#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Novel Al technology for 4D in situ tracking and
physicochemical characterization of inorganic
carbonaceous aerosols in air/water

i ") Check for updates ‘

Cite this: RSC Adv., 2025, 15, 30639

Zaki A. Nasreddine, 2 Devendra Pal®® and Parisa A. Ariya & *2®

Organic and inorganic aerosol particles in the atmosphere are significant drivers of climate change and pose
risks to human health. Biomass burning and combustion processes are substantial sources of these
particles, mainly inorganic carbonaceous aerosols (IC) such as black carbon (BC), carbon nanotubes
(CNT), and graphite. Despite their environmental relevance, the physicochemical properties of IC are not
well characterized, limiting the accuracy of their impact assessments on the Earth's radiative balance and
human health. In this study, we demonstrate, for the first time, an in situ and real-time quantitative
analysis of the physicochemical properties of IC aerosols, including 3D sizes, shapes, phases, and
surfaces along with 4D tracking, using an improved nano-digital in-line holography microscope (Al-
Nano-DIHM) with a temporal resolution of 62.5 ms. The Al-Nano-DIHM is integrated with two
customized Al-driven software programs, enabling automated classification and physicochemical
analysis of BC, CNT, and graphite in air and water environments under stationary and dynamic
conditions. Our results demonstrate that Al-Nano-DIHM effectively detects nano- and micrometre-sized
IC particles, ranging from 60 nm to 200 um across all three dimensions (width, height, and length). The

results obtained from Al-Nano-DIHM were validated using High-Resolution Scanning/Transmission
Received 14th May 2025 Electron Mi (HR-S/TEM) coupled with dispersive X- t (EDS). We di
Accepted 13th August 2025 ectron Microscopy coupled with energy-dispersive X-ray spectroscopy . We discuss

the significant potential of Al-Nano-DIHM as a cost-effective, rapid, and accurate in situ and real-time
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Introduction

Atmospheric aerosols, particularly carbonaceous particles,
significantly impact air quality, climate change, and human
health.”” These particles, which constitute 20 to 50% of the
total aerosol mass,* are broadly categorized into two classes:
black carbon (BC), primarily composed of elemental carbon
(EC),® and brown carbon (BrC), which is largely composed of
organic carbon (OC).®* BC originates from a variety of natural
and anthropogenic sources, including biomass burning (e.g.,
wildfires and residential burning), fossil fuel combustion (e.g:,
vehicular and industrial emissions), and other incomplete
combustion processes.”® It directly influences the climate by
scattering and absorbing solar radiation,” thereby altering the
Earth's radiative budget.>'® Recent studies highlighted BC's
contribution to radiative forcing, which surpasses even that of
methane, a potent greenhouse gas.'»'* Additionally, BC exerts
semi-direct effects in the atmosphere, such as the cloud
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technique for characterizing IC aerosols, with important implications for environmental, and health-

burning effect by favouring cloud evaporation, which further
modifies the climate.*

BC also influences cloud formation," ice nucleation,*
regional circulation, and their deposition on snow reduces
reflectivity (snow albedo), accelerating snowmelt and contrib-
uting to global warming.”” Despite the environmental and
health relevance of BC and other inorganic carbonaceous (IC)
aerosols, there remains a critical lack of high-resolution, in situ,
and real-time data on their physicochemical characteristics,
particularly morphology, size distribution, surface roughness,
and mixing state.'® These properties evolve rapidly in the
atmosphere due to dynamic processes such as coagulation,
condensation, photochemical aging, and mixing with organic
compounds like brown carbon (BrC), which can significantly
alter the aerosols' radiative forcing through mechanisms such
as the lensing effect.” Accurate, real-time characterization is
essential because the morphology and surface properties of IC
particles influence their atmospheric lifetime, optical behavior,
cloud-forming potential, and biological interactions.”® For
instance, more irregular or aggregated morphologies can
increase light absorption or affect ice nucleation.”*** Moreover,
particle shape and surface structure directly impact respiratory
deposition patterns and toxicity.® Thus, understanding these
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dynamic physicochemical features in real time is crucial for
predicting their environmental and public health effects.*

