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Abstract

:

Colloidal systems are peculiar mixtures formed by the uniform dispersion of sub-micro sized particles of one substance through another substance. In this framework, a particular colloidal system, known as sol, is a colloid in which the dispersed particles are solid, and the dispersing medium is fluid. Sols have extensive applications in industries ranging from material science to food to pharmaceuticals and cosmetics. The size and size distribution of colloidal particles within these systems play a pivotal role in determining their stability, rheological properties, and overall functionality (which in turn directly influence material quality, performance, and shelf life). As a result, this study is aimed at devising a new method to analyze the dimensions of the colloidal particles (dispersed phase) of a colloidal system (sol), like bitumen, by (i) a cheap and common technique, optical microscopy, and (ii) the more complex confocal laser scanning microscopy. To do so, a validation by comparison with a standard technique—in this case, atomic force microscopy is presented. Both optical and confocal microscopies turned out to be suitable, valid, and effective for particle size determination. Both techniques effectively revealed, upon bitumen aging, a shift of the size distribution to slightly larger sizes. Large particles, whose abundance did not increase significantly, appeared to be more inert than small ones. A huge advantage of optical microscopy is its popularity and cost-effectiveness as it is commonly featured in laboratories independently of the research topic. On the other hand, confocal microscopy can observe more particles, thus providing better statistics. It also appears to be more efficient for particles smaller than 1 µm2. These microscopy techniques were used to evaluate the dimensions of the asphaltenes present in a complex colloidal system; bitumen; the model colloidal system for this study, which was examined before and after an aging process which is expected to change the size distribution.
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1. Introduction


Colloidal systems and their applicability span through a variety of industrial and research fields such as material science, biology, and chemistry. They include sols, gels, macromolecules, proteins, polymer latexes, nanocrystallites, and even living cells. To effectively exploit the range of applications of nanoparticles having dimensions ranging from 1 to 100 nm, high-resolution preparation, sizing, and classification techniques are fundamental. Several chemical approaches involving liquid-phase methods, such as reverse micelles and sol-gel, exist for the production of colloidal nanoparticles. An in-depth understanding of nanoparticle size and particle dispersity is fundamental for the stability of colloidal systems as many of the properties associated with nanosized particles are largely dependent on size [1,2,3]. In this ambit, the most effective methods for nanoparticle characterization involve microscopy-based methods [4]. Recent developments in nanoscience have been inspired by the observation that materials and their properties can be improved by tuning and adjusting particle size to match the desired outcome. However, the possibility of unpredictable and undesirable systemic effects which can be brought about by enhanced reactivity and modified properties has recently been a source of concern. Therefore, the proper characterization of the physicochemical properties of the nanomaterials in question is very important [5,6,7].



