53 M 
H2SOb, respectively. In the tables, the i is the plating 
current density of ZnCd codeposition and the 
i, Cd+z’~are those shown in Fig. 1. The same DZn+2 (3.8 
~‘10~~ cm%‘[ll]) and D,,+z(3.1 x 1O-6 
cm’s_ ’ [12]) were used for all electrolytes for approxi- 
mation since literature values are not available. 
Ci, the concentration of Zn” at the electrode/elec- 
trolyte interface, is calculated by using Equation (1). 
The tzn +2 values were taken as 0.22[ 131 and 0.07[ 121 
for electrolyte at pH 5 and electrolyte containing 
1.53 M H,S04, respectively. The pt,, pi, and p are 
calculated from the measured density (1.46 gem-‘) of 
2 10 gl- ’ ZnS04 stock solution and literature values 
for densities of concentrated H,SO, and water. The Sh 
is calculated using Equation (7), with L = 1.34 cm. 

The Sh and Sh’ numbers were plotted against Gr SC 
on a log-log scale as shown in Fig. 3. The solid line 
predicted by Sh = 0.66 (Gr. SC)“~ represents the 
theoretical value which indicates the mass transfer rate 
enhanced by laminar natural convection only. The Sh 
number is the measured value which indicates the real 
mass transfer rate during the electroplating. It is clear 
that the measured mass transfer rate is larger than that 
predicted except for the lower current density region (2 
to 25 mA err-‘) for electrolyte at pH 5. In this region, 
the measured Sh’ did not deviate much from Wilke’s 
correlation, which indicated that the mass transfer was 
mainly enhanced by natural convection in the lower 
current density region. However, the data appeared to 
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Fig. 2. Zn deposits obtained at 300 mAcm-’ for 2.5 min in electrolytes containing 1.53 M ZnSOl with (a) 
1.53 M HZSO,, (b) pH 2.5. 

Table 1. Calculation of Sc, Gr, Sh and Sh’numbers for different plating current densities in 1.53 M 
ZnSO, electrolyte at pH 5 

i(mAcm-*) 2 5 10 25 100 200 300 

C,(M) 1.49 1.44 1.38 1.25 0.88 
ci(gi-') 97.1 94.2 90.4 81.4 57.6 
Pi(gcmm3) 1.211 1.205 1.197 1.177 1.125 
Pb-Pi(.%Cmm3) 0.007 0.013 0.021 0.041 0.093 
p(gcmm3) 1.215 1.212 1.208 1.198 1.172 
v x lo2 (cm”s-‘) 1.99 1.97 1.95 1.89 1.74 
SC 5237 5184 5132 4974 4579 
Gr x lO-5 0.343 0.652 1.078 2.259 6.180 
Sh = 0.66(Gr.Sc) 10 76 89 101 
6 Z”” x 10.3 (cm). 

121 152 
21.1 16.7 13.9 10.7 6.12 

Sh’ 64 80 96 125 219 

0.68 0.45 
44.4 29.4 

1.095 1.062 
0.123 0.156 
1.157 1.140 

1.67 1.59 
4395 4184 

8.988 12.76 
165 178 

4.01 3.39 
334 395 

Table 2. Calculation of SC, Gr, Sh and Sh’ numbers for different plating current 
densities in 1.53 M ZnSO., and 1.53 M H,SO* Electrolyte 

i(mA cmd2) 50 100 150 200 250 300 

Ci(M) 
ci(B1-‘) 
Pi(gCm-3) 
Pb-Pi @cm-‘) 
p(gcm-‘) 
v x lo2 (cm2s-‘) 
SC ’ 
Gr x LO-’ 
Sh = 0.66 (Cr. SC)“~ 

1.12 1.06 0.99 
73.4 69.5 64.6 

1.229 1.221 1.210 
0.059 0.067 0.078 
1.259 1.255 1.249 
2.062 2.035 2.000 
5426 5355 5263 
2.599 3.039 3.681 

128 133 138 
6.40 3.68 2.85 
209 364 470 

0.96 
63.0 

1.206 
0.082 
1.247 
1.991 
5239 
3.912 

2z 
601 

0.95 0.94 
62.0 61.2 

1.204 1.202 
0.084 0.086 
1.246 1.245 
1.985 1.980 
5224 5210 
4.034 4.155 

141 142 
1.84 1.56 
728 859 
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Fig. 3. Comparison of the predicted Sh number with the 
measured Sh’ number for eleetrolytcs containing 1.53 M 

ZnSO, with: A, 1.53 M H,SO,;o, pH 5. 

fit more closely to the equation, Sh = 0.116 (Cr. SC)“~ 
(shown as the dotted line), which was reported in the 
literature[14,15,16] as the form Sh =a(Gr-S~l”~ for 
turbulent natural convection. The reported value for 
the constant a was from 0.15-o. 19 for different systems. 
Even though hydrogen evolution was not visually 
detected in electrolyte at pH 5, the measured current 
efhciency of Zn indicated that there were still some 
hydrogen codeposited and might cause a turbulent 
natural convection. 

