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Abstract: The cleaning process of metallic surfaces has been studied by means of digital video 
monitoring. Two theoretical models based on experimental observations are proposed for two 
possible cleaning mechanisms and two practical cases that can be adapted to these models are 
analyzed. As a kinetic parameter, the duration of the cleaning of a metallic surface is defined from 
the time evolution of the color intensities and their variance. These times allow us to characterize and 
to optimize the cleaning process procedure. Apparent activation energies are estimated from the 
characteristic times at different temperatures 

Keywords: surface cleaning characterization; image analysis; kinetics; mean color intensity; color 
variance 
 

1. Introduction 

Generally, in chemical or food industry, metallic materials are commonly used to build tanks, 
reservoirs and pipes that connect them due to their high mechanical strength, good sealing and high 
durability. One of the advantages of this type of materials is that they can tolerate high temperatures 
or pressures and working conditions that are not possible with other, cheaper materials. Despite this 
important advantage, metallic materials also degrade and lose or change their properties over time 
since the metallic surfaces are continuously into direct contact with chemicals or foodstuffs[1–11]  

Among many potential metallic alterations, corrosion must be controlled since it generates 
important losses. Degradation of the material and formation of oxides or hydroxides layers results in 
a loss of thermal conductivity (of special relevance in boilers and heat exchangers) or in the 
contamination of final products involving loss of quality in the case of chemical industry or food 
safety problems in the case of the food industry. For example, calcareous (calcium carbonate) deposits 
appear on the metal walls of systems when hard water is used, a process that is favored at high 
temperatures (over 45ºC). To solve these problems, it is common to pre-treat the circulating water, 
using additives that prevent the precipitation of salts or cleaning with acidic products when the scale 
layer has already formed. In the food industry, the circulation and storage of organic matter facilitates 
the formation and growth of microorganisms that can form biological colonies, the so-called 
biofilms[12–21]. These biofilms act a reservoir of potentially damaging microorganisms that can 
contaminate the food product, but also affect the flow rates of circulating matter and the heat and 
electrical conductive properties of the metals in contact. The growth of biofilms requires scheduled 
shutdowns for periodic cleaning with the consequent economic cost that this demands for the 
company. 

The cleaning process consists of a combination of chemical energy from cleaning products, 
temperature and mechanical action that allows to remove the remains from the metallic surface[22–
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27]. Depending on the metallic materials, the chemical products must comply with a series of 
specifications, such as being non-corrosive, easy to dispose of, non-polluting and accelerating the 
cleaning process[26,28,29]. The potential environmental impact of the use of these products usually 
means that the minimum amount possible should be used under optimal temperature conditions. 
Therefore, the design of these cleaning products requires prior research work and laboratory 
experimentation to optimize the working conditions before applying them to any industrial 
installation[5,22,29–32]. 

Nowadays, evaluating and monitoring the cleaning process of a surface is not a standardized 
process due to the large number of applicable cases. It is important to consider that the cleaning 
process depends on many factors such as the type of residue or dirt to be removed, the environment 
in which it is found, the surface where it has adhered, etc.[2,29,33]. As a result, monitoring of the 
cleaning process may sometimes require the use of spectroscopic or electrochemical sensor based 
techniques [17,19,32,34–37]. 

At this point, we should consider the use of optical techniques as a first approach for the 
evaluation of the cleaning process of dirty surfaces. In recent years, the miniaturization of cameras 
(with or without smartphones) has been a revolution in the digital image acquisition systems since 
they can be coupled to tracking systems and they allow in situ monitoring for process control and 
decision making with a minimum margin of error[38–47]. Some advantages over other types of 
spectroscopic techniques are that it allows the simultaneous evaluation of the entire surface and not 
just a part of it, it requires a minimum investment, and the quality and speed of the cleaning process 
can be evaluated in situ and in the same facilities[48]. This simplifies the determination of the end 
point of the cleaning process and makes it considerably more straightforward to track the progress 
of the cleaning process at any given instant, as long as the illumination conditions are constant 
throughout the entire process. 