Furthermore, BC particles are associated with adverse health
effects. BC, being morphologically at the nanometer size, has
been known to transfix into the lungs' deepest regions, facili-
tating their transportation into the bloodstream.* It was also
linked to premature death from respiratory infections in addi-
tion to a series of health problems such as lung diseases,
strokes, heart attacks, bronchitis, and aggravated asthma.? The
World Health Organization (WHO) has identified BC as
a significant risk to public health, especially in regions with
high levels of biomass combustion.>®

Several techniques are used to obtain the physicochemical
properties of the emerging IC aerosols. Table S1 (SI) summa-
rizes previous techniques for aerosol characterizations and
their limitations. In brief, online methods such as differential
mobility analyzers, optical analyzers, and particle sizers*”>*
provide information on particle size and volume distributions
yet cannot capture particle shape and morphology. Offline
methods, such as impactors and filter sample gravimetric
techniques, offer similar information such as size distribution
and total mass concentration, similar to some online tech-
niques. However, these methods are subject to particle loss
during sample collection, require time-consuming post-pro-
cessing.”” These limitations restrict their utilization in
capturing the dynamic physicochemical evolution of aerosols
under atmospheric conditions.””*®

For chemical analysis, online methods like aerosol mass
spectrometer”’>* and Photoacoustic Extinctiometer (PAX)?*?73°
measure the concentration of BC/aerosols, yet lack information
on particle size and their morphological information. Advanced
imaging techniques such as Scanning/Transmission Electron
Microscopy (S/TEM)**' and Atomic Force Microscopy
(AFM),??” provide information on size, phase and morphology
but cannot obtain the information in real-time and require
samples collection and preparation.””?® Techniques such as
Fourier Ptychography®**”*> and Optical Diffraction Tomog-
raphy*>*”** offer potential for 2D and 3D characterization,
however they operate primarily in stationary mode and lack
real-time capabilities. Despite significant advancement in BC
measurement technologies, there is still a significant gap in
determining their physicochemical characteristics, mainly
morphology, 2D and 3D size, phase, mixing state (internal and
external) and aging in real-time in situ.****%

This study introduces a novel approach utilizing a fully
automated AI-Nano-DIHM for the 4D physicochemical charac-
terization and classification of IC aerosols, including BC, CNT,
and graphite, in both air and water environments. The AI-Nano-
DIHM enables real-time, in situ investigation of IC aerosols' 2D
and 3D size, phase, 4D tracking, and surface properties for
various sample matrix such as water, molten snow (stationary
mode), and air/water (dynamic mode).>****” Our results provide
new insights into the behavior and dynamics of inorganic
carbonaceous (IC) aerosols within environmental matrices
(Milli-Q water, molten snow, and air), with all findings validated
through STEM/EDS.
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Methodology
Digital in-line holographic microscopy (DIHM)

DIHM is a type of microscope that enables the observation of
particles without the use of a lens.*®** It works through a two-
stage process.”” First, a hologram is recorded using the 4deep
desktop holographic microscope.***® Second, the hologram is
reconstructed using numerical software (Octopus and Stingray
Software Package, version 2.2.2).>> This allows different particles
to be visualized and their physicochemical characteristics to be
analyzed.”” The detailed working principle is explained in
previous studies.?*3%3741:42

Recording of holograms

As shown in Fig. S1, a laser is emitted from the laser source*
with a wavelength of 405 nm.*”> The laser passes through
a pinhole with a diameter comparable to the wavelength of the
laser source.” This allows for the light to diffract.>” The di-
ffracted light hits the object, illuminates it, and eventually
produces a significant diffraction pattern (known as a holo-
gram) that is recorded on the screen.”” The CMOS (comple-
mentary metal oxide semiconductor, pixel size 5.5 um, 2048 x
2048 pixels) photosensitive matrix screen is used to record the
hologram.?>*

Once the light passing through the pinhole interacts with the
object, some portions scatter while others remain unscattered.
The term A (1,t) represents the wave amplitude of the hologram
recorded on the screen. A(r, t) is given by Eq. (1).*?

