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Determining commercial additives contained in zinc electroplating baths is critical for quality control and process
management in order to obtain better results in zinc coatings, monitor the use of chemicals and establish safe
forms of treatment and reuse of wastewater. In this work, the conditions for the quantification by oxidation
with potassium permanganate of a commercial brightener mainly composed of chlorobenzaldehyde, were opti-
mized. The signal generation consisted in the formation ofMnO2 nanoparticles with a characteristic surface plas-
mon resonance band (SPRB) at around 400 nm. The results showed that it is viable to apply thismethod to direct
measurements of brightener in electroplating processes.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Electroplated zinc and its alloys coatings have been widely used for
the corrosion protection of steel [1] by virtue of their low standard reduc-
tion electrode potential. The use of zinc plating baths containing zinc sul-
fate and chloride have been cited in the literature and are employed on
industrial scale as an alternative to cyanide containingbaths. The popular-
ity of this kind of baths has been increasing due to its relatively low cost
and eco-friendliness [2]. The primary requirement of these baths is to pro-
duce smooth, compact, bright deposits of improved properties over a
large range of current densities (1–100A cm−2). Theseproperties depend
on the nature and concentrations of bath constituents. The main compo-
nents of these baths aremetal ions, conducting salts, buffers and addition
agents [3].

The commonly used additives in electroplating baths are classified as
levelers and brighteners. These additives affect the plating process to
yield electrodeposits with the appropriate properties for their given ap-
plications. During plating, these additives gradually decompose and the
sensitivity of the electrodeposition process to the concentration of addi-
tives makes it difficult to maintain control of the plating process [4,5].
The brighteners are mixtures of organic compounds usually added in
small quantities (10−4–10−2 M) to the bath solution, and the levelers
are generally used in relatively higher concentrations, around 10−2 M.
Carbonyl compounds like o-chlorobenzaldehyde, benzylideneacetone,
vanillin, glycyl–glycine, etc. were reported as brighteners for zinc deposi-
tion [6], while surfactants like cetyltrimethylammonium bromide
(CTAB), sodium dodecylsulfate (SDS), polyethylene glycol (PEG) and
Triton X-100 were used as levelers for zinc electroplating [3]. Some
additives simultaneously act as levelers and brighteners, but in
most cases, suitable combinations of different additives give satisfac-
tory results [3].

Typically, replenishment of organic additives is based on amp-hours.
However, the consumption rate of additives may depend on the
operating conditions and even the geometry of the plated parts. There-
fore, amp-hour control must be supplemented by analytical determina-
tion of additive level. Traditionally, the effective concentration of
electroplating additiveswas obtained by using aHull Cell test. The inter-
pretation of the results of a Hull Cell test is subjective and requires ex-
tensive personnel training. Since the Hull Cell test is a qualitative,
overall performance test, it is not suitable for the separate determina-
tion of individual components of additives [4,5]. Normally, the
quantification and characterization of commercial additives requires so-
phisticated and expensive instrumentation such as GC–MS, HPLC, and
UV spectrophotometer, not common in industrial laboratories.

The use of nanoparticles as colorimetric probes has received a great
deal of attention because of the color changes associated with the sur-
face plasmon resonance band (SPRB), which is very sensitive to a
number of parameters, such as particle size and shape, adsorbed spe-
cies (stabilizer), medium dielectric properties, and the distance be-
tween particles [7]. Changes in the SPRB have been successfully used
for the detection of analytes such as proteins [8] and other ligands
and compounds [9–12]. As for MnO2 nanoparticles, there are some pa-
pers reporting their preparation and characterization, and the most
general method is the chemical reduction of Mn(VII) salts with an ap-
propriate reducing agent. In reported experiments, the three peaks
centered at 315, 525 and 545 nm, corresponding to KMnO4, gradually
disappear with the occurrence of a new peak centered at 370 nm
which indicates the formation of MnO2 nanoparticles [13,14]. This
new surface plasmon band gradually grows in intensity, which is
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Table 1
Composition of a typical electrolytic bath for zinc electroplating.

Compound Concentration

H3BO3 25 g/l
ZnCl2 70 g/l
KCl 180 g/l
Brightener 0.3–0.7 ml/l (0.34–0.8 mM in o-chlorobenzaldehyde)
HCl 36% Drops until pH 5
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assigned to a considerable increase in the amount of MnO2 nanoparti-
cles, and shifts to larger wavelengths, which is attributed to the
growth of the nanoparticles [13].