The colloidal model system used in this study is bitumen, which is a multidisperse micellar colloidal system (in particular, a sol) with a complex internal structure of the colloidal particles (solid asphaltene micelles) uniformly dispersed and suspended in an oily maltene phase. The asphaltene phase structure, which depends on the nature of the dispersion of the asphaltene micelles, has a significant effect on bitumen’s rheological properties. Maltenes are believed to constitute a continuous dispersing phase in which the asphaltenes are dispersed. During the aging of bitumen, its aromatic components and resins become oxidized and are reduced to saturates leading to the hardening of the bitumen binder [8,9]. This oxidation results in an increase in the size of the asphaltene micelles, thereby changing the bitumen’s structure and reducing the fluidity of the system [10]. It has been observed that the asphaltene aggregates which form during bitumen aging form a dispersed ‘sol’ structure in the continuous maltene phase instead of an expected network ‘gel’ structure [11]. The aging phenomenon brings about a degradation in the quality of the road pavement (bituminous conglomerate) and so the bituminous layers need to be removed and replaced using a new bituminous conglomerate. It is important to state that in view of a circular economy, a practice promoting resource conservation and recycling can be implemented. Using this approach, degraded bituminous layers, after removal, can be milled and processed to extract valuable asphalt binder (bitumen) and inorganic stone aggregates. This is known as reclaimed asphalt pavement (RAP). In recent years, researchers have investigated the use of RAP in the production of recycled asphalt. The use of RAP for the production of new road pavements is at the center of research in the asphalt industry. The use of chemical additives is aimed at increasing the percentage of RAP in the production of bituminous conglomerates while maintaining the performance and life span of the road. The most common problem faced by both those who carry out quality control on bituminous conglomerates and those who research new additives to improve the performance of road pavements with RAP is to distinguish a potential rejuvenating effect from a fluxing effect. In fact, a flux-improving additive does not interact with the oxidized parts of the bitumen, leaving them unchanged while merely reducing the viscosity of the asphalt concrete. For this reason, the resulting road pavement will be very fragile and, therefore, its lifespan will be very short. On the contrary, a rejuvenating additive, thanks to its chemical interaction with the parts of the oxidized bitumen, will restore elasticity to the bitumen binder, thus restoring its physicochemical properties to the initial pre-oxidation state. In this study, only the solid part of bitumen, the asphaltenes, was considered due to the fact that studies in the literature [10,12,13] have shown that during the oxidation process, they tend to increase in size, thus stiffening the system. It is evident how fundamental it is to have techniques that can efficiently analyze the size distribution of these solid dispersed particles within bitumen. The present study is aimed at finding and validating new and cost-effective methods for size distribution analysis in this kind of material. Optical and confocal laser scanning microscopy techniques were used to investigate the size distribution of the asphaltene particles in a paving-grade bitumen subjected to an aging process. The changes in the dimensions of the asphaltenes during the process of aging were evaluated to estimate the effect of oxidation on the asphaltene fraction of the bitumen system. To do so, the standard atomic force microscopy technique, generally recognized as the pivotal technique to investigate asphaltene size distribution in bitumen, has been taken into account for comparative purposes. The novelty of this work lies in the development of a new, relatively easy sample preparation method making it easier and more straightforward to directly observe colloidal particles (asphaltenes) using optical microscopy (OM). This sample preparation method coupled with software image analysis and elaboration using data-based software brings about determination of the area values of the elliptical colloidal particles, thereby providing particle dimensions and size distributions.



Generally, the bitumen samples analyzed by AFM are investigated in intermittent-contact (IC) mode (tapping) [14,15]. Compared to many other microscopic techniques, this device can resolve surfaces below the Abbe diffraction limit by simply scanning or tapping the surface with a nanometer-sized tip. It has thus become one of the most popular techniques to investigate the microstructure of bitumen and tackle the question mentioned above on the origin or reason for the microstructure [16].



In the present study, the AFM analysis was used as an evaluation template to determine the effectiveness of the confocal and optical microscopy methods in measuring the asphaltene size of the bitumen system [17,18,19]. Confocal laser scanning microscopy (CM) particularly exploits the principle of measurements which are dynamically focused based on a focus-detection technique. This technique is also a scanning optical microscopy technique due to the fact that the light beam illuminates only one spot (with a diameter of (≈0.5 µm) at a time and the sample surface must be scanned or rotated to generate the image pixel by pixel. Three-dimensional measurements using CM can also be carried out by performing a raster scan of the laser spot over the measured surface [20].



Optical microscopy (OM) imaging requires no scanning and thus can be acquired rapidly, even in real-time, limited only by the camera frame rate. At low magnification, even though the internal structure is no longer resolved, such microstructures appear as near-point-like optical scattering centers. All microstructures within the optical absorption depth contribute to the observed optical scattering, thus optical probes provide access to subsurface structures. Finally, optical microscopy investigations require no mechanical contact with the sample surface so they can characterize bitumen microstructures equally well at any temperature, whether the sample is frozen or heated beyond its melting point [21]. In addition, these instruments are very popular and relatively cheap. In fact, optical microscopes are commonly found in science laboratories regardless of the research theme.