A(r, Z) = Aref(ra [) + Ascat(rs t) (1)

Avef(1, t) is the reference amplitude (which didn't hit the object)
and Agea(r, ) is the scattered amplitude. The intensity of the
recorded hologram is given by eqn (2).

I(r, t) = A(r, ) A*(r, 1) (2)

A*(r, t) is the conjugate of the wave amplitude of the hologram
at the screen. Expanding the above term gives eqn (3).

1,1 = A, ) Ay (1) + [ v (1) Ay (1, 1)

s

+ Ascar (1, I)A:ef(rv t)] + Ascar (, t)Ascal(r7 ) (3)

The first term in the eqn (3) is the intensity of the reference
beam.? The third term is the intensity of the scattered wave.
The second term describes the interference between the refer-
ence and the scattered waves, referred as hologram.*

Numerical reconstruction

The Octopus and Stingray software is used to numerically
reconstruct the hologram.”” For reconstruction, the required
inputs are the distance between the pinhole and the screen, the
wavelength of the light, and the camera pixel size.”* Before
reconstruction, a background hologram (captured without any
objects) is subtracted from the object-containing hologram to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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eliminate optical impurities introduced during the experi-
ment.>> The Octopus software manually extracts information
about the objects’ position, orientation, intensity, amplitude,
phase, and shape.? Stingray software is used to reconstruct the
data automatically,” and retrieve size, shape and morphology,
respectively. Optimal resolution is achieved by manually
adjusting the distance ‘Z’ (the reconstruction position), which
represents the distance between the laser source and the
reconstructed plane.*»** More details about the reconstruction
process are explained in previous studies.?*?¢37:41:42

SMPS and OPS

NanoScan™ SMPS model 3910 (TSI, Inc.) and an OPS model
3330 (TSI, Inc) are used to measure the real-time size distribu-
tions of airborne particles.” The SMPS measures particle sizes
ranging from 10 to 400 nm based on electrical mobility diam-
eter, operating with a sampling flow rate of 0.75 L min~". The
OPS measures particles within a size range of 0.3 to 10 um,
utilizing optical diameter and a sampling flow rate of 1
L min~*.*

The purpose of using SMPS/OPS was to independently verify
the presence and size distribution of airborne IC aerosols
during dynamic mode experiments. These real-time measure-
ments provided number concentration data across a wide size
range, confirming that the particles detected by the AI-Nano-
DIHM were present in the aerosol flow stream. Although the
SMPS/OPS data were not directly integrated into the AI-Nano-
DIHM image reconstruction or classification process, they
served as important cross-validation tools to ensure the accu-
racy and consistency of particle detection under real-time and in
situ conditions. A comprehensive description of the SMPS and
OPS methodologies can be found elsewhere.”>*"*®

Experimental setup

We performed experiments in both stationary and dynamic
settings. The stationary mode experiments established a base-
line and demonstrated the capability of Nano-DIHM to analyze
the morphological and surface properties of IC aerosols in
laboratory settings, particularly for samples collected from field
or remote regions. In contrast, the dynamic mode experiments
enabled the tracking and reconstruction of time-dependent
physical properties of BC and other aerosols, providing crit-
ical insights into their real-time behavior under atmospheric
conditions.*®

