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Abstract

Nickel plating is a widely employed technique. To carry out this, nickel baths are used, which
require a great control of the concentration of its components. In this work, fast and cheap
methods based on digital image analysis (DIA) are proposed to determine some of the major
compounds in these baths such as nickel, ammonium and sulfate ions. The greatest advantage
of these methods is the possibility of analyzing several samples at the same time using very

small volumes, lower than 400 pL.

Simple and widespread equipment as a desktop scanner has been used to obtain the
digital images. Using these images, linear regression models were built for each analyte,
obtaining correlation coefficients higher than 0.99, RSD values lower than 14.0% and
recoveries between 82 and 111% in all cases. The reproducibility of the images has been
confirmed by a color standard. These methods have been applied successfully in real samples.
The results obtained have been compared with reference techniques, such as UV-Vis
spectrophotometry, ion chromatography and potentiometry. No significant differences were

observed between these methods and the proposed digital image analysis method.



1. Introduction
Nickel is one of the most employed metals in the coatings industry. This is due to its
high resistance to corrosion and abrasion, ferromagnetic properties and esthetic properties of
the obtained coatings [1]. For this reasons, nickel plating is widely used in various sectors, such
as computing, electronics, automotive...[2] Each year, 150.000 tons of nickel coating are

deposited worldwide [3].

Nickel-plating process is carried out by nickel deposition baths. Depending on how Ni
(I1) is reduced to Ni’ baths could be electroless or electrolytic baths. In both cases, it is
important to control the physicochemical parameters, such as temperature, pH and stirring, in
order to achieve coatings with the desired properties. Nevertheless, it is also essential to control

the concentration of the different components of the bath formulation along the coating process.

Nickel sources usually are nickel sulfate salts, consequently nickel and sulfate are the
compounds found in higher concentrations in the baths. To know the concentration of nickel,
techniques such as atomic spectroscopy have been used [3,4,5]. However, due to the simplicity
of the method and to the characteristic green color of nickel solutions, ultraviolet-visible
spectrophotometric determination is the fastest option, measuring the absorbance at 394 nm
[6,7]. On the other hand, ion chromatography has been used to determine sulfate, since

chromatography allows several anions to be determined at the same time.[8]

Another compound present in many electroless nickel bath formulations is the
ammonium ion. It has a complex function, preventing the sudden decomposition of the bath. In
addition, it is added as pH control element. One of the most widespread methods for its

determination is ion chromatography [9]. Nessler reagent can also be used, being able to

quantify the ammonium by colorimetry (405 nm), obtaining a yellow-orange color [10].

In this work digital image analysis (DIA) has been the used for the determination of

some ions in nickel baths, such as nickel, sulfate and ammonium. Image analysis is a set of



techniques focused on obtaining data from images [11]. Nowadays, DIA has gained increased
interest for analytical chemistry applications due its simplicity, low-cost, speed and
straightforward performance, compared with other instruments in the laboratory. Moreover,
there is no need of large amount of sample; therefore, it is more respectful with the environment.
Many works can be found in the literature in which image analysis has been used as an
analytical technique for the classification of pesto sauces [12], determine color additives in food
[13,14], or cyanides in water on paper basis [15], among others. This technique has also been
used in the coating industry. For example, the prediction of surface roughness and
crystallographic texture from scanned imaged of chromium electrodeposits has been proposed
[16]. In the electrodeposition of nickel in particular, image analysis has been used to control the
concentration of polishing additives by analyzing the brightness of the coating of steel sheets

and to evaluate de quality of the deposition [17,18].

In many of the cases described in the literature, a desktop scanner has been used as
image-taking device, but mobile phones or digital cameras can also be used. Image acquisition
is the first step of the process, in which the device used and the illumination control play a

fundamental role [19].