Bitumen’s viscoelastic performance and especially the aging phenomenon have been investigated by several researchers and scholars using an array of physicochemical and mechanical methods due to the direct correlation of these analyses with asphalt behavior and performance. Microscopic approaches to investigating the microstructural patterns and changes associated with oxidative aging are becoming increasingly popular, making it very instrumental to achieving an in-depth understanding of the intricacies of bitumen’s structure pre- and post-aging. In the scientific literature, several studies have been published involving the use of atomic force microscopy (AFM) or confocal laser scanning microscopy (CM) in the investigation of bitumen’s microstructure. These studies were able to evidence the changes in the dimensions of the so-called bee structures present in bitumen’s matrix. Some of these studies either revealed or aimed at resolving the conflicting observations that exist on the subject of the fluorescent centers (asphaltenes) of oxidized bitumen, especially regarding their number, dimensions, and clustering [22,23]. This present study utilized a microscope equipped with a photo camera to capture images of the microscopic morphology of bitumen’s structure. The images obtained were elaborated using ImageJ software (v1.4.3.x) to determine the sizes of the asphaltene particles. This software was coupled with another software developed by our research group which enabled us to obtain the representation of the distributions of these particles in a predefined range with a subdivision into a set number of classes. This paper provides a comparative analysis of the three techniques (OM, AFM, and CM) used to evaluate the dimensions of the asphaltenes present in the colloidal system of aged bitumen, This comparative study was carried out on the basis of validating this new method which combines easy sample preparation, microscopy, image analysis via software, and data elaboration via particle range subdivision software.




2. Experimental Section


2.1. Materials


The base bitumen (having a penetration grade of 170/210) was kindly supplied by Cimar srl, (Salerno, Italy).




2.2. Bitumen Aging Process


In the laboratory, the aging process bitumen undergoes during its lifespan on the road surface was simulated by the Rolling Thin-Film Oven Test (RTFOT, according to ASTM D2872-04) [24,25,26,27]. The duration of this test was extended from 75 to 225 min in order to obtain a bitumen rigid enough to simulate a prolonged ageing process of about 10–12 years, which is a period typical of recycled asphalts.




2.3. Atomic Force Microscopy (AFM)


The atomic force microscopy (AFM) analysis was carried out using a Bruker Nanoscope VIII microscope set to tapping mode. The oscillations of the cantilever were regulated close to its resonance frequency of 150 kHz. As a result of the upward and downward oscillation of the cantilever, its tip interacts sporadically with the surface of the sample. This interaction between the sample surface and the cantilever tip brings about the vibration of the cantilever. The morphological features of the tested sample determine the magnitude of the vibrations, which is influenced by the phase angle shift of the of the cantilever tip when it vibrates, signifying energy dissipation in the tip–sample ensemble. Cantilevers with elastic constants of 5 N/m and 42 N/m were used for the measurements. Phase and topography images were taken contemporarily.



2.3.1. Intermittent-Contact (IC) Mode (Tapping)


This mode is similar to non-contact (NC)-AFM, except that the vibrating cantilever tip is brought closer to the sample so that at the downward end of its motion, it just barely hits or “taps” the sample. In IC-AFM, the cantilever’s oscillation amplitude changes in response to tip-to-sample spacing just as in NC-AFM. An image representing the surface topography is obtained by monitoring these changes.



Some samples are best handled using IC-AFM instead of contact or non-contact AFM. IC-AFM is less likely to damage the sample than contact AFM because it eliminates lateral forces (friction or drag) between the tip and the sample. In general, it has been found that IC-AFM is more effective than NC-AFM for imaging larger scan sizes that may include greater variation in sample topography. IC-AFM has become an important AFM technique since it overcomes some of the limitations of both contact and non-contact AFM. In the case of AFM, the surface of the sample (reflex) is analyzed while in the microscopy techniques, a beam passes through to the sample (transmittance).




2.3.2. AFM Sample Preparation


	-

	
A laboratory grade oven was set to a temperature of 100 °C. When the oven reached the desired temperature, the sample was introduced. Using a spatula, a small scoop of solid bitumen was taken and smeared on the AFM sample disk.