Stationary mode. For stationary mode experiments, the
sample was either in powder form or suspended in Milli-Q water
or molten snow. First, the microscope slide was cleaned with
ethanol or isopropyl alcohol to eliminate dust that could
interfere with the experimental setup. The solid sample was
retrieved from the bottle using a spatula and placed directly
onto the slide. Synthetic IC aerosols were mixed with Milli-Q
water by weighing 0.25 g of each solid into 25 mL of Milli-Q
water in a conical tube. The tube was then sonicated to apply
sound energy, promoting particle agitation and fragmentation
to enhance suspension stability.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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For molten snow experiments, fresh snow collected from
McGill University was placed in a pre-cleaned amber jar
(Thermo Fisher Scientific, RRID:SCR_008452) and allowed to
melt at room temperature. BC and CNT particles were subse-
quently spiked into the molten snow, and the spiked sample
was transferred onto a clean microscope slide for hologram
recording. A background hologram was recorded using
unspiked molten snow.

Dynamic mode. For air-phase experimentation, the same
samples were aerosolized for dynamic mode experiments. As
shown in Fig. S1, the dynamic setup involved a quartz flow tube
cuvette (volume: 700 pL; path length: 2 mm), placed on the
sampling stage of the AI-Nano-DIHM. Ambient air was directed
into the cuvette at a flow rate of 1.7 L min~*, while the outflow at
the same rate was routed to the SMPS and OPS for simultaneous
particle size analysis. A sevilla C-flow aerosolizer was used to
aerosolize either IC suspensions or molten snow samples. These
samples were injected into the system using a GenieTouch
syringe pump with a liquid feed rate of 0.25 mL min~". Molten
snow was aerosolized to mimic airborne conditions. A detailed
description of the setup is provided elsewhere.” Fig. S1 shows the
experimental setup in stationary and dynamic modes.

3D and 4D characterization of IC aerosols

Octopus software was used for 3D characterization and 4D
tracking of IC aerosols. Volume reconstruction was performed
on 1000 holograms using Octopus software to retrieve the 3D
size distribution and orientation of IC particles. Following
reconstruction, both spatial position data (XYZ coordinates)
and 3D particle dimensions (length, height, and width) were
obtained in real-time and in situ.

The procedure for high-resolution trajectory characterization
involved the following steps: (a) capturing a sequence of 1000
holograms at a frame rate of 16 fps (temporal resolution: 62.5
ms) using the AI-Nano-DIHM,; (b) processing the holograms by
saving every two consecutive frames as image pairs, resulting in
500 hologram pairs; (c) subtracting each hologram pair to
remove background noise and isolate relevant particle infor-
mation; and (d) using MATLAB (Version 2022b) to reconstruct
and generate a video that visually represents the real-time
trajectories of BC particles present in molten snow.>?

Automation and classification of IC aerosols using the
Stingray software

The Stingray software enables the automated processing of
thousands of holograms for both offline and online analysis.??
The process begins to first identify the threshold intensity value,
which represents the minimum particle intensity required for
object detection.”* This threshold intensity was determined
using Octopus software by performing manual reconstruction.
Once the optimal threshold intensity is set, holograms are input
into the Stingray software along with recording parameters such
as hologram size, camera pixel resolution, laser-to-camera
distance, and the threshold intensity value.

The software analyzes the holograms to extract detailed
information on the shape, morphology, size, surface area and

RSC Adv, 2025, 15, 30639-30653 | 30641
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edge gradient of particles. Each detected particle is classified
into one of the predefined taxa: black carbon (BC), graphite
(GC), and carbon nanotubes (CNT) based on their morpholog-
ical features including intensity threshold, and edge gradient.**
The classification data is then used to train the IC classifier,
which undergoes validation with over 10 000 iterations to ach-
ieve accuracy exceeding 95%. This trained classifier is capable
of detecting and classifying IC aerosols across different
matrices in real-time and in situ from unknown samples.