For that purpose, it proves interesting the use of methodologies developed for the surface 
analysis during chemical changes involving color or homogeneity changes [39,44,49,50]. In each 
digital image, the color of any pixel corresponding to any part of the probe surface is a combination 
of 3 chromatic coordinates (Red, Green and Blue or RGB space) quantified by 256 intensity levels: 𝐼ோ, 𝐼 , and 𝐼஻ . After separating the acquired video into individual frames, each pixel window of the 
studied surface area is converted in three data arrays, one per each color coordinate. For example, for 
an image of 100x100 pixels there will be a matrix of 10000 color intensity values for each coordinate 
at each instant. This means a large amount of information to be processed which can be summarized 
with two statistical parameters. For this purpose, from each array, the mean color intensity (𝐼௜̅) and 
variance of color intensity ( 𝑠𝑑௜ଶ)  are calculated, one for each chromatic coordinate, where 𝑖 
represents the R, G or B color array. 𝐼௜̅ = ෍ 𝐼௜(𝑗)𝑛௣௡೛௝ୀଵ  (1)

𝑠𝑑௜ଶ = ∑ (𝐼௜(𝑗) −௡೛௝ୀଵ 𝐼௜̅)ଶ   𝑛௣  (2)

where 𝑛௣ = 𝑛௩ × 𝑛௛ is the total number of pixels of the analyzed area and depends on the number 
of vertical pixels (𝑛௩) and the number of horizontal pixels (𝑛௛). 

Finally, three mean color intensities (eq. (1)) and three values for variance of color intensity 
(eq.(2)) are obtained per each digital image analyzed of all experimental course. On the one hand, the 
mean color intensity allows us to quantify the amount of surface that remains covered by a different 
color layer with a fine precision since an 8-bits camera discerns 256×256×256 possible colors (256 color 
levels per coordinate). On the other hand, the variance of the color intensity is a measure of the color 
dispersion and can also be interpreted as a measure of the quality and homogeneity of the surface. 
Besides, recent studies have revealed that the shape of the time evolution of variance curves during 
a surface color change process is directly related with the kinetic orders of the chemical 
process[44,49]. Therefore, we can consider these two parameters as excellent indicators to evaluate 
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and to quantify the time needed and the effectiveness of the cleaning process of a metallic surface 
under different experimental conditions. 

In this work, we analyze two real case studies of cleaning processes by digital video through the 
time evolution of mean color intensity and color intensity variance. The aim is to characterize and 
quantify the cleaning process by digital video analysis which can be carried out to routine laboratory 
works with the intention to optimize the cleaning processes. The first one is the cleaning of a part of 
a stainless-steel pipe which presents an unknown black residue that seems to take place by a process 
of dissolution of the dirt layer without mechanical stirring. The second one corresponds to the 
cleaning of S316 stainless steel test probes with peanut butter studied in two concentrations of 
cleaning product, at two temperatures. To complete the peanut butter cleaning study, a flat vibrator 
fed continuously at 3 V and vibrating at 11000 rpm was applied to the steel plate as a mechanical 
action. In this research, we design a procedure able to monitor in a quantitative and qualitative way 
the cleaning process together with the development of precise theoretical models which allows us to 
understand and characterize the cleaning processes. 

2. Materials and Methods 

Metal samples consisted of a commercial stainless steel 316 pipeline and stainless steel 316 
coupons of 6×1 cm, where an area of 2×1 cm was covered with peanut butter and the rest of the probe 
was covered with isolating Teflon tape. 

The peanut butter was a commercial mark (Lucky Joe) and its composition, based on nutritional 
information provided in the label, is shown in Table 1. 

Table 1. Peanut butter: summary nutritional information. 