In this work, we optimized the conditions for the quantification of a
commercial brightener added to zinc electroplating baths. The chosen
strategy consisted in the generation ofMnO2 nanoparticles by a reaction
between potassium permanganate and oxidizable organic compounds,
mainly chlorobenzaldehyde (see Fig. 1), which is the main component
of the analyzed additive. This method allows to follow the evolution of
the additive, in an industrial matrix in the concentration range of inter-
est, in a simple and inexpensivemanner. The reaction conditions enable
their quantification by absorbance measurements, employing a simple
photometer at 400 nm, or a semi-quantitative determination by simple
visualization of a colorimetric scale.

The development of simple methods such as the one reported here,
for typical components that permit themeasurement of the commercial
formulation contained in the bath, will enable the quality control of the
process, which is critical in order to obtain high quality zinc coatings,
monitoring the use of chemicals, and establishing safe forms of treat-
ment and reuse of wastewater.

2. Experimental

2.1. Apparatus and reagents

Potassium permanganate, p-chlorobenzaldehyde, ethyl ether and
hydrochloric acid (36%) were analytical grade reagents, and were used
without further purification. Zinc chloride, boric acid and potassium
chloridewere industrial grade reagents. An industrial commercial addi-
tive was employed as brightener. All solutions were prepared with
Milli-Q water. Measurements were carried out in HCl 10−4 M solution
or in an artificial bath for zinc electroplating (see composition in
Table 1). The mentioned range of brightener concentration is the one
recommended by the manufacturer in order to obtain high quality
zinc coatings.

Visible absorption spectra were recorded on an Ocean Optics spec-
trophotometer using a 1 cm path length plastic cell.

GC–MS determinations were performed on a GC Agilent Technolo-
gies 7890A–MSD Agilent Technologies 5975C instrument. The injection
volume was 1 μl in the Split mode (100:1). The total flow was
164 ml/min, and the oven program, 5 min at 50 °C, then 8 °C/min to
300 °C. The columnwas an Agilent Technologies HP-5, 350 °C. All exper-
imentswere performed at room temperature ((25±2) °C). The particle
morphology and size were observed with a Field Emission Scanning
Electron Microscope (FE-SEM).

3. Results and discussion

3.1. Additive characterization

Usually, commercial additive formulations remain unknown to ordi-
nary users. This makes it difficult to quantify additives in industrial
baths to optimize their use and particularly the treatment of effluents.

In order to characterize the commercial brightener employed in this
work, 5 ml of the additive were extracted with ethyl ether (two times
Fig. 1. Scheme of the reaction between KMnO4 and chlorobenzaldehyde to give MnO2

nanoparticles in aqueous medium.
2.5 ml). The extracts were evaporated until 1.5 ml. The obtained solu-
tion was analyzed by GC–MS in the conditions described above.

The major components (N5%) present in the additive were o-
chlorobenzaldehyde (160 mg/ml), 4-phenyl-3-buten-2-one, 2-(2-
butoxyethoxy)-ethanol and 1-(1-naphthalenyl)-ethanone. p-
chlorobenzaldehyde was used as standard for o-chlorobenzaldehyde,
since it is solid and easy to manipulate.

Chlorobenzaldehyde is a typical additive employed as a brightener
in commercial products and in our case, it is the major component of
the used formulation. In this work we used its concentration as an indi-
cator of the amount of compounds oxidizable by permanganate in a
commercial additive in a typical electroplating bath solution in a suit-
able range of concentrations.

3.2. Spectrophotometric determination in water

Potassium permanganate, KMnO4, is probably the most common,
and also the most applicable oxidizing agent and can be utilized to oxi-
dize a wide range of organic molecules. The products that are obtained
can vary depending on the conditions, but because KMnO4 is such a
strong oxidizing agent, the final products are often carboxylic acids.
Under acidic conditions, alkene double bonds are cleaved to give the ap-
propriate carboxylic acids and potassium permanganate oxidizes alde-
hydes to carboxylic acids.

For the analytical determination, several solutions were prepared in
the range of 0.1 to 0.9 ml/l brightener (equivalent to 0.113 to 1.02 mM
chlorobenzaldehyde) in HCl 10−4 M solution. Then 150 μl of a 3.2 mM
KMnO4 solution (pH=4withHCl) were added to 5ml of each solution,
and left to react for 10 min at room temperature without stirring. After
that, the solution showed an appreciable color change to be measured
or observed by the naked eye. In Fig. 2 we present a picture of the reac-
tion vessels for different concentrations of brightener in water (0, 0.3,
0.5 and 0.7 ml/l brightener, equivalent to 0, 0.34, 0.57 and 0.79 mM in
o-chlorobenzaldehyde respectively). Similar measurements were per-
formed at pH 2 and pH 6 but with less satisfactory results (data not
shown).