	-

	
The sample disk was put in the oven for 10 min.




	-

	
After 10 min, the oven was turned off and left open in order to enable the bitumen sample to cool gradually.




	-

	
When the oven temperature had cooled down to room temperature, the sample was taken out.




	-

	
The sample was analyzed using the AFM instrument and images were captured.









2.4. Optical Microscopy (OM)


Each sample was placed on a microscope slide and observed using a Prior MP3500K (Prior Scientific Instruments Ltd., Cambridge, UK) optical microscope stand with Koehler Type Illumination Halogen 6 V 20 W for transmitted polarized light, equipped with 20× 5× and 2.5× objective lenses [28]. The microscope setup also comprised of a Canon EOS 4000D (Tokyo, Japan) camera which was attached to the ocular lens of the microscope and was used to capture the images observed.




2.5. Confocal Laser Scanning Microscopy (CM)


Confocal laser scanning microscopy (CM) operates differently from a regular optical microscope as it focuses light on and images the sample one point at a time through a pinhole [29,30]. A light beam passes through this pinhole, falling on the objective lens via a beam splitter. This illuminating light beam is focused by the objective to a diffraction-limited spot at the focal plane. If the objective lens or the sample specimen is adjusted or shifted in order to focus the light spot on the sample surface, then the shift of the objective lens or the sample specimen determines the information gathered on the vertical dimension of the surface topography. When the sample surface is stationary, such as in the case of this study, the objective is moved by a piezo-electrical transducer so as to focus the light beam laser spot on the sample surface. As soon as the laser spot is focused on the surface, the light reflected back passes through the pinhole and is detected by the detector. If the sample surface is not in focus, the size of the laser spot on the detector plane is larger and there is less light intensity transmitted. The coinciding nature of the focal planes of illumination and imaging systems is how the term confocal microscopy was coined [31].



The specimens on microscope slides were observed under a Leica inverted TCS SP8 confocal scanning laser microscope equipped with 20× and 40× objective lenses. An argon laser excitation wavelength at 488 nm and an emission window of 509 nm were used.



The fluorescence exited at 555 nm and the fluorescence emissions was assessed at 569 nm 40 × 0.3 NA HC PL fluotar lens.



Preparation of Glass Slides for Optical (OM) and Confocal Microscopy


	-

	
A glass slide was placed on an electric heating plate which was set to between 150 and 200 °C.




	-

	
Using a spatula, a small scoop of solid bitumen was taken and smeared on the hot glass slide.




	-

	
After a few seconds, a glass cover slip was placed on the part of the glass slide covering the smeared bitumen.




	-

	
The glass slide was removed from the heating plate and the cover slip was gently moved in a circular motion to continuously smear the bitumen sample until it became so thin in that light could pass through it; see Figure 1.




	-

	
The glass slide was allowed to cool, and then microscopic analysis was carried out.







Figure 1 shows how the bitumen samples placed between the 2 slides appears transparent and can be said to be penetrable by light rays.





2.6. Data Elaboration


The statistical analyses of the sizes of the asphaltene particles were performed using ImageJ [32,33,34]. Data were collected from multiple images made at different points of the same sample and these data were used to obtain the representation of the distributions of these particles in a predefined range with a subdivision into a set number of classes.





3. Results and Discussion


The x-axis in each graph represents the calculated area. The area was calculated using the ImageJ program (which gives us the major and minor axis of the particles) and the data software which returns an area calculated by approximating the particle to an ellipse. To reduce the error, particles with circularity < 0.3 were not taken into account (the formula for circularity is 4π(Area/Perimeter2) [35].