The Stingray software employs a fully automated, Al-based
pipeline for real-time classification of inorganic carbonaceous
aerosols (IC) such as black carbon (BC), carbon nanotubes
(CNT), and graphite. The training process begins by inputting
1000 recorded holograms along with recording parameters
including laser wavelength, pixel size, and hologram dimen-
sions. An initial intensity threshold value is optimized based on
manually reconstructed holograms to ensure accurate particle
detection. Once thresholding is complete, the software auto-
matically detects and isolates particles, extracting morpholog-
ical and physicochemical properties such as size, edge gradient,
surface roughness, perimeter, and surface area. Each particle is
then assigned to a predefined taxon (BC, CNT, or graphite)
based on these parameters. The classifier is trained through
over 10 000 iterations using supervised machine learning tech-
niques to optimize its ability to distinguish among these
particle types. After training, the classifier is deployed on
unknown samples for real-time, in situ detection and classifi-
cation. Only IC aerosol particles that meet the trained criteria
are retained and reported.

The Stingray software can identify particles with a flexibility
of £10% in threshold values.*” The results include object
information such as size, roughness, edge gradient, surface
area, and shape. To validate the accuracy, comparisons are
made with different types of classifiers, including various
aerosols and mixtures.”” The accuracy of Stingray software may
be challenged by complex sample matrices, highlighting the
need for a more extensive library to improve detection capa-
bilities for unknown species.**

While the Al classifier demonstrates high accuracy (>95%) in
controlled laboratory conditions for classifying BC, CNT, and
graphite, challenges may arise when applied to complex envi-
ronmental or heterogeneous samples matrices. Overlapping
features between aerosol types, particle aggregates, or non-IC
contaminants can challenge the Al's logic, especially in atmo-
spheric samples with high variability. In such cases, untrained
or novel particle types may either be misclassified or excluded
entirely. Moreover, large datasets may increase computational
demand, affecting real-time performance. Future improve-
ments include expanding the training dataset to cover a broader
range of aerosol types with varying environmental conditions.

Validation with scanning/transmission electron microscopy
HR-S/TEM

The size and morphology of IC particles were validated using
high-resolution transmission electron microscopy (HR-S/TEM)
coupled with energy-dispersive X-ray spectroscopy (EDS). The
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same samples used in the AI-Nano-DIHM experiments were also
analyzed at the Electron Microscopy Facility of McGill Univer-
sity. For HR-S/TEM imaging, the IC samples were deposited
onto copper (Cu) support grids provided by SPI. The samples
were examined using an FEI Tecnai G2 F20 HR-S/TEM equipped
with a Ceta 16 M 4 k x 4 k CMOS camera and a four-quadrant
in-column SDD Super-X detector system. As described previ-
ously, EDS was employed to perform elemental analysis of the
targeted particles.”***%” The validation results of HR-S/TEM and
AI-Nano-DIHM are discussed in Fig. 1 and 2.

Results and discussion

Characterization of BC in aqueous media (snow-borne) and
validation by HR-S/TEM

The detection and analysis of black carbon (BC) particles in
aqueous samples were performed using the AI-Nano-DIHM
system, with results validated by HR-S/TEM (Fig. 1 and 2).
These results were validated based on threr main criteria: (i)
morphological agreement, including shape and agglomeration
patterns of particles (e.g., spherical for BC, tubular for CNT); (ii)
dimensional consistency, where sizes measured by AI-Nano-
DIHM were within +10 to15% of those obtained by HR-S/TEM
(Fig. 1 and 2); (iii) intensity and phase contrast profiles along
particle cross-sections, which reflected internal structure simi-
larly across both methods. The AI-Nano-DIHM successfully
retrieved the information on BC particles suspended in water
and molten snow (Fig. 1). Fig. 1a shows the hologram recorded
with BC particles, and Fig. 1b displays the background holo-
gram without particles. Fig. 1c presents the contrast hologram
obtained by subtracting the background from the hologram,
effectively removing any extraneous particles originating from
the light source or the microscope slide, which is used for the
reconstruction to yields the objects’' information.”»** Fig. 1d
provides a zoomed-in view of region (c1), the interest of
research, at reconstruction distance z = 1626 um, where
multiple BC particles are observed with varying size and
morphologies.

