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Abstract: Coating porosity is an important property that supports solid-gas and solid-liquid ex-
change that can either enhance various science and technological applications or promote damage if
not properly controlled. However, non-destructive instrumental techniques for the measurement
of porosity on coated walls or surfaces can be quite challenging. Here, a seamless capillary rise
technique has been used to determine both the thickness and porosity of a thin silica coating. Uniform
coatings were prepared from 5 wt% hydrophobic fumed silica in absolute ethanol and spin-coated at
500-8000 rpm on glass slides. Capillary imbibition of squalane was then controlled into known areas
of the resulted hydrophobic nano-porous coatings. The mass of the solid (silica) and the infiltrated
oil (squalane) were gravimetrically measured. The porosity of the material was calculated as the
lC‘f;)engtf:; percentage fraction of the pore volume while the film thickness was determined as the ratio of the
total volume to the area of coverage. Mean values of the porosity and coating thickness calculated
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from capillary impregnation technique were 86 £ 2% and 3.7 & 0.2 um, respectively. The coating
thickness obtained was comparable with those revealed by SEM and Dektak profiler measurements.
This study highlights the effectiveness of capillary rise as a simple and cost-effective non-destructive
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Thickness of Thin Silica Coatings. J.
Compos. Sci. 2023, 7,259. https:// Keywords: porosity; oil-impregnation; capillary rise; nano-particle; coating thickness

doi.org/10.3390/jcs7060259

Academic Editor: Francesco

Tornabene .
1. Introduction

Received: 22 April 2023 The world has abundant deposits of naturally occurring sustainable porous materials
Revised: 8 June 2023 (e.g., soils, rocks, sponge, woods, human skin, animal bones). However, the quest for porous
Accepted: 13 June 2023 materials has led to synthetic modification of existing porous and non-porous materials
Published: 19 June 2023 with the aim of enhancing the porosity and applications of such materials. These syntheti-
cally developed porous materials include fabrics, paper materials, filters, foams, ceramics,
composites and powder coatings. Generally, porous materials play crucial roles in many
fields and technology due to their unique properties, especially their low density [1], large
surface area [2] and a range of novel physical, mechanical, thermal, electrical and acoustic
This article is an open access article  Properties [3]. These unique properties have afforded their application in catalysis [4,5],
distributed under the terms and  SOTrption of pollutants from aqueous solutions, water treatment [6], sound absorption [7],
conditions of the Creative Commons  fire resistance/thermal insulators [8], controlled wetting [9], oil spill clean-up [10], drug
Attribution (CC BY) license (https://  delivery [11] and orthopedic applications, etc. [12].
creativecommons.org/licenses /by / Inorganic porous powders, such as silica, zeolite, calcium carbonates, aluminium
40/). silicates, titanium(iv) oxide, kaolin, mica and other powdery metals, are regularly used
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as coatings, either for decorative [13,14] or protective [15-17] purposes. Interestingly,
most of these inorganic porous materials are usually derived from nature with little or no
environmental pollution, where they are also known to show good resistance to aging,
combustion and chemical attack [18-20]. Due to their characteristic brilliant and attractive
colors, these inorganic porous materials are also used as pigments in coatings, where they
provide aesthetics to the coated materials [20—-22]. In addition to advancing the outward
appearance of the coated films, the ability of these porous materials to enhance various
structural features (thickness and porosity) of the coated materials makes them essential
tools for the prediction of quality and durability [23-25]. Remarkably, film thickness is
a crucial feature of surface coatings that can impact cost, quality or performance [26,27].
Another unique feature of these powder-based materials is their grains being packed
together to afford tiny spaces between them, where their porosities are essentially created
by the inter-particle cavities. These inter-particle cavities build up to provide porous
or capillary networks of various dimensions that may depend on their nature (fused or
mono-dispersed) [28,29] or particle size [30]. If such internal pores are well connected to
the surface, the coating will definitely permit fluid transports, a property that supports
applications, such as gas separation and filtration of liquids [31].