Once the area of the particles was calculated, it was divided into classes and the number of particles detected for each class was counted (class population). All the values reported on the y-axis of the following graphs are presented according to the fraction of solid particles present and dispersed in the colloidal system. This axis represents the abundance of the colloidal particles (asphaltenes). This abundance is a measure of the occurrence of each size range of the particles relative to the total particle number in the tested sample. The abundance was obtained by dividing the number of particles of a certain dimension by the total number of particles. On the y-axis, the population of the columns which have been divided by the total number (  y =   c o l u m n   p o p u l a t i o n   t o t a l   n u m b e r   o f   a r e a   v a l u e s    ) is shown.



The calculation of the abundance was repeated separately for each technique (and each thickness of the glass slides in the case of the optical microscope). The reason for choosing the area limits and the number of classes is explained below.



Optical microscopy: From the photos taken, approximately 10,000 particles per photo are detected. Of these, those that are too small to be distinguished (smaller than 0.4 µm2) and those that are too large most likely from spots in the microscope lenses up to a maximum size of 4 µm are discarded.



	
Confocal microscopy: Confocal microscope photos have a photo resolution of 0.3 µm2/pixel, therefore, we opted to group the particle count into 14 classes (this is a low resolution for a line graph, and is due to the poor resolution of the photos) thanks to the data software provided by our collaborator (Professor Ranieri who is duly acknowledged in the footnotes).



	
Atomic Force Microscopy: The procedure is the same, but since this technique has a high resolution, we did not consider the particles which are undetectable on the optical microscope (being the technique with the lowest resolution); for the same reason, the total number of particles per photo is very low (about a hundred).






With regards to the trend lines in the graphs, the points that are graphed as in the previous explanations on the values plotted on x and y axes were then interpolated with fifth and sixth degree polynomial trend lines in Excel [36,37]. The correlation with the number of data points and the degree of polynomial interpolation is explained below.




“Generally, if we have n data points, there is exactly one polynomial of degree at most n−1 going through all the data points. The interpolation error is proportional to the distance between the data points to the power n. Furthermore, the interpolant is a polynomial and thus infinitely differentiable. So we see that polynomial interpolation overcomes most of the problems of linear interpolation”.



[38]





In general, the graphs show the notable differences between the sizes of the particles and their frequency or distribution in general. It can thus be said that different particle size classes occurred in varying frequencies in this investigation.



The virgin bitumen sample was initially analyzed using OM at the different thicknesses obtained, sequentially reducing the distance between the two glass slides starting from 21 µm all the way to 9 µm. From the graph, it can be seen that the thickness does not influence the dimensions of the asphaltenes present in the bitumen sample. Therefore, since the measurements are independent of the thickness, all the analyses reported in this study will be carried out at 21 µm.



The dimensions of the solid particles (asphaltenes) are significantly smaller than the minimum thickness reached between the two slides, therefore problems of the possibility of deformation (crushing) of any asphaltene aggregates interacting together [39,40], due to compression during sample preparation, should not exist.



However, elongated clusters can be found in bitumen, presenting an interior with rippled patterns and sub-nanometer edges which are dispersed in a quite consistent matrix. These clusters are made up of asphaltene molecules showing different levels of aggregation as they are patterned into a hierarchical aggregation system [41]. This self-assembly phenomenon of asphaltenes at high levels of aggregation presents particles having a prolate ellipsoidal shape extending up to a few thousand nanometers [39,42].



For each sample, at least 10 images were captured at different points in order to obtain and thus elaborate over 10,000 data points that guarantee a significant value for each asphaltene dimension. In fact, Figure 2 shows the excellent reproducibility of the data obtained, even though they were carried out on the same sample at different thicknesses.



To validate the effectiveness of the OM technique, measurements of the dimensions of the asphaltenes present in the virgin bitumen sample were carried out using two other previously mentioned techniques already commonly used in scientific literature on this subject. Figure 3 shows the measurements using the three different techniques, OM, CM, and AFM, while the Figure 4 reports optical microscopy (OM) and confocal microscopy (CM) data of aged bitumen. It was observed that the results of the three techniques gave similar results, validating the use of OM to outline the trend of the size of the asphaltenes present in bitumen. In the case of the CM technique, it is possible to observe many more particles, as this technology allows us to acquire the image and then process the image itself digitally, therefore zooming in digitally and not using the lens. On the other hand, with OM and AFM techniques, it was not possible to have the same number of data points because these techniques operate at a higher magnification which only covers a smaller area. As a result of this, the quantity of observable particles is decidedly more limited.