Nutritional information Per 100g 

Fats 51 g 
Saturated fats 11 g 
Carbohydrates 15 g 

Sugars 8 g 
Proteins 25 g 

Salt (NaCl) 1.1 g 

The cleaning products were provided by Christeyns. Two commercial detergents were used for 
this study. For the dissolution test of fatty residues such as peanut butter, MIDA FOAM 174 UW 
(MF174UW) was used. This product is a liquid foaming detergent with low alkalinity and great 
degreasing power. Its composition, based on non-ionic surfactants, organic solvents and sequestrants 
allows great cleaning power against organic residues and grease and mineral oils in food and 
beverage production environments. On the other hand, for the removal of the black residue 
BETELENE MS-NP (BMSNP) was used. It is an acid descaling detergent based on methanesulphonic 
acid as active ingredient. Methanesulphonic acid is a sustainable alternative to conventional acids 
used in detergency. These detergents contain a mixture of surfactants, sequestering agents, solvents 
and specific acidic or alkaline raw materials for the complete removal of the protein, fat and 
carbohydrate content of the chosen residue. The safety data sheet and technical information for each 
tested product describes its main properties and characteristics[51]. These products were used in 
dilutions of 5% BMSNP and 1% or 3% for MF174UW. The water for these dilutions was ultrapure 
water (18 MOhms cm). The mechanical action was simulated by applying a flat vibrator (DC3V 80 
mA 11000 rpm, 0.8 cm2 surface area) to the steel sample immersed in a detergent solution. The 
temperature at which the prepared dilutions were applied was 20 ºC and 40 ºC.  It was measured 
with a sensitivity of 0.1 ºC and was controlled by means of a heating plate, obtaining a stable 
temperature with variations during the experiment of less than 0.5 ºC. 

The acquisition of digital images was carried out with the help of a digital camera (EPA-503278) 
with a resolution of 640×480 pixels and 24 bits of color deep in RGB space. Images were sequentially 
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recorded at each time interval, adapting to the expected speed of the cleaning process (Figure 1). 
After the acquisition of the images and with the help of proprietary software, the mean color intensity 
for the RGB coordinates and their variance in the studied region of the surface was obtained for each 
one of the images (Figure 2).  

 

Figure 1. Schema of the digital video acquisition during the cleaning process. 

 
Figure 2. Workflow to obtain mean color intensities and variance from the color image acquired. 

Modelization 

First, let us consider two simplified and ideal models by which the cleaning process can take 
place and the expected digital image results for each process. This section will allow us to better 
understand the experimental results obtained in real samples. 

In the first model, the cleaning takes place by the chemical attack of the detergent product with 
the consequent complete dissolution of the deposited soiling, layer by layer. From the point of view 
of surface color change, the cleaning process will show an apparent latency period without any color 
change despite of the dissolution process taking place, since the dissolution of the outermost layers 
of dirt exposes a new layer of dirt with the same surface color and homogeneity, but with a decreasing 
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thickness. At certain moment, the last layer of dirt begins to disappear, exposing the bare metal 
surface. We can define this time as (𝑡଴,௦), the first time at which the metal surface appears. 

This process results in changes of color homogeneity and intensity of the image due to the 
emergence of new colored pixels. The change in the mean color intensity can be both positive or 
negative depending on the color of the dirt layer and the bare metal surface. The variance always 
increases initially since the metal surface is more and more exposed and at least two different color 
surfaces appear simultaneously. Variance reaches a maximum value, which is interpreted as the point 
where the color dispersion is maximum. In other words, this is the time at which half of the metal 
surface is covered by the layer of dirt and the other half is clean. We call this time the half-life time of 
surface cleaning process (𝑡ଵ/ଶ). It is important to note that this time is not the half-life time of the 
complete cleaning process since it depends on the thickness of the dirt layer. From this point on, the 
dirt layer will continue to dissolve, and the color of the metal surface will increasingly prevail, making 
the surface more homogeneous and thus decreasing the variance. In an ideal situation, at the end the 
entire surface is clean and will be identified by the fact that the average color intensity no longer 
changes, and the variance has returned to a minimum value. This is the end time or final time of the 
cleaning process (𝑡௙). 