Once the image is taken, it can be converted into numerical values dividing the image in two-
dimensional grids (pixels). The value of each pixel is described by color spaces, which can be
composed of several channels. The most commonly used color space is the RGB, which can be
decomposed into three primary colors: red, green and blue. Each of these colors or channels
reaches values from 0 to 255, and the combination of these defines the final color of the pixels.
Software packages like MATLAB allow applying algorithms to convert variables from one
color space, like RGB, to another. Some of these color spaces are: Lab (or CIELab), adopted
by the Commission International d'Eclairage (CIE) in 1976 where L represents lightness, and a

and b mark the variations from red to green and yellow to blue; HSV (Hue, Saturation, Value)



a cylindrical-coordinate system in accordance with the feel of human eye and CMYK (cyan,
magenta, yellow, key), which is used usually in color printing. [12] In this work, in addition to

the RGB space, the HSV space has been used.

Finally, from the extracted information, a parameter that can be related to the analyte must be
found. In some cases, this relationship is qualitative and allows classifying the analyzed

samples, and in others, it is quantitative and allows determining analyte concentration.

The aim of this work was to develop and validate a digital image analysis control method for
the quantification of the majority compounds of an electrolytic and electroless nickel baths, in

this case nickel, ammonium and sulfate.

2. Experimental

2.1.Reagents and solutions
All chemical were of analytical reagent grade (Panreac, Aldrich or Probus) and doubly distilled
water was used throughout. To prepare nickel and sulfate calibrations, pure NiSO4 - 6H20 (CAS
number 10101-97-0) was employed. For the study of nickel, a stock solution containing 10 g
L' Ni was prepared. In the case of sulfate, a stock of 1 g L' of SO4* was used. Lower
concentration solutions were prepared by appropriate dilution with doubly distilled water. A
solution containing 10 g L' of BaCly, prepared from pure BaCl22H20 (CAS number 10326-27-
9), and 1.6 g L' of povidone (CAS number 9003-39-8) were prepared for sulfate determination.
Besides, 1:10 dilution of HCI 37% was used. For ammonium determination, analytical grade
NH4Cl (CAS number 12125-02-9) was employed as standard. Nessler’s reagent was prepared
from KI (CAS number 7681-11-0), Hg2Cl (CAS number 7487-94-7) and NaOH (5M) (CAS

number 1310-73-2).

The mobile phase solution used for ion chromatography was prepared from Na2CO3 1.8-10°M

(CAS number 497-19-8) and NaHCO3 (CAS number 144-55-8) (1.7-10>M). Finally, as a



stabilizer of the ionic strength for the potentiometric method, MgSOs (1M) (CAS number

10034-99-8) solution was used.

2.2.Employed samples
A total of 13 nickel bath samples were employed, 10 samples from a electroless nickel
bath provided by CIDETEC Surface Engineering (Donostia, Spain) and three samples from an
electrolytic nickel bath prepared in the laboratory according to the conditions described by M.

Vidal et al.[20]

2.3.Apparatus and software
A desktop scanner Epson Stylus DX7400 was used as image-taking device, executed by Epson
Scan software. For image treatment, the employed computer was a DELL Optiplex 7010 Intel®
CORE™ i7 de 465GB, which has the MATLAB R2016b (The Mathworks, Inc. Natick, MA)

software with the Image Processing Toolbox™ (The MathWorks, Natick, MA, USA).

Absorbance measurements were carried out with an Agilent 8453 UV-Visible

spectrophotometer and the HP UV-Vis Win System software.

For ion chromatography, an 883 Basic IC plus Metrohm chromatograph coupled to a
conductivity detector was used. The employed column was an anionic polyvinyl alcohol with
quaternary ammonium groups covered with PEEK (250 mm x 4 mm). The software MagIC Net
3.2 was used for data acquisition and processing. Before measurements, standards and samples

were filtered with a 0.45 um nylon filters.

Finally, a pH-meter Crison GLP 22 (Barcelona, Spain) was used, with an ammonium

selective electrode and lithium acetate electrode as a reference (Crison).

2.4.Analyte determination methods
For image acquisition, microtitration plates of 96 wells with a capacity of 400 pL. were used.

For nickel determination, dilutions were made from the stock solution with distilled water to



obtain concentrations in the range of 1 - 10 g L*!. Due to the characteristic green color of nickel

solutions, the concentration of the metal can be directly related to the obtained color.