Although porosity is important in many applications, it may also lead to undesired
results. The presence of pores on some surfaces can initiate cracks, induce friability, reduce
wear resistance, affect toughness as well as harbor other harmful materials, thus becoming
susceptible to biofouling and corrosion attacks [32,33]. It is therefore vital to note that, since
variable morphologies and porosities are required for diverse applications [34], porous
materials may only be useful if their porosities are well understood and tailored to suit
the anticipated applications. Materials with porosity tailored towards the anticipated
application can be developed if the material formation mechanism is considered during
the design. This may be done via tuning of their pore properties through the proper
selection of precursors [34-36]. To ascertain the effectiveness of the design strategy, the
porosity of such materials are usually determined by imaging techniques, such as optical
microscopy (OM), scanning electron microscopy (SEM), atomic force microscopy, field
emission scanning electron microscopy (FESEM), focused ion beam (FIB), nuclear magnetic
resonance (NMR), X-ray and tomography. Apart from the aforementioned imaging and
spectroscopic techniques, other methods include nitrogen adsorption and BET analysis,
mercury intrusion porosimetry, dynamic vapor sorption, pycnometry and envelope density
analysis. The later (non-imaging) techniques require the flow of a fluid through the
materials to evaluate their porosity [24,31,35-40]. However, in some cases, such flows are
usually done under the influence of applied pressure that may affect the fine grains of some
coatings, leading to inconsistent or false results [41].

The destructive effects of applied pressure on particle-based coatings may be elimi-
nated through a method that involves a natural flow of wetting liquids through narrow
spaces without the influence of external forces [42]. Such processes are evidenced during
the flow of underground water in the soil, sap transport from the roots to the leaves of a
plant and the absorption of water by spongy materials. This process also occurs on coated
walls, concretes and other particle-based composites. For instance, at low temperature and
high humidity or during rainfall, the aforementioned materials (coated walls or concrete)
can freely absorb and trap gases or moisture from the ground or atmosphere. When temper-
ature increases, the trapped air or moisture expands and is released as vapor in a process
commonly termed outgassing or off-gassing [43,44]. This spontaneous flow of wetting
liquids in narrow spaces without the influence of external forces is known as capillary rise.
Capillary rise has been well studied, even before the proposition of theoretical models to
describe its mechanism by Lucas (1918) and Washburn (1921) [45]. In general, it has been
established that capillary pressure is the main driving force for this spontaneous flow of
liquids through interconnected pores against gravity and is known to be inversely propor-
tional to the pore radius; the smaller the pore radius, the greater the capillary force [46].
However, it is also noted that the phenomenon requires the wetting liquid to have good
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affinity for the solid surface. If the adhesive forces between the liquid and the capillary
wall are stronger than the cohesive forces between the liquid molecules, the liquid wets the
wall, and capillary rise occurs.

Capillary rise and wettability of finely divided solids, such as powders, grains, colloids,
etc., are useful in a wide range of areas, notably in the permeability test of soil samples,
mining/geological investigations, flotation separation, granulation phenomena, pharma-
ceutical manufacturing, and materials processing. In most of these investigations, porous
samples are usually packed into capillary tubes that may not truly represent the complex
geometric arrangement or morphology of the original structures. Notwithstanding, very
few studies have really employed the process for structural characterization of surface
coatings. In this work, capillary rise technique is used to infiltrate squalane (non-volatile
oil) into nanoporous networks of hydrophobic silica coatings. The solid-void ratio was
quantified gravimetrically using the densities of oil and silica. The technique is a simple
and reliable approach for the determination of coating thickness and porosity without mod-
ifying the morphology of the sample. This study evaluates the effectiveness and reliability
of this natural phenomena (capillary rise) as a simple tool for the determination of porosity
and thickness of coating. It is anticipated that this study will highlight the effectiveness
and capacity of capillary rise to provide a means of an experimental determination of
the porosity and thickness of coatings devoid of sophisticated spectrophotometric and
microscopic techniques.

2. Materials and Methods
2.1. Materials

Hydrophobic fumed silica powder, Aerosil R202 (99.8% SiO; content, Evonik Industry),
with average primary particle size of about 10 nm was supplied by Lawrence Industry, UK.
Isopropanol and absolute ethanol (analytical grades) were obtained from Fisher Scientific,
Loughborough, UK. Squalane (99%) was purchased from Sigma-Aldrich, Gillingham, UK.
Premium pathology grade microscope slides were purchased from Heathrow Scientific,
Nottingham, United Kingdom.