Fig. 1e-f depict the intensity reconstruction of BC agglom-
erates, while Fig. 1g illustrates the phase construction of the
same BC agglomerates. Fig. 1i-k present the intensity recon-
structions of individual BC particles, and Fig. 1Im-p and 1q-t
depict intensity and phase crosscuts profiles across the BC
particles, respectively. The crosscut profiles reveal that AI-Nano-
DIHM detects BC particles of various sizes, ranging from 1 um
to several microns. The sizes obtained by AI-Nano-DIHM are
comparable to those obtained by HR-S/TEM when using the
same samples, as shown in Fig. 1v.

Both HR-S/TEM and AI-Nano-DIHM produced similar
results. They detected sphere-like particles with similar
morphologies and sizes. The agglomerates seen in the HR-S/
TEM image (Fig. 1u) look very similar to those seen with AI-
Nano-DIHM (Fig. 1f). In both cases, the agglomerates had
spherical shapes and showed multiple peaks in the intensity
profile, which suggests particle clustering. The sizes were also
close: the AlI-Nano-DIHM showed particles around 5 pum
(Fig. 1f), consistent with the HR-S/TEM which showed particles

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Reconstruction of the snow-borne BC particles suspended in water and validation with HR-STEM. (a) Raw hologram recorded for BC
particles in Milli-Q water; (b) background hologram recorded without BC particles; (c) contrast hologram obtained by subtracting the back-
ground hologram from the raw hologram. (d) zoomed-in view of region (cl) showing BC particles in focus at a reconstruction distance of z =
1626 um. (e and f) Intensity reconstructions of BC agglomerates (d1. and d2.) (g) Phase reconstruction of agglomerate d2. (i, j and k) intensity
reconstructions of individual BC particles labelled d3, d4, and d5 in panel (d) respectively. The horizontal lines in panels e, i, j, and k shows the
crosscut across the BC particles. Crosscuts were selected to represent maximum internal structure. (h, and m—p) Intensity profiles across the
crosscuts of d1, d3, d4, and d5. (L and gq—-t) Phase profiles of d1, d3, d4, and d5 respectively across the particle's crosscuts. (u and v) HR-S/TEM
images of similar BC agglomerates and particles. (w) Diffraction pattern, and (x) EDS spectra confirming elemental carbon composition. The Al-
Nano-DIHM results exhibit strong agreement in shape, morphology, and size distribution with HR-S/TEM, validating its accuracy.

around 4 pm (Fig. 1v). These findings, supported by visible
morphology and multiple peak detection, provide strong
evidence to validate the results obtained by the AI-Nano-DIHM.

Fig. 1j and k depict BC particles with spherical shapes like
those identified by HR-S/TEM (Fig. 1u and v). The particles
exhibit consistent sizes and shapes at similar scales (~5 pm).

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2025, 15, 30639-30653 | 30643
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Fig. 2 Reconstruction of carbon nanotube (CNT) particles in Milli-Q water and validation with HR-S/TEM (a) intensity reconstruction of multiple
CNT particles (b—e) zoomed-in intensity reconstructions of four CNT particles circled in panel (a). (f—j) Intensity profiles of particles 1-4 across
the particles crosscut. (k—0) The phase profiles of particles 1-4 across the particles crosscut. (p—r) HR-S/TEM images of CNT particles showing
similar CNT morphology (g) phase reconstruction and (s) intensity reconstruction of a CNT particle. (t) Diffraction pattern. Al-Nano-DIHM
successfully captures tubular morphology of CNTs down to 400 nm and aligns with electron microscopy in terms of morphology and size.

While HR-S/TEM detects smaller particles ranging from 1 um to
5 um, Al-Nano-DIHM identifies particles from 1.5 to 10 um.
Some larger particles observed by AI-Nano-DIHM may result
from two or more particles being separated by distances smaller
than the system's lateral resolution, causing them to be iden-
tified as a single particle.”** Energy-dispersive X-ray spectros-
copy (EDS) analysis confirms that the particles consist solely of
carbon. These findings demonstrate the AI-Nano-DIHM's
capability to detect individual and agglomerated inorganic
carbonaceous aerosols. It is important to note that AI-Nano-
DIHM have typically 10% uncertainty from hologram to holo-
gram reconstruction.