In the case of sulfate, all reagents were mixed in wells obtaining concentration between 0.1 and
0.7 g L'! of SO4*. To obtain the white BaSOa precipitate, 10 uL of HCI, 100 uL of BaClz and
the required volume of SO4* stock solution were added. Finally, doubly distilled water was
added to complete a total volume of 400 pL. In all cases, the last added reagent was BaClz, in
order to make the precipitation-reaction start at the same time in all wells. The image was taken

10 minutes after adding BaCla.

Finally, ammonium determination was carried out using the Nessler reagent. In this
case, the reaction was prepared in 50 mL flasks and then 400 pLL were transferred to the wells.
Firstly, 2 mL of NaOH solution and another 2 mL of Nessler reagent were added to the flasks.
The required volume of ammonium stock to obtain concentrations in the range of 1-107—
5.0-10° g L' was added before filling up the flask. Solutions turn to orange in presence of

ammonium due to the following reaction:
2[Hgl,]>” +40H + NH} = Hgl(H,N)-HgO + 71" + 3 H,0

For DIA of all analytes, each solution was prepared in triplicate in the wells and then

the average value of the chosen color channel was obtained. In addition, in all microtitration

plates, three wells were filled with distilled water as a blank (Fig. 1.a).

Figure 1. (a) Image of several nickel standards in the microtitration plate with 96 wells and the color standard (in
the upper part of the image) used in each image to control the illumination conditions. (b) Image showing the used



system to acquire the digital images. An empty microtitration plate has been placed in the scanner window together
with the color standard. The fabricated matte white cover is also shown.

2.5.Image acquisition and processing
Once the wells were filled and the color obtained, the image was taken. For that, the plate was
placed on the scanner together with a color standard (Fig. 1.a). This type of standard, composed
by 10 patches of different color, has been previously used as a control of the illumination and
the reproducibility of images in the works by M. Vidal et al.[14,16,17,18]. The scanner offers
certain advantages in comparison with smartphones and digital cameras in terms of lighting
control, since the picture is taken in a close environment. In this case, a cover made of
galvanized iron and painted in matt white with the same dimensions of the scanner window was
made in order to avoid ambient light to affect the image measurements, as it is described in the
work of M. Vidal ef al.[14] (Fig. 1.b). This way, the scanner image acquisition conditions were

controlled and the reproducibility of images ensured.

After uploading the images to the MATLAB software, the colored area of each well was cut in
11 x 11 pixel squares, employing a function designed specifically for it. From the cuts, the mean
values of the R,G and B color channels were obtained in order to build univariate regression

models..

2.6.Application to real samples
The employed samples can be divided into two groups: samples from an electroless nickel bath
and from an electrolytic nickel bath. First ones are blue colored, due to the presence of
ammonia, which forms a blue complex with nickel. Therefore, samples were acidified with
diluted HCI directly in the wells, releasing the nickel and recovering the characteristic green
color. In these acidified samples nickel, sulfate and ammonium were determined. On the other
hand, in electrolytic bath samples only nickel and sulfate were determined. In both type of

samples, recovery studies were also carried out at two levels of concentration for each analyte.



As reference methods, UV-Vis spectrophotometry, ion chromatography and potentiometry with
selective electrode were used for the determination of nickel, sulfate and ammonium

respectively.

3. Results and discussion

3.1.Control charts and reproducibility of images
As image control method, Shewhart control charts were made from the color standard [21].
These control charts let us know if an obtained image is suitable for image analysis or not.

Additional information of these control method is included in the Supplementary Material.

3.2.Interpretation of image data
The first step was to relate some of the channels of RGB color space with the concentration of
each analyte. For this, instead of the value of the intensity of color value of a channel, the
expression log1,/I was used [22] where I means the color intensity of each well in the chosen

channel and Io is the intensity of the blank, being a well filled with double distilled water.