2.2. Methods
2.2.1. Hydrophobization of Glass Slides

Glass slides were hydrophobized in a vessel saturated with silane vapor. The hy-
drophobization was done by fixing six slides on a Teflon holder and placing in an airtight
vessel fitted with gas inlet and outlet. The vessel was flushed with nitrogen for 3 min then
300 pL of dichlorodimethylsilane was immediately introduced into the vessel. The set-up
was left for at least 1 h in a fume cupboard. At the end, the samples were removed and
ventilated for 1 h before use.

2.2.2. Fabricating of Porous Coatings

The coating suspension was prepared by mixing hydrophobic fumed silica with
ethanol to form 5 wt% dispersion as earlier reported (cf. Scheme 1a) [26,33,47]. The mixture
was placed in an ice-water bath and ultrasonically dispersed for 10 min using a sonicator
(model 450) set at 50% of the maximum power. The microscope slides were cut to the
required sizes (about 25 mm?) and washed successively with ethanol, isopropanol and
water in an ultrasonic bath for 10 min each and then dried at ambient conditions. About
500 pL of the silica suspension was spread on the hydrophobized glass slide and spin-coated
at different spin rates (500, 1000, 2000, 4000, 6000, 8000 rpm, denoted as C-500, C-1000,
C-2000, C-4000, C-6000 and C-8000, respectively) for 40 s (cf. Scheme 1b). The resulting
coated slides were dried in an oven at 100°C for 1 h and stored in vacuum desiccators.
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Scheme 1. Schematic presentation of (a) the preparation of silica suspension and (b) the spin
coating process.

2.2.3. Capillary-Driven Impregnation

The dry coated slide (from vacuum desiccators) was vertically suspended over squa-
lene, the impregnating liquid, and carefully lowered to be slightly immersed in the oil.
The spontaneous rise of oil through the porous silica film was monitored through the
movement of the liquid front until the coating was fully soaked. The fully soaked substrate
was allowed to remain stable for another 24 h to allow for proper equilibration and filling
of wider or poorly connected pores. The soaked sample was removed and placed on a filter
paper to eliminate the excess oil from the slide. The mass of the coating before and after
impregnation were measured gravimetrically [26,47].

2.2.4. Optical and Scanning Electron Microscopy (SEM)

The dry coated samples were viewed using an optical microscope (Olympus (BX-
51), fitted with a DP70 digital camera). The slides were viewed using transmitted visible
light, and high-resolution images of samples were taken. For structural details of the
micro/nano surfaces, a Carl Zeiss Evo 60 scanning electron microscopy was used to
examine the thickness of the coatings. To enhance the surface electro-conductivity and
avoid the charging effect, the samples were pre-coated with carbon monolayers prior to the
SEM imaging.

2.2.5. Dektak XT Stylus Profilometry

Dektak XT stylus profiler was also used for the determination of coating thickness.
To measure the thickness of fumed silica coatings on glass slides, a reference slide was
scratched to reveal the glass slide. The surface of the coated film and the predetermined
reference uncoated (scratched) portions of the film were scanned and the thickness of the
film, h, was determined as the vertical difference between top surface and the bottom of
the scratched mark.