Figure 3 shows two simulations of how these parameters (mean color intensity and color 
intensity variance) evolve over time for a cleaning process considering this dissolution mechanism 
and assuming that the analyzed region of the image of 𝑛௣ pixels changes its color between a color 
intensity 𝐼ଵ characteristic of the dirt layer to a final color intensity 𝐼ଶ, characteristic of the clean metal 
surface. We also suppose an irreversible process governed by a kinetic constant 𝑘ଵ . Mechanical 
action, such as stirring the dissolution, can accelerate the process by removing from the metal surface 
the solvent layers more concentrated in dirt. The shape of these curves is characterized by the 
equations collected in Table 2[44,46]. The mean color intensity (𝐼)̅, the variance 𝑠𝑑ଶ, the peak widths 
(𝜔ଵ/ଶ), the peak half-widths (𝜔ଵ/ସ left and right side) and the ratio between the peak half widths of 
variance peaks depends on the kinetic orders (0,1,2) [41,44]. It should be noted that this last ratio can 
be interpreted as a measure of the symmetry of variance peaks. In accordance with Table 2, these 
peaks will show a symmetrical shape only for kinetics of order 0, while for kinetics of higher orders, 
the right side of the peak appears wider than the left side[41,44]. 
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Figure 3. Simulation of the evolution of mean color intensity and variance against the elapsed time, in arbitrary 
measurement units, during a surface chemical reaction for a zero-order reaction (A) and second order reaction 
(B) [44]. 
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Table 2. Peak widths (ωଵ/ଶ) and half peak widths (ωଵ/ସ) of variance versus time for different kinetic orders. 𝑛௣ is the number of pixels in the image, 𝐼ଵ  is the mean color intensity characteristic of the dirt layer,  𝐼ଶ is 
characteristic of the clean metal surface and 𝑘 is the kinetic constant of the irreversible process of cleaning[44]. 

Order 𝑰ത 𝒔𝒅𝟐 𝝎𝟏/𝟐 𝝎𝟏/𝟒𝒓  𝝎𝟏/𝟒𝒍  
𝝎𝟏/𝟒𝒓𝝎𝟏/𝟒𝒍  

0 𝐼1 + 𝐼2 − 𝐼1𝑛௣ 𝑘1𝑡 𝑘1(𝐼2 − 𝐼1)2൫𝑛௣ − 𝑘1𝑡൯𝑡𝑛௣2  
𝑛௣𝑘1√2

 
𝑛௣𝑘1√8

 
𝑛௣𝑘1√8

 1 

1 𝐼2 + (𝐼1 − 𝐼2)𝑒௞1௧  
(𝑒௞1௧ − 1)(𝐼2 − 𝐼1)2𝑒2௞1௧  

1.76𝑘1
 

1.23𝑘1
 

0.53𝑘1
 2.3 

2 
𝑘1𝑡(𝐼2 − 𝐼1)2𝑛௣൫𝑘1𝑡𝑛௣ + 1൯2  

𝑘1𝑡(𝐼2 − 𝐼1)2𝑛௣൫𝑘1𝑡𝑛௣ + 1൯2  
5.66𝑘1𝑛௣ 

4.83𝑘1𝑛௣ 
0.83𝑘1𝑛௣ 5.8 

(r) and (l) refers to the right part and the left part of the variance peak, respectively. 

In the second proposed mechanism, the cleaning product chemically attacks the layer of dirt 
changing both the mechanical properties and the adhesion to the metal surface. The layer of dirt will 
eventually become easier to peel off from the metal surface and easier to break off. Therefore, this 
proposed mechanism necessarily adds to the chemical cleaning some mechanical actions when dirt 
is removed in portions. 

This second proposed mechanism also starts with a chemical attack on the surface of the 
deposited dirt layer that does not necessarily involve the dissolution of the dirt layer. In some cases, 
the chemical attack will involve a change in the physical-chemical properties of the layer of dirt which 
can be observed as a color change of the layer of dirt. Therefore, we would observe changes in color 
intensity from the original color to the color of the coating after the chemical attack and a peak in the 
evolution over time of the variance[44] similar to that simulated in Figure 3. 

Once the chemical attack has occurred, the mechanical action removes this layer of dirt from the 
surface of the metal and both the mean color intensity, and the variance will show irregular 
evolutions until the clean metal surface appears. These irregularities can be masked if the surface area 
studied is large enough and the pieces of dirt leaving the surface are not very large size. Note that 
this process and its speed will be totally dependent on the type of mechanical action and its extent. 
As the layer of dirt is not dissolved, portions of dirt pass to the solution as a suspension or precipitate, 
depending on the relative density of the dirt. In the case of no mechanical action applied, in this type 
of cleaning mechanism, the removal of the layer of dirt from the metal surface may not occur and it 
may remain weakly adhered to the metal probe. Finally, it would be possible to partially recover the 
cleaning solutions by a filtering process which will eliminate the solid fragments of dirt, allowing 
them to be reused in subsequent cleaning. 