30644 | RSC Adv, 2025, 15, 30639-30653

Characterization of CNT in aqueous media: Milli-Q water and
molten snow (snow-borne) and validation by HR-STEM

Fig. 2 shows the holographic reconstruction of single-walled
carbon nanotubes in Milli-Q water and results validated using
HR-S/TEM. Fig. 2b—-e depict the intensity reconstructions of
single-walled carbon nanotubes of varying sizes, while Fig. 2(f-j
and k-o) display the intensity and phase profiles across the
particles’ crosscuts. As observed in Fig. 2, the AI-Nano-DIHM
successfully resolves the size and shape of carbon nanotubes
down to 400 nm, with particles up to 4 pm in length. Previous
research has demonstrated using a holographic microscopy to
characterize micron-sized rods, classifying them as nanorods.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The AI-Nano-DIHM successfully captures the shape and
morphology of the different carbon nanotube particles, with
most carbon nanotubes suspended in Milli-Q water from
submicron size to microns sized (Fig. 2). These results are align
with findings from Dixon et al. (2011),** where the 3D distri-
bution of nanorods exhibited a roughly cylindrical volume with
a length (L) around 5.0 um.** Comparison with HR-S/TEM
shows similar results, depicting shapes and morphologies
comparable to those observed with the AI-Nano-DIHM as shown
in Fig. 2r and s. The reconstruction results in molten snow are
presented in Fig. 3. The AI-Nano-DIHM successfully resolved
the size, shape, and morphology of different CNT particles in
the snow with nanoscale resolution, as shown in Fig. 3. Fig. 3e-
h display various sizes of CNT particles ranging from 5 pm
(Fig. 3e) to 900 nm (Fig. 3h). These findings demonstrate the
system's ability to detect and characterize inorganic carbona-
ceous aerosols in Milli-Q water and snow. Table 1 shows
comparison of AI-Nano-DIHM and HR-S/TEM validation
results.

Another objective was to showcase the AI-Nano-DIHM's
capability to distinguish between other various carbonaceous
aerosols within the same family (IC aerosols). For this, graphitic
carbon aerosol particles were analyzed. The results for graphite

View Article Online
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in Milli-Q water are shown in Fig. S2, while graphite in powder
form is depicted in Fig. S3. AI-Nano-DIHM effectively resolves
graphite particle size ranges from 900 nm to 1000 nm.

Fig. S2a and b show the agglomeration of two graphite
particles forming one single particle beyond the lateral resolu-
tion of AI-Nano-DIHM. The crosscuts in Fig. S2d and e reveal
sizes of 2.6 pm and 5.2 um, respectively. This discrepancy
confirms that Fig. S2a does not depict a single particle but
rather an agglomeration of two particles or a graphite particle
with an impurity, likely due to carbonaceous aerosol mixing in
the atmosphere.>?

Airborne IC aerosol detection: insights into particle dynamics

The AI-Nano-DIHM system also tested for charactrisation of
airborne particles which is important for investigating their
behavior in the atmosphere. The experimental procedure
follows the detailed methodology outlined in previous work*?
and is briefly explained in the method section.