As regards to nickel, the channel that shows the best correlation with the concentration
is the R channel of the RGB color space, since red is complementary to the green color of the
solution. For ammonium, a good correlation was found with the B channel and analyte

concentration, in this case because blue color is complementary to orange.

Instead, the concentration of sulfate showed no correlation with any of the channels of RGB
color space, because in this case a white precipitate is used for quantitation of sulfate. Instead,
the S channel of the HSV color space was found to correlate with the sulfate concentration,
since it explains the transition of white to any color. In order to improve this transition, a red
cardboard was placed on the metal cover of the scanner (see figure S2 in Supplementary
Material). Due to the use of a different background, the intensity of the colors of the color

pattern also varies, therefore, new control charts must be generated under these conditions.



3.3.Validation of methods
For the validation of the developed methods by image analysis, firstly the limit of detection
(LOD) was calculated by multiplying 3.3 times the typical error of the regression (s, /,) divided
with the slope of the corresponding regression line. Results are shown in table 1. For nickel,
sulfate and ammonium LODs are 0.5 g L', 0.05 g L' and 5:10* g L' respectively and linear
ranges go from 1.0 to 10.0 g L' for nickel, 0.1 to 0.7 g L' for sulfate and from 1.0-107 to
5.0-107 g L' for ammonium. In all three cases, very good regressions were obtained, with R?

values above 0.99.

To evaluate the precision, the repeatability and reproducibility values were calculated
by the relative standard deviations (RSD %). The repeatability was measured at two levels of
concentration with nine replicates of each and all measured in the same image. For
reproducibility, two levels and nine replicates were also used, but this time three images taken

on different days were used. Results are shown in table 1.

Table 1. Analytical figure of merits for nickel, sulfate and ammonium determinations by DIA.

Lineal range Concentration  Repeatability Reproducibility
Anal R? LOD (g L!
nalyte (gL ODELD  ovel gL (RSD %, n=9)  (RSD %, n=9)

4.0 7.3 8.6

Nickel 2.0-10.0 0997 05
9.0 42 3.8
0.30 8.4 12

Sulfate 0.10-0.70 0995  0.05
0.6 83 7.4
1.0-1073 12 14

Ammonium  (1.0-5.0)- 10° 0.994  5-10*
4.0-103 7.4 9.6

Taking into account the simplicity of the methods and instruments used, the RSD values shown
in the table are satisfactory, since they are around 10% in all cases. For repeatability, only the
lowest concentration for ammonium exceeds that limit of 10%, while for reproducibility, and
considering different images, only two of the solutions are above 10%. Especially good results
were obtained for nickel, since this component is not depending on any reaction to give a

colored solution. It shows better precision than sulfate or ammonium.



3.4.Application to real samples
The above-described DIA procedure was applied to the determination of nickel, sulfate and
ammonium in 10 samples from an electroless nickel bath and 3 samples from an electrolytic
nickel bath. In order to evaluate the results obtained by DIA, the samples were also analyzed
by the reference techniques described in the experimental section. The obtained results are

shown in Table 2.

Table 2. Predicted concentrations in real sample for the three analytes. Average values of replicate samples (n=3)
with standard deviations are shown. Letters indicate: Q = bath sample of electroless nickel, B = bath sample before
nickel feedback A = bath sample after nickel feedback, E = sample of nickel electrolytic bath; DIA =Digital Image
Analysis; UV-Vis = UV-Vis spectrometry, IC = Ionic Chromatography, Pot. = Potentiometry