The difference between Sh’ and Sh for the relatively 
high plating current density region for pH 5 electrolyte 
IS probably due to hydrogen evolution, thus indicating 
that the mass transport is no longer in the natural 
convection regime. Surface roughness for deposits 
made in pH 5 electrolyte, could also account for some 
of the difference, as mentioned earlier. The maximum 
predicted Sh number using Equation (4) under the 
diffusion limiting conditions for Zn is 203 for elec- 
trolyte at pH 5 using values, Ci = Ogl-t, pt,-q 
= 0.22 gcmm3, p = 1.108gcm-3, Y = 1.39 x lo- 
cm’s_I, and D = 3.8 x 10m6 cm2sW1. However, 
the measured Sh’ was already 219 at a current density 
of 100 mAcm_‘. This again indicated that the 
mass transport was enhanced not by natural convec- 
tion alone. 

The contribution to the enhancement of mass trans- 
port by naturalconvection is much smaller than that by 
the simultaneous hydrogen evolution for relatively 
high current density and highly acidic electrolyte. As 
shown in Fig. 3, the Sh’ number was much larger than 
the predicted Sh number and almost independent of 
the Gr number as the current density increased in 
electrolyte containing 1.53 M H,SO,, indicating that 
the mass transport was mainly enhanced by hydrogen 
evolution. These results have shown that simultaneous 
hydrogen evolution during Zn deposition is very 
effective in reducing the diffusion layer thickness even 
when no other agitation is provided. 

The hydrogen evolution rate in electrolyte contain- 
ing lSOgl_’ H,SO, was calculated based on the 

current efficiency of Zn, which was in the range 
from 91-71% for current densities from 
100-1500 mA cm-‘. Relatively high plating current 
density and electrolyte containing high acid content 
were used so that the effect of natural convection was 
relatively small. A calculated 6 of Zn+2 11s hydrogen 
evolution rate and hydrogen current density plot is 
shown in Fig. 4. Due to the increasing hydrogen 
evolution rate accompanying the increasing plating 
current density, the 6 was significantly reduced. The 
slope of the plot is -0.57 and comparable with other 
reported results[2], being from - 0.25-0.87, in 
which hydrogen evolution was the only cathodic 
reaction. The range of d is slightly smaller than those 
listed in the literatureC2, 171. The difference could be 
due to the combined effect of natural convection and 
gas evolution during electrogalvanizing compared 
with a sole hydrogen gas evolution reaction. Difference 
in cell design and electrode orientation could also 
contribute some of the difference in the 6 value. 

4. CONCLUSIONS 

The limiting current density of a Cd tracer on a 
vertical electrode in a stationary ZnSO, electrolyte (pH 
2.5 and 5) containing 0.89 mM CdSO, was determined 
to be 0.01 mAcm- ’ by the potentiodynamic measure- 
ment. Enhancement of mass transport of the Cd tracer 
was observed when Cd was codeposited with Zn. The 
enhancement increased with plating current density 
and acid concentration in the electrolytes due to 
natural convection and simultaneous hydrogen 
evolution. 

The measured Sherwood numbers were larger than 
those predicted by natural convection at current den- 
sities greater than 25 mA err-‘. The difference was due 
to simultaneous hydrogen evolution, which was a 
dominant factor for enhancement of mass transfer in 
an electrolyte containing 1.53 M H,S04, particularly 
for relatively high plating current densities. 

I ‘,*a*’ I .,..I I I 

005 QI 0.5 1.0 50 

H, EVOLUTION RATE / cd cm+mid 

I * **.I I . . ..I I . I .A 
5 IO 50 100 500 

Hz CURRENT DENSITY I mA cm+ 

Fig. 4. EtTect of hydrogen evolution rate on 6 during de- 
position of Zn in electrolyte containing 1.53 M ZnSO, and 
1.53 M H2SOo. Current densities (mAcm_‘): A, 100; o, 150; 
0,200; v, 250; A, 300,., 400; I, 500; v ,750; x , looo; +, 

1250; 0, 1500. 
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Simultaneous hydrogen evolution during electrogalva- 
nizing reduces the diffusion layer thickness, which was 
found to he slightly smaller than values reported in the 
literature or studies on hydrogen evolution only, 
indicating that the difference was due to the combined 
effect of natural convection and hydrogen evolution. 
The tracer technique has been shown to be very useful 
in characterizing systems where both gas evolution and 
metal deposition are occurring over a range of current 
densities. 
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