The UV–vis spectra of the brightener show a well defined peak at
around 300 nm. However, measuring in this region of the spectrum is
not practical, since it is not a selective measurement, given the fact
that many compounds absorb in that region.
Fig. 2. Reaction of brightener in HCl 10−4 M solution with MnO4
−. 150 μl of a 3.2 mM

KMnO4 solution (pH = 4 with HCl) was added to 5 ml of the standards and left to react
for 10 min. From left to right: 0, 0.3, 0.5 and 0.7 ml/l brightener, equivalent to 0, 0.34,
0.57 and 0.79 mM in o-chlorobenzaldehyde, respectively.



Fig. 3. Reaction of 5ml of each standard (brightener in HCl 10−4M) with 150 μl of a 3.2mMKMnO4 solution. Reaction time= 10min, light path= 1 cm. UV–vis spectra for 0, 0.1, 0.3, 0.5,
0.7 and 0.9 ml/l (0, 1.13, 3.4, 5.7, 7.9 and 10.2 mM o-chlorobenzaldehyde). (inset) Calibration curve. Wavelength for the construction of the calibration curve: 400 nm, calibration curve:
slope (0.70±0.05) a. u./mM, intercept (0.05±0.02) a. u., R2 0.978. Error bars represent the standard deviation from 3 independent experiments. Linear fitting: red line, confidence bands:
green line.
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Fig. 3 shows the changes in the UV–vis absorption spectra as a result
of the reaction with KMnO4 solutions, where the effects of brightener
concentration were investigated. As seen in Fig. 3, with 0 ml/l, KMnO4

has a characteristic absorption peak in the range of 450–600 nm. It
could be observed that this absorption peak gradually decreased with
increasing additive concentration. On the other hand, a new broad
peak at around 400 nm emerged. Based on the literature, the new
peak can be attributed to colloidal MnO2 particles [13–17]. The forma-
tion of MnO2 nanoparticles was confirmed by SEMmicroscopy as seen
in Fig. 4. The nanoparticles presented no uniform morphology and
their size varies between 10 and 100 nm. This result is consistent with
the broad peak seen in Fig. 3.

In afirst approach, a calibration curvewas constructedplotting the ab-
sorbance at 400 nm against the concentration of o-chlorobenzaldehyde.
Fig. 4. FE-SEMmicrograph of the obtained MnO2 nanoparticles.
The absorbance values as a function of o-chlorobenzaldehyde coming
from the additive were evaluated in water and they were fitted for 0,
0.1, 0.3, 0.5, 0.7 and 0.9 ml/l (0, 1.13, 3.4, 5.7, 7.9 and 10.2 mM o-
chlorobenzaldehyde) showing a linear correlation, with an average sensi-
tivity of (0.70 ± 0.05) a. u./mM, and R2 0.978. The intercept value was
(0.05 ± 0.02) a. u. Three independent experiments were performed for
each concentration (see inset Fig. 3).

3.3. Spectrophotometric determination in real samples

A similar procedure was applied to a zinc plating bath. In this case,
the reaction timewas 15min in order to have noticeable color changes.
In Fig. 5 we present the colorimetric scale corresponding to the mea-
surements of the commercial brightener in this bath.

Fig. 6 shows the UV–vis absorption spectra as a result of the reaction
of 5 ml of each standard (brightener in electroplating bath) adjusted to
pH 4, with 150 μl of a 3.2 mMKMnO4 solution. Composition of the bath:
see Table 1. As seen in Fig. 6, the characteristic absorption peak of
KMnO4 decreased as a function of brightener concentration as in
water (Fig. 3). On the other hand, the absorbance around 400 nm
showed less pronounced changes for the same range of concentration,
evidencing that in this condition of higher ionic strength, the evolution
of the reaction to theMnO2 nanoparticle formation is less favorable. The
average of three independent absorbance values as a function of o-
chlorobenzaldehyde from brightener additive, was evaluated in zinc
electroplating bath and they were fitted for 0, 0.1, 0.3, 0.5, 0.7 and
0.9 ml/l (0, 1.13, 3.4, 5.7, 7.9 and 10.2 mM o-chlorobenzaldehyde)
showing a linear correlation, with an average sensitivity of (0.56 ±
0.01) a. u./mM, intercept (−0.001 ± 0.008) a. u. and R2 0.998 (see
inset Fig. 6).