3. Results and Discussion
3.1. Selection of the Preferred Coatings

The loss of moisture from fresh coatings is mainly driven by capillary forces as ear-
lier discussed. In an enhanced drying process (e.g., under high temperature or pressure,
etc.), the solvent that occupies a certain volume of the dispersion or wet coatings rapidly
evaporates mostly from the surface and creates voids. This volumetric reduction at the
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surface allows surface particles to rearrange in order to fill the created voids, resulting in
shrinkage. If the particles are soft, they deform to close the pores (i.e., the distance between
particles becomes smaller), thereby changing the capillary pressure; if the particles are me-
chanically and chemically stable, however, cracks are produced to release the stress [48-51].
In addition, when the film is under such influence, compression at the surface of the film is
certainly not in uniformity with the rest of the coating matrix. For instance, if the evapora-
tion rate is faster than the capillary rise of the liquid through the capillary networks, the
liquid becomes stretched to cover the dry portion of film; this produces a tension which
varies in the transverse direction of the layers. Efforts for capillary pressure to overcome
these compressive forces can result in crack formations on the film as well [49]. Thus, cracks
that develop during drying could be attributed to stress caused by pressure gradients in
the liquid phase as well as biaxial tension exerted by the substrate [50,51]. Cracks much
wider than the porous networks of the film have the tendency to remarkably modify or
disconnect the tortuosity and capillary network of the coatings and hence affect capillary
absorption [52,53]. Interestingly, many reports have revealed that cracks can be avoided
on coatings during fabrication if the thickness of coatings is varied to a critical cracking
thickness (CCT), below which it dries without cracking [51,54,55]. In this work, different
coatings were produced and studied by varying the coating speed of the spin coater from
500 to 8000 rpm to particularly examine surface morphologies and identify crack-free
coatings [56]. The effect of the spin rate on coating thickness (measured using SEM images)
is shown in Figure 1. Accordingly, an increase in the spin rate from 500 to 4000 rpm led to a
sharp decrease in the thickness of the coating produced, whereas no significant change was
observed for the higher spin rates of 4000 to 8000 rpm.

Coating thickness/pm
——

¢ ¢ .
2 . : : . . . )
0 2000 4000 6000 8000
Spin rate/rpm

Figure 1. Plot showing the effect of coating speed on the coating thickness (measured from SEM
images).

The effects of the coating speed on surface morphology of the coatings is presented
in Figure 2. The images presented show greater cracks on the thickest coating (~7.2 um)
obtained at 500 rpm (C-500). As shown in Figure 2B, the cracks tend to reduce with increase
in the spin rate from 500 to 1000 rpm (or decrease in the coating thickness from about 7.2 to
5.2 um). The coatings (C-2000 to C-8000) were relatively smooth, without significant cracks
(cf. Figure 2C,D). Based on the results in Figure 2, C-2000 with relatively better smoothness
and thickness, was chosen for further studies.
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Figure 2. Optical microscopy images of the spin-coated glass (A) C-500, (B) C-1000, (C) C-2000,
(D) C-8000. All scale bars represent 100 pum.

3.2. SEM Analyses of the Morphology and Thickness of the Preferred Coating

SEM images showing the detailed morphology and thickness of the selected coated
surface (C-2000) are presented in Figure 3. The SEM images reveal coatings with high
porosity and hierarchical random roughness at nanometer and micrometer scales. However,
the primary fumed silica particles (~10 nm) do not exist in isolation but are fused together
to form open branched particles of about 75-100 nm. The tendency of the primary fumed
silica particles to form these aggregates (larger particles) may be attributed to the strong
hydrophobic interactions between them [33,47,57]. Although the SEM image supports the
claim of a porous structure for the coating, complementary results from further investiga-
tions that highlight the actual volume of the voids are described in subsequent sections.

Figure 3. SEM images of C-2000 showing (A) porosity, (B,C) thickness. Scale bars represent 200 nm
on (A) and 1 pm on (B,C).

Apart from the top view, transverse sections of the coatings were also investigated
through SEM studies to determine coating thickness (cf. Figure 3B,C). The analyzed SEM
images of three replicated films show that the coatings have rough top surfaces with
thickness ranging from 3.3 to 3.8 um.
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3.3. Determination of Coating Thickness