Nickel (g L) Sulfate (g L) Ammonium (g L)
Sample DIA UV-Vis DIA IC DIA Pot.
Q5-B 6.5+0.2 6.4% 95+0.2 10.33 +0.01 10704  10.7*
Q5-A 82403 7.7% 123+1.8  11.48+0.05 11.6+1.7  112%
QI0-A 8306 7.6% 13.9+£0.1  14.88+0.02 161+04  16.3*
QI5-B  73+05 6.3% 209+05  2280+0.04  251+1.7  34.9%
QI5-A  85+1.1 7.0% 2643 27.70£0.02  31+3 22.7%
QI9-B  7.8+0.9 6.2% 286+0.7  31.80+0.01 37+4 30.5%
QI9-A  83+02 8.2% 29.7+£0.6  32.05£0.06  37+6 31.2%
Q24-A  98+04 8.8* 395+1.5  455+0.7 47+2 42.7%
Q28-B  7.9+08 8.4* 421+1.8  46.6+02 51+3 45.5%
Q28-A  8.0%1.0 8.8* 456+04  48.0+03 51+7 46.1%
El 66+3 67.4+04 106304 106+7 - -
E2 67 +4 662+ 1.7 100+ 5 95.0 + 1.04 - -
E3 66717  67.4+0.9 97 +9 103.8+1.8 - -

* Replicates were not performed due to insufficient volume of sample.

The obtained results follow the expected trend. On one hand, nickel concentration
increases each time this metal is added in electroless nickel bath samples (identified with the
letter A). In addition, the concentrations of sulfate and ammonium increase progressively as the

bath is running. These compounds are also added when bath is fed with nickel. On the other



hand, the concentration of the analytes in the electrolytic nickel bath remains roughly constant

because in this case no feedback has been made between samples.

To check if there are significant differences between the methods used for nickel
determination, DIA and UV-Vis spectrophotometry, a ¢-test for paired samples was performed.
For a total of 13 samples and for a confidence interval of 95%, no significant differences were
found. Therefore, nickel can be equally determined by either DIA or UV-Vis

spectrophotometry.

For the other two analytes, ammonium and sulfate, and due to the great span of the
concentrations calculated for the samples, the representation of the found concentration vs

added concentration has been performed to check for significant differences between methods.

In order to check if there are systematic errors, regarding the reference values extracted from
the reference method, a joint confidence ellipse test for slope and intercept was accomplished.

Mathematics and applications of the test has been given in bibliography [23,24]. A systematic
error produces a change in the slope from unity and a change in the intercept from zero.

Under these conditions, a slope of 1.00 £ 0.06 and a y-intercept of -2.04 + 3.34 was obtained
for sulfate. The ideal values are within these confidence intervals, which means that there are
no significant differences between the methods. For ammonium, a value of 1.09 + 0.0.30 was
obtained for the slope and a value of -0.060 + 9.61 for the y-intercept. Again, the ideal values
lie within these confidence intervals. Fig. S3 in Supplementary Material shows the 95%
confidence region for the true slope (1) and intercept (0). As it can be seen, this point falls
within the ellipse, which means that no significant difference has been proven between

reference methods and the developed method with DIA.

As mentioned before, real samples were also used to evaluate the accuracy of the method
through recovery tests. In the case of nickel, 2.5 and 5.0 g L' of nickel were added to each

sample, level 1 (L1) and level 2 (L2) respectively. For sulfate, levels L1 and L2 were obtained



adding 0.125 and 0.250 g L"!. Finally, for ammonium, 1.08-10 and 2.16-103 g L"! were added

for levels L1 and L2 respectively. Table 3 shows the recovery (%) values obtained in each case.

As can be seen in Table 3, recovery values are in the range of 90 - 110%, with some exceptions.
From this, it can be deduced that the matrix of the samples does not interfere with the
determination of the analytes and that the accuracy of the methods is acceptable. As it has seen

before, the best results were obtained for nickel.

Table 3. Main recovery percentages (%) for the three components: nickel, sulfate and ammonium in real samples.
Each compound was spiked up to two different levels, level 1 (L1) and level 2 (L2). Average values of replicate
samples (n=3) are shown with their standard deviations. In the case of electroless nickel bath samples, the volume
provided was not enough for replicates.