3.4. pH influence

In order to evaluate the reaction directly in zinc electroplating bath,
the experiments related in Fig. 6 were repeated without additional pH



Fig. 5.Reaction of brightener in zinc electroplating bathwithMnO4
−. 150 μl of a 3.2mMKMnO4 solutionwas added to 5ml of the standards and left to react for 15min. Composition of the

bath: see Table 1. From left to right: 0, 0.1, 0.3, 0.5, 0.7 and 0.9 ml/l (0, 1.13, 3.4, 5.7, 7.9 and 10.2 mM o-chlorobenzaldehyde).
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modification (electroplating bath at pH 5). In Fig. 7 we can observe that
the characteristic absorption peak of KMnO4 decreased more markedly
with increasing additive concentration than in Fig. 6, showing that the
KMnO4 reduction is more favorable at pH 5 than at pH 4. Also in
Fig. 7, the absorbance around 400 nm showed less pronounced changes
for the same range of concentration than at pH 4, evidencing that in this
condition of pH, the evolution of the reaction to the MnO2 nanoparticle
formation is much less favorable than in the electroplating bath at pH 4.
This situation can be observed in the calibration curve in the inset of
Fig. 7, where the average of three independent absorbance values as a
function of o-chlorobenzaldehyde from brightener additive, was
evaluated in the zinc electroplating bath and they were fitted for 0,
0.1, 0.3, 0.5, 0.7 and 0.9 ml/l (0, 1.13, 3.4, 5.7, 7.9 and 10.2 mM o-
chlorobenzaldehyde) showing a linear correlation,with an average sen-
sitivity of (0.33 ± 0.04) a. u./mM, intercept (0.01 ± 0.02) a. u. and R2

0.995.
Fig. 6. Reaction of 5 ml of each standard (brightener in bath at pH 4) with 150 μl of a 3.2 mM K
Table 1. UV–vis spectra for 0, 0.1, 0.3, 0.5, 0.7 and 0.9 ml/l (0, 1.13, 3.4, 5.7, 7.9 and 10.2 mM o
calibration curve: 400 nm, slope (0.56 ± 0.01) a. u./mM, intercept (−0.001 ± 0.008) a. u., R
Linear fitting: red line, confidence bands: green line. (For interpretation of the references to co
Despite the fact that in the electroplating bath the formation of
MnO2 nanoparticles is less pronounced than in water, and a reduced
sensitivity is obtained, the results show that it is viable to apply the
method to samples with this matrix even without adjusting the pH
value. The proposed system provides a simple and reliable measure-
ment tool for the direct monitoring of brightener in electroplating pro-
cess, allowing the reconditioning of baths and reducing its
environmental impact.

4. Conclusions

In this work we optimized the conditions for the quantification of a
brightener consistingmainly of chlorobenzaldehydeused in zinc plating
cells. The principle of the method is the reaction of the o-
chlorobenzaldehyde present in the additive with KMnO4, to yield
brown MnO2 nanoparticles. The KMnO4 reduction proceeds more
MnO4 solution. Reaction time = 15 min, light path = 1 cm. Composition of the bath: see
-chlorobenzaldehyde). (inset) Calibration curve: wavelength for the construction of the
2 0.998. Error bars represent the standard deviation from 3 independent experiments.
lor in this figure legend, the reader is referred to the web version of this article.)



Fig. 7. Reaction of 5 ml of each standard (brightener in bath at pH 5) with 150 μl of a 3.2 mM KMnO4 solution. Reaction time = 15 min, light path = 1 cm. Composition of the bath: see
Table 1. UV–vis spectra for 0, 0.1, 0.3, 0.5, 0.7 and 0.9 ml/l (0, 1.13, 3.4, 5.7, 7.9 and 10.2 mM o-chlorobenzaldehyde). (inset) Calibration curve: wavelength for the construction of the
calibration curve: 400 nm, slope (0.33 ± 0.04) a. u./mM, intercept (0.01 ± 0.02) a. u., R2 0.995. Error bars represent the standard deviation from 3 independent experiments. Linear
fitting: red line, confidence bands: green line. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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efficiently in the industrial bath but with less formation of nanoparti-
cles. According to that, the reaction conditions for the reported method
have been adjusted so that it is useful in this matrix.

This method allows the quantification of the additive in the visible
region of the spectrum in a simple and economic way, being this deter-
mination applicable to the range of concentrations of interest.
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