The thickness of the coating was determined using a Dektak profiler. The Dektak
profiler measuring system is an advanced thin and thick film step height measurement
tool that takes measurements electromechanically by moving the tip of the diamond stylus
over the sample surface in line with programmed scan length, speed and stylus force.
As earlier described in the experimental section, a portion of the film was scratched to
reveal the glass slide (base material). The stylus is linked to a Linear Variable Differential
Transformer (LDVT), such that it produces and processes electrical signals that correspond
to surface variations between the base material (scratch point) and the uppermost surface
of the film (cf. Figure 4A). However, the uniform thickness shown in Figure 4A is for
ideal situations. The introduction of scratches (applied force) on dried or hard coated
film can cause irreversible movement of the film particles (plastic deformation) leading to
distortion and inconsistency in coating thickness [58] as shown in Figure 4B, where different
thicknesses are created. The actual profilometer results showing the thickness of C- 2000 are
presented in Figure 4C,D. The coating thickness was carefully analyzed from the scratch
or reference point R to avoid erroneous values arising from the aforementioned surface
deformation. Accordingly, surface distortion can be observed near the scratch (0.8-1.3 mm)
where the compressive effects emanating from the scratch tend to produce high spikes and
increase in coating thickness. Beyond this region (green column, 1.3-1.5 mm), the spikes
were eliminated but the coating thicknesses are still higher (about 4.1 pm) than portions
of the coating at the extreme (red column, 1.5-2.0 mm), where most peaks remain fairly
stable at about 3.4-3.8 um. The coating thicknesses obtained at this region were reliable
as distortions and spikes associated with scratches were completely eliminated, and the
results agree with SEM results.

A

B

Stylus tip

Scratch 6000

int L. I
Pa Scan direction

Deformation

D | 10000 N L e
8000
Scratch '
point 000

A all
i 4000 _’/‘ b, /‘uv—,uf‘, j\\)‘.‘ '|‘ ‘l |w \'\f‘ M
/ | N N \
Coated film Ih £ [ WA \fwd’

A Mo | (T
£ 4000 FANWAVAN YN B YR P A B AN
i 7 vV vV VN A N
/ 2 1 FaVyay Al
by l h, 2000¢ 7 Vv /\\/'.d.f\J v

— 2000 . ;
0.0 05 1.0 15 20

Figure 4. (A) Schematic of stylus tip (from Dektak XT) scanning through the top surface and base
material (scratch point) of the coating. The thickness of the coating is the vertical distance between
the topmost layer and the base material, denoted as h on a distortion free coating, (B) schematic
of deformation during the scratch test creating inconsistent thickness, h; and hj, (C,D) Dektak
profilometer results showing distorted thickness (R-M; and M;-M,) and the actual thickness of the
coatings (beyond My).

3.4. Impregnation of the Coated Film

The experimental set-up for capillary driven impregnation is shown in Figure 5A. The
coated slide was suspended from a metal stand to slightly touch the impregnating oil in a
Petri dish, placed on a weighing balance. Figure 5B,C are magnified images of the coated
slide at different stages of impregnation. During the experiment, the oil gradually rose
upward against gravity through the porous network of the coating. The movement of oil
into the coating was monitored by the liquid front (L.F.) from inception of the impregnation
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through the partially impregnated stage (Figure 5B) to full impregnation (Figure 5C). The
height of the liquid front, indicating degree of impregnation, was plotted against time in
Figure 5D, where Figure 5E illustrates the geometry and dimensions of the coated film.
The plot in Figure 5D depicts the gradual impregnation of the coated surface via capillary
rise, where full impregnation was afforded after 40 h with no significant change in the
liquid front.

Increasing impregnation

(D)

Glass slide

Height / mm

0 20 40 60 80 100 120
Time / hr

Figure 5. (A) Photograph of the experimental set-up for capillary driven impregnation, magnified
images showing (B) partial impregnation and (C) full impregnation, (D) plot of the height of the
liquid front, indicating degree of impregnation vs. time, (E) approximated geometry and dimensions
of the impregnated coating used in thickness and porosity calculations.

3.5. Gravimetric Analysis and Calculation of Coating Thickness and Porosity

Although the fabricated coating did not have flat surfaces, after full impregnation
(pores totally filled), the coating could be likened to a cuboid with thickness, h and area, A
as shown in Figure 5E. Using the illustration, the thickness,  and porosity, ¢ of the coated
film can be calculated if the densities of the impregnated liquid (squalane) and the solid
(silica) are known. In this case, porosity is the fraction of the total film volume, V, that is
not occupied by the solid matter (silica) but with the impregnated oil.