3. Results and Discussion 

3.1. Cleaning by Dissolution 

In the first case, a piece of an industrial pipe showing with a blackish layer of dirt caused by 
their normal use and of unknown composition was cleaned by immersion in an aqueous solution of 
BMSNP (5%) whose active ingredient was a methanesulphonic acid solution, without mechanical 
stirring during 24 h. An accelerated video of this cleaning process can be seen in Video S1 
(supplemental material). 

The time evolution of mean color intensity for the three colors and the corresponding color 
intensity variance of the whole pipe surface is depicted in Figure 4. During the first two hours, a 
small increase in the color intensities was observed (Figure 4A). This may be due to the beginning of 
the chemical attack of the cleaning product on the stain, or to a simple hydration of the outermost 
layer. The first significant color changes on the surface are observed at times between 8 and 12 hours, 
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when the surface of the uncoated metal begins to appear (𝑡଴,௦). These color changes continue until 18 
hours (𝑡௙), when it is observed that the color intensities hardly change with time, which corresponds 
to the surface of the metal being now clean. Regarding the time evolution of variance, a peak appears 
at about 15.5 hours which corresponds to the time where one half of the analyzed pipe surface keeps 
black, and the other half shows the final white-grey color (𝑡ଵ/ଶ, Figure 4B). Previously to this peak, a 
shoulder at about 9 hours was observed. This behavior can be explained by the fact that the analyzed 
surface is large enough and the dirt layer proves not homogeneous in thickness or chemical 
composition (See EDX microanalysis data in Figure S1, supplemental material).  
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Figure 4. Evolution with time of mean color intensity and variance during the cleaning of a piece of pipe with a 
methanesulphonic acid-based product BMSNP (5%). The yellow rectangle in the leftmost image indicates the 
analyzed area. 

One of the advantages of digital video analysis is the simultaneous spatiotemporal study of 
different areas of the test probe. Due to the non-homogeneity of the dirt on the pipe surface, we 
proceed to study the evolution of these kinetic parameters in two regions of the sample marked as 
'upper left' and 'lower right' in Figure 5. Compared with data in Figure 4, we observe that the cleaning 
of the last layer of dirt starts around 12 hours (𝑡଴,௦) on the left side of the sample. After that, we observe 
that the maximum and constant color intensity of the left side is reached at about 16 hours, at 
relatively shorter times than for the case of the entire surface. Something similar is observed for the 
evolution of the variance with time. In this last case, the shape of the variance peak looks more 
symmetrical than the peaks obtained from the right side or for the whole metal surface analyzed. This 
result can be explained by a more homogeneous region analyzed on the left side of the sample. Also, 
the peak for the maximum occurs at 14.5 hours, 1 hour before the maximum for the whole surface 
analysis. Looking now at the right side of the sample, a steeped decrease of color intensities is 
observed between 7h and 12 h. This means that the surface is becoming darker. A possible 
explanation is that the first hydrated layer has been removed and the innermost layer of dirt is visible. 
After 12 hours the color intensity increases for the three coordinates until it reaches a maximum and 
constant value at about 18 hours. Once the surface is clean, changes are not very significant. For the 
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evolution of the variance over time, minimal changes occur before 12 hours, then an increase to define 
a peak with a maximum value just before 16 hours, a sharp decrease and from 18 hours onwards 
there is hardly any change. 
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Figure 5. Evolution with time of mean color intensity and variance during the cleaning of a piece of pipe with a 
methanesulphonic acid-based product BMSNP (5%). Graphs A) and B) correspond to the upper left region and 
graphs C) and D) correspond to the lower right region marked in yellow of the leftmost image. 

Table 3 shows the values obtained for the characteristic times and peak half-widths of variance 
for the three regions analyzed. First, if we analyze the values of the characteristic times, we can note 
that they are lower in the left region than in the right region or the global measurement. In particular, 
the half-life time appears 1.2 hours earlier in the left region. A second observation involves the peak 
width and half-widths. For the left region, significantly lower values are observed confirming that 
the analyzed region was more homogeneous than in the other two cases. Finally, the ratio of the peak 
half-widths is close to unity in all three cases, somewhat smaller for the study of the entire surface. 
According to previously published models these values near the unity can be interpreted as an order 
0 kinetics for this cleaning process. 