Samples Nickel (%) Sulfate (%) Ammonium (%)
L1 L2 L1 L2 L1 L2
Q5-B 100 101 98+9 102+ 13 106 + 6 102+ 6
Q5-A 94 93 88+ 11 89+ 10 99 +8 96 +7
Q10-A 115 108 82+ 12 95+38 95+3 90+ 7
E1 104 +9 103+7 105+4 108 =7 - -
E2 106 £9 111+£3 877 88+5 - -
E3 106 + 13 110+18 82+15 103+2 - -

3.5 Comparison of the developed method with other works
The obtained figures of merit of the method were compared with other works for the three
analytes (Table 4). As it can be seen, nickel has been determined in different kind of samples.
Linear ranges and accordingly the LOD values are lower in other applications (water, soil and
chocolate analysis) [25], but is worth remarking that in this work the linear range was adjusted
to working conditions and nickel is much more concentrated in nickel baths than in the other
samples. A similar linear range has been used with SIA-spectrophotometry for nickel bath

samples as well [26].

Sulfates have been determined with SIA-spectrophotometry [27] and X-ray fluorescence after

a precipitation procedure [28] in several samples. Again, the linear ranges and consequently the



LOD values are lower but similar recovery values are obtained after application to samples, but

both spectrophotometry and X-ray fluorescence are robust and well-known methods.

In the case of ammonium, image analysis has also been applied in wastewaters [29] and in this
case our method it the one that shows lower linear range and LOD. On the other hand, when
potentiometry is used [30], better results are obtained, as expected, considering that the

analyzed samples (water and soils) are less complex than the ones used in the presented method.

The main advantages of DIA methodology are that it does not require a sophisticated equipment
and the cost of analysis is much cheaper than in other procedures. Moreover, it is worth
mentioning that the application of the presented method is focused on electrolytic and
electroless nickel baths, and thus, parameters, such as the linear ranges, were adjusted to the

requirements of the samples.

Table 4. Comparison table of analytical figure of merits for nickel, sulfate and ammonium determinations.

Lineal
LOD R
Analyte  Method Samples range  R? OP & Rrsp % OV Ref.
1 L7 (%)
(gL
Electroless "
p _ This

Nickel DIA mckel ~ bath, 2.0 0.997 0.5 3.8-8.6 93-115
electrolytic 10.0 work
nickel bath
Electroless "

. This
kel  bath, 0.10 -

Sulfate DIA meke?r - DAl 0995  0.05 7.4-12 82-108
electrolytic 0.70 work
nickel bath

1.0-103 This

Ammonium  DIA Electroless ~50-100 0994  5-104 7414 95-106
nickel bath N work
River water,

S h, soils 0.110% 0.9989 01210 1.3 99-102 [23]
i ectrophotomet . . -
Nickel P P Y chocolate, 25-10°3 6
spring water
SIA Nickel
Nickel electroplating 6 - 94 0.9981 - 0.2-3.3 - [24]
Spectrophotometry
bath
SIAMCR Water, 0-1073- 0.9902 1.42-10 85.5- 251
Sulfat - . -
uate biodiesel 15-10°% 3 123.5
X-ray fluorescence
5.0-10°
after a

Sulfate o Ethanol fuel —-2.0-100 0998 3.0-10° 59 - [26]

precipitation

procedure



10-1073-

Ammonium DIA Wastewater 100-10° 0.9889 4-10° - - [27]
Environmental
-10°5- 2.16°10
Ammonium Potentiometry samples g 0?8 0.98 5 610" - (28]

(water, soil)

4. Conclusions

It has been proven that image analysis is an effective technique to determine several
analytes of a nickel bath by relating the concentration of these compounds to a color channel
that can be extracted from an image of the bath. In this case, a desktop scanner has been used
as an image capture device and good regressions as well as good analytical parameters have
been obtained. In addition, no significant differences were found in the determination of nickel,
sulfate and ammonium by image analysis, compared to different reference techniques, when
these compounds are determined in real nickel bath samples. The reference techniques are
probably more robust, and of greater precision and accuracy than the method proposed here,
but image analysis offers certain advantages. These include the low cost of the instrumentation,
the low consumption of reagents and samples volume (a maximum of 400 pL is used) and the
possibility of analyzing several samples at the same time in a single image, which involves lot
of time-saving. Finally, it is also worth mentioning that the taking of images has shown to be

reproducible, and that this can be controlled by the use of a color chart in the image.
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