From Figure 5E, the thickness and area of the film are & and A, respectively; hence, the
total volume of the film is given by:

V=Axh (1)
the pore volume, Vp, gives the total volume of the film, Vr

Vi=Vs+Vp=AXh 2)

h= (Vs+Vp)/A @)

In terms of the material mass density,

Vs = Ms/ps (4)

Vp = M,ir/ poit )
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where Mg is the mass of silica, pg is the density of silica, M,; is the mass of the oil (squalane)
and p,;; is the density of squalane.
Hence, the porosity of the coating ¢ (%) can be given by the equation below.

¢ = Vp/ (Vs + Vp)100 (6)

In this study, the dimensions of the areas covered by the coated films, A, were directly
measured; the mass of the coated silica, M, and the mass of the infiltrated oil, M,;;, were
determined gravimetrically. The densities of silica, ps (2.20 g/cm?) [59], and squalane,
001 (0.81 g/ cm?) [60], were obtained from the manufacturers and literature, respectively.
The mass of coated silica was calculated as the difference between the mass of uncoated
microscope slides (M) and the mass of the coated slide, M¢

Mg = Mc — Mg (7)

The mass of oil in the pores was determined by subtracting the mass of the coated
slide from the mass of the impregnated slide, M;

Moj = Mj — Mc ®)
The data are shown in Tables 1 and 2, respectively.

Table 1. Experimental results showing values of parameters expressed in Equations (7) and (8) and
the measured areas of the coated films.

Sample Mo (g) Mc (g) M; (g) A (cm?) ps (gem=3) Poil (gem—3)

1 1.75289 1.75365 1.75531 6.60 2.20 0.81
2 1.84441 1.84517 1.84680 6.80 2.20 0.81
3 1.75299 1.75383 1.75531 6.00 2.20 0.81
4 1.68184 1.68259 1.68460 7.10 2.20 0.81
5 1.76190 1.76274 1.76470 7.30 2.20 0.81

Table 2. Analyses of the experimental results (provided in Table 1) for the calculations of the mass of
coated silica, mass of impregnated oil, volume occupied by silica, voids volume, coating thickness
and porosity.

Sample M; (g) My (g) Vs (cm®) Vp (em®) H (um) @ (%)
M, — M,) M; — M,) Mslps) Moi/poir) (Vs = Vp)/A [Vp/(Vs+ V)100]

1 0.00076 0.00166 0.00035 0.00205 3.6 86

2 0.00076 0.00163 0.00035 0.00201 3.5 85

3 0.00084 0.00148 0.00038 0.00183 3.7 83

4 0.00075 0.00201 0.00034 0.00248 4.0 88

5 0.00084 0.00196 0.00038 0.00242 3.9 86
Mean value 3.7+02 86 +2

As shown in Table 2, the results for the coating thickness and porosity are 3.7 & 0.2 pm
and 86 & 2%, respectively. The calculated results (coating thickness) are in good agreement
with the SEM and Dektak profilometer values as earlier discussed in Sections 3.2 and 3.3.

4. Conclusions

In this study, porous coatings were successfully prepared by spin-coating hydrophobic
fumed silica dispersion onto microscope glass slide to form porous substrates. The thickness
and uniformity of the coatings were tuned by varying the spin rate. The hydrophobic
coating was impregnated with squalane (hydrophobic liquid) using capillary rise technique.
The pore volume of the coating was determined using density and mass of the infiltrated
oil measured gravimetrically while the coating thickness was calculated as the total volume
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(sum of pore and solid volumes) per coated area. The average porosity of the film was found
tobe 86 £ 2% and the coating thickness was 3.7 + 0.2 um (i.e., 3.5-3.9 pm). The capillary rise
result shows strong agreement with those obtained from Dektak profilometer 3.4-3.8 and
SEM (3.4-4.0 um). This work therefore demonstrates the effectiveness of capillary rise
method as a simple and seamless technique for the assessment of permeability, porosity
and thickness of simple coatings. It further affirms the capacity of this natural phenomena
(capillary rise) to afford experimental determination of porosity and thickness of coatings
devoid of sophisticated spectrophotometric and microscopic techniques.
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