Table 3. Characteristic times for the cleaning of a piece of pipe with a methanesulphonic acid-based product 
BMSNP (5%) on different parts on the sample extracted from Figure 4 and Figure 5. 

Region 𝒕𝟎 / h 𝒕𝟏/𝟐 / h 𝒕𝒇 / h 𝝎𝟏 𝟒⁄𝒍  / h 𝝎𝟏 𝟒⁄𝒓  / h 𝝎𝟏 𝟒⁄𝒓 𝝎𝟏 𝟒⁄𝒍ൗ  

Upper left 12.4 14.2 16 0.9 0.8 0.95 

Lower right 12.5 15.4 16.5 1.3 1.2 0.92 

Global 11.5 15.6 18.7 2.5 1.7 0.70 

To observe these differences in better detail, a 3D map of color variation versus time and distance 
from the left end of the sample is presented [43]. As a representative result, Figure 6 shows the 3D 
map of mean color intensity and variance of red color. Several observations can be drawn from Figure 
6. On the one hand, for longer times the color of the surface is not homogeneous, a lower color 
intensity being observed in the central part, which means that it is somewhat more blackened than 
the ends. On the other hand, the isochromatic lines are not horizontal, but follow an inverted U-
shape, indicating that the central part changes its color later than the periphery. Another interesting 
observation is that the isochromatic lines are closer together in the central region of the metal than in 
the outer regions. This distance between isochromatic lines is directly related to the rate of color 
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change. Therefore, once the last layer has begun to disappear in the central region, the dissolution 
rate appears to be somewhat higher than the dissolution rate in the outer zones. If we analyze the 3D 
plot of the evolution of the color variance against the elapsed time and the distance to the left 
boundary of the sample, we can remark some points. First, changes in variance do not take place 
gradually but occur when the dissolution of the last layer of dirt occurs and the color of the metal is 
observed. As predicted by the theoretical models for the evolution of the variance over time, it is 
observed that the variance initially increases when the dissolution of the last layer begins, reaches the 
maximum value, and finally decreases as the observed surface becomes more homogeneous again. 
This maximum corresponds to the characteristic half-life time 𝑡ଵ/ଶ previously defined. Note that this 
time is not the same for any position on the sample under study but shows higher values in the central 
region and lower values at the outer sides. Note also how at this point, the central region shows 
higher variance values for times greater than 18 hours than the variance at the outer sides. This is 
because there are remains of the dirt layer after 24 hours in the central region, while the outer sides 
appear cleaner. Other interesting observations are that variance changes begin at shorter times at the 
outer sides, and the homogeneous color is also reached earlier in these regions. 
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Figure 6. 3D plots of mean color intensity (A) and variance of color intensity of red color (B) against the elapsed 
time and the distance in pixels from the left side of the analyzed sample in a methanesulphonic acid-based 
product BMSNP (5%). 

3.2. Peeling Off Cleaning 

In the second case, chemical attack on the layer of dirt was combined with mechanical action. 
For this purpose, we studied the cleaning of steel plates on which 0.28 g of peanut butter has been 
previously spread. The steel plate was submitted to the action of a flat vibrator at 11000 rpm during 
the cleaning process. 

To study the effect of the cleaning product on the peanut butter residue, this cleaning process 
was followed by the acquisition of sequential images during the necessary time until the entire 
surface was cleaned. The original mean color of the peanut butter in our lighting conditions is ocher 
(230,222,193) (image 1 in Figure 7) , changing after a short time and after the chemical attack to a quite 
intense white color (250,250,240) (image 2 in Figure 7). Therefore, color increments of (20,28,47) units 
for each color coordinate were observed. This makes the changes more evident in the blue coordinate 
than in red or green, although they are also noteworthy for these coordinates. After the test was 
completed, when the steel plate was removed from the cleaning solution, it was observed that the 
peanut butter layer had a gelatinous appearance, its volume had increased considerably, the color 
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was much whiter and it easily peeled off the surface in the form of a film (image 3 in Figure 7). An 
accelerated video of this process can be seen in the supplementary material. (Video S2). 
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Figure 7. Color intensity and variance changes during the chemical attack process of MF174UW (1%) peanut 
butter product on S316 stainless steel. Peanut butter sample before (image 1) and after 24 hours (image 2 and 3). 