In fact, for some types of bitumen whose dimensions are visible to the instrument (>0.5 nm), the OM technique is advantageous and is accredited as a less expensive and excellent complex asphaltene size measuring method when compared to the other techniques. However, for smaller dimensions, the other two techniques turn out to be the only ones that can be used and work best for this case scenario.



From the results, it is demonstrated that the asphaltene size measurements were independent of the sample thickness. This allows the analysis of any sample without concerning its thickness. We know that the asphaltenic fraction of bitumen is the most susceptible to oxidation, in fact by incorporating oxygen, they tend to form increasingly larger clusters. We expect that after the aging process, the distribution should shift significantly towards larger particles. The dimensions of the oxidized bitumen significantly increase compared to those of the asphaltenes of the virgin bitumen; in particular, the asphaltene size in the range 1.4–2.5 µm2. This is due to the increase of polar functional groups of the molecules in bitumen [43] with their ultimate aggregation and constrained dynamics typically caused by the aging process. The aged bitumen size distribution is, therefore, shifted, as expected, to slightly larger sizes compared to that of neat bitumen as can be seen in Figure 4.



From a deeper point of view, as shown in Figure 5, the abundance of larger particles did not increase significantly, so they appear to be more inert than small ones. This is reasonable since smaller particles are more susceptible to kinetic processes and are, therefore, less stable toward growth compared to larger particles; it is in fact well known that all kinetic processes are slower for larger particles. Figure 6 and Figure 7 show the particle distribution observed using OM and CM respectively.



However, not all asphaltenes increase their size so evidently after aging; some turn out to be less sensitive to this phenomenon, or sometimes the oxidation time is not sufficient for all the asphaltene particles to be oxidized. This brings about obtaining a non-homogeneous sample consisting of particles of different sizes which exhibit different aggregation patterns. This size distribution is shown in the graph plotted in Figure 8. For a complete characterization, it is, therefore, necessary to carry out an overall analysis of the sample and not calculate individual measurements on the sample. The goal of this study is to provide, through calculation and imaging programs, a method to process the results recorded by optical and confocal microscope and AFM, thus obtaining more information on the effect of aging and the effectiveness of additives.




4. Conclusions


The results showed that both optical and confocal microscopy (OM and CM) techniques are suitable, valid, and effective for particle size determination. OM is very popular and cheap, and it is often featured in laboratories independent of the research theme. On the other hand, in the case of the CM technique, it is possible to observe many more particles as this technology allows us to acquire the image and then process the image itself digitally, therefore, zooming in digitally and not using the lens. This allows for better statistics. Confocal microscopy also appears more efficient for particles smaller than 1 µm2.



In addition, the method of sample preparation turns out to be fundamental; in fact, although the asphaltene size measurements are independent of the sample thickness, the passage of light through the sample is necessary in order to acquire images. This method of sample preparation has not been performed in previous studies and can save a lot of time and effort in the study and investigation of bitumen’s inner morphology. Due to the fact that different bitumen samples from different sources might have varying amounts of asphaltenes, the method proposed by this study can prove to be a simple method of generating a visual representation of the distribution of asphaltenes in the bituminous matrix. It can also help in evaluating the effect of bitumen aging on asphaltene size.



In conclusion, given the importance of particle size determination in colloidal systems, these techniques will be very useful in the field of research of sol-gel colloidal systems like bitumen, and in the future, tests should be carried out on other types of colloidal systems to verify their effectiveness on them as well.
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Figure 1. The appearance of the final slide to be analyzed viewed from different angles of observation. 
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Figure 2. Different thicknesses of the virgin bitumen sample via optical microscope. 
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Figure 3. Comparison between the three techniques in an investigation on virgin bitumen. 
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