Figure 7 shows how the chemical attack of the cleaning product MF174UW takes place during 
the first 4-6 hours until the mean color intensity (Figure 7A) and its variance (Figure 7B) reach almost 
constant values for the three colors. Unexpectedly, the variance does not show a peak as in theory 
(Figure 3) for the change from the ochre color (image 1 in Figure 7A)  to white (image 2 in Figure 
7A). We can explain this fact considering that the initial color dispersion for the steel surface coated 
with peanut butter is high enough due to spreading procedure of peanut butter which cause a non-
homogeneous layer and some shadows are formed in our lighting conditions. Therefore, we observe 
only a decrease from the inhomogeneous color of the peanut butter to the more homogeneous color 
of the chemically attacked layer. On the other hand, the 3D plots of mean red color intensity and its 
variance against the elapsed time and the distance in pixels from the top of the metal sample (Figure 
8) show that the color changes occur earlier and more extensively on the bottom of the metal plate. 
However, the swelling of the peanut butter can affect the quality and accuracy of these observations 
(image 3 in Figure 7). 
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Figure 8. 3D plots of mean color intensity (A) and variance (B) of red color during chemical attack of MF174UW 
(1%) on peanut butter on S316 steel plate. 

In the following experiment, we have added the effect of mechanical action generated by a flat 
vibrating motor at 11000 rpm during the chemical peanut butter cleaning. In supplemental material 
there is an accelerated video corresponding to this experiment. For the same composition (1% 
MF174UW), the chemical attack of the cleaning product is also observed since there is a color change 
from ocher to white (Figure 9). After the chemical attack, some fragments peel off from the peanut 
butter. In terms of color change, the blue color hardly changes in this last step, but the intensity of 
red and green decreases as the surface of the steel becomes darker (Figure 9A). 

The variance evolution for the three colors over time (Figure 9B) shows the effect of chemical 
attack during the first 30 minutes as before due to the bleaching of peanut butter. Then, a peak 
appears in the three coordinates, but not synchronously. The maximum for blue appears earlier than 
for the other two colors caused by the change from ocher to white which involves the greatest increase 
in the blue coordinate (Figure 9A). Thus, red and green variance peaks proved more appropriated to 
study the cleaning process since in this case, changes of variance are mainly due to changes from the 
white chemically attacked peanut butter to the white-grey of the bared steel surface. The peak 
observed for green and red color around 75 minutes corresponds to the time when one half of the 
surface keeps covered by peanut butter and the other half uncovered. Careful observation of the 
shape of the red color variance shows that it is quite asymmetrical, as corresponds to first or second 
kinetic orders (see Figure 3). Due to overlapping of two processes (chemical attack and peeling off), 
the resulting shape of these curves does not allow an accurate estimation of the half width at half 
maximum to discern between first and second kinetic order (Table 2), but we can discard a zero-
order kinetics reaction. An accelerated video of this process can be seen in the supplementary 
material (Video S3). 
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Figure 9. The time evolution of mean color intensity and variance of color intensity during the cleaning process 
of peanut butter on a steel plate with mechanical vibration. (1% MF174UW , 20 ºC, vibration 11000 rpm). 

At higher concentration of the cleaning agent (3% of MF174UW), we expect an acceleration of 
the cleaning process. Initially, the first color change to white is not observed. If we assume that the 
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chemical attack takes place faster, then it is possible that the breakage and loss of adhesion to the 
metal may take place before the color change of this surface. 3D plots of blue color intensity and their 
variance against the elapsed time and the distance from the top of the electrode are presented in 
Figure 10. For the blue color intensity, one can observe that before 30 min the final color was reached 
(Figure 10A). The maximum of variance is reached at different parts of the steel plate at about 15 
minutes without many differences with the distance from the top of the electrode (Figure 10B). The 
mechanical action of the vibration, together with the higher concentration of the cleaning product 
smooth the changes of observed colors. 
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Figure 10. 3D plots of mean color intensity and variance against time and distance in pixels from the top of the 
steel plate with mechanical vibration (3% MF174UW , 20ºC and vibration 11000 rpm ). 

Table 4 summarizes the results of the cleaning process at two temperatures, for two 
concentrations of the cleaning product and applying or not vibration as a mechanical action that helps 
the cleaning of the product. Table 4 allows us to corroborate that increasing the concentration of the 
cleaning product from 1% to 3% multiplies the cleaning speed by approximately two. It can be 
assumed that under the experimental conditions of this work, with the use of the vibrating electrode, 
it is possible to renew the solution in the vicinity of the peanut butter layer continuously. Therefore, 
the MF174UW concentration will remain constant. If we consider a simplified model in which the 
cleaning rate depends on both, the surface concentration of dirt ( Γௗ)  and on the solution 
concentration of MF174UW ([MF174UW]), we can write a rate equation as:  𝑟𝑎𝑡𝑒 = 𝑘ଵΓୢఈሾ𝑀𝐹174𝑈𝑊ሿఉ = 𝑘௔௣Γୢఈ (3) 𝑘௔௣ = 𝑘ଵሾ𝑀𝐹174𝑈𝑊ሿఉ (4) 

Therefore, if the concentration is multiplied by 3 and the speed (estimated from 𝑡௘௡ௗin Table 4) 
by (1.6-2.5), this means an experimental apparent kinetic order 𝛽 for MF174UW of 0.4-0.8.  

We can also estimate the temperature effect on the cleaning rate, an increase from 20 ºC to 40 ºC 
reduces the cleaning times by approximately 2-3 times and this allows us to estimate the apparent 
activation energy of the cleaning process, assuming an Arrhenius dependence of kinetics constant on 
the temperature (about 25-40 kJ mol-1). 
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Table 4. Characteristic times for the cleaning process of peanut butter on steel with the product MF174UW  in 
concentrations of 1% and 3%, at a temperature of 20 ºC and 40 ºC and without mechanical action and with 
mechanical action (vibration). 

Conditions 

for the cleaning process 

1st process 

(whitening) 

2nd process 

(peeling off) 

T / K Vibration Conc. (%) 𝒕𝟎 / s 𝒕𝟏/𝟐 / s 𝒕𝒆𝒏𝒅 /s 𝒕𝟎 / s 𝒕𝟏/𝟐 / s 𝒕𝒆𝒏𝒅 / s 
293 NO 1% 160  2255 

Not observed 
293 NO 3% 20  1280 
293 YES 1% 

Not observed 
810 1240 2030 

293 YES 3% 0 500 1270 
313 NO 1% 0  4000 Not observed 
313 NO 3% Not observed 902 2058 2556 
313 YES 1% 

Not observed 
460 750 1040 

313 YES 3% 0 177 414 

4. Conclusions 

Monitoring of color changes during the cleaning process of a metal surface by digital images 
allows not only qualitative but also quantitative evaluation of the efficacy and kinetics of the cleaning 
process. The use of spatio-temporal data analysis for this purpose is a great advantage over other 
forms of online monitoring of the cleaning process as it allows the homogeneity of the entire surface 
and the final quality of the process to be evaluated. 

The characteristic times defined from the curves of color intensities and variance evolution 
versus the time are excellent indicators not only of the rate of the process, but also of the final quality 
of the cleaning process. The analysis of these parameters shows how the cleaning process is 
quantitatively affected by the concentration of the cleaning product, the temperature and the 
mechanical action exerted, even estimating an activation energy for the cleaning process. Finally, this 
type of analysis allows us to obtain an initial estimation of the kinetics of the cleaning process, which 
can be used to estimate the time needed to finish the cleaning process and, based on this, to optimize 
the experimental conditions . 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org, Figure S1: EDX Microanalysis at different points on the sample surface; Video S1: 
Accelerated video of the cleaning process by a dissolution mechanism. Video S2: Accelerated video of the 
cleaning process of a steel sample covered by peanut butter without mechanical vibration. Video S3: Accelerated 
video of the cleaning process of a steel sample covered by peanut butter with mechanical vibration. 
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