Fig. 4 presents the reconstruction of airborne BC particles,
while Fig. 5 shows the reconstruction of airborne CNT particles.
BC particles appeared spherical; CNTs exhibited circular,
elongated shapes due to the aerosolizing of CNT particles®
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Fig. 3 Al-Nano-DIHM reconstruction of CNT particles detected in molten snow. (a—d) Intensity reconstructions of different CNT particles in
focus at a reconstruction distance of z =400 pum, (e—h) show the intensity profiles through the particles’ crosscuts, revealing tubular shape and
submicron features. (i—-1) Corresponding phase profiles across the particles’ crosscuts. These results demonstrate the system's ability to resolve
nano/micrometer-scale tubular particles in complex aqueous matrices such as snow.
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Table1 Comparative summary of Al-Nano-DIHM and HR-S/TEM validation results for different inorganic carbonaceous (IC) aerosols. This table
presents a side-by-side comparison of observations obtained using Al-Nano-DIHM and HR-S/TEM for black carbon (BC), carbon nanotubes
(CNT). Consistent results across both techniques confirm the reliability of Al-Nano-DIHM for real-time, in situ characterization of IC aerosols

Aerosol type Matrix AI-Nano-DIHM observations

HR-S/TEM observations

Validation agreement

Black carbon Milli-Q water/snow Spherical/agglomerated

(BC) morphology; size range: 1-10 pum;
multiple peaks in intensity and
phase profiles

Carbon Milli-Q water/snow Tubular structures; size range:

nanotubes 0.4-4 pm with submicron-micron

(CNT) tubular particles; cylindrical

Spherical/agglomerated
morphology; size range:
1-5 pm; high resolution

Tubular; size range: 0.5-5 pm

with similar dimensions and
shape; consistent with

Strong agreement in size,
morphology, clustering

Good agreement in length,
shape, and alignment

profiles

reconstructed features
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Fig. 4 Reconstruction of airborne BC particles using Al-Nano-DIHM: (a—e) Intensity reconstruction of distinct BC particles captured in the air
phase. (f—j) Intensity profiles through the particles’ crosscuts, (k—n) show the phase profiles through the particles’ crosscuts. Note that the phase
profile of particle (e) could not be detected. Results confirm the Al-Nano-DIHM's ability to resolve airborne BC particles with submicron—micron

resolution in real time.

while in CNT exhibited elongated tabular morphology in
stationary mode (Fig. 2).

The 3D reconstruction of BC and CNT particles is shown in
Fig. 6. Fig. 6a and c illustrate the orientation of BC and CNT
particles, respectively, while Fig. 6b and d display the 3D size
distribution (width, height, length) of BC and CNT particles.
The statistical analysis in Fig. 6e shows that the first percentile
values for BC particle dimensions are 60 nm (width), 60 nm
(height), and 950 nm (length), while CNT dimensions are 70 nm
(width), 100 nm (height), and 2.02 pm (length). These results
demonstrate Al-Nano-DIHM's ability to detect submicron and
nano-sized IC particles. The predominantly elongated shape of

30646 | RSC Adv, 2025, 15, 30639-30653

BC particles can be attributed to the agglomeration of ultrafine
BC particles which result in its elongated form.* Van der waals
forces and electrostatic/hydrophobic interactions favor the
formation of such structures. The reason behind the predomi-
nant agglomeration along the length dimension is attributed to
the anisotropic nature of BC particles which minimizes energy
unlike agglomeration along other dimensions (width or height)
which would add strain on the agglomerate rendering it
unstable.® Another reason could be due to the limitation of AI-
Nano-DIHM depth resolution.*

AI-Nano-DIHM results clearly demonstrate its potential for
real-time and in situ monitoring of IC aerosols in the air. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Reconstruction of airborne CNT particles: (a—d) Intensity reconstructions of different airborne CNT particles, showing circular to
elongated morphologies. (e—h) Intensity profiles through the particles’ crosscuts, and (i-l) show the phase profiles through the particles’
crosscuts. Differences from stationary CNT morphology (Fig. 2) reflect deformation during aerosolization. Al-Nano-DIHM successfully captures

airborne CNTs in dynamic environments.

technology provides valuable insights into the size and shape of
BC and CNT particles in the atmosphere, thus amplifying our
understanding of their effects on environmental dynamics.

4D tracking of BC in molten snow: environmental
implications

Fig. 7 displays selected frames from a time-resolved sequence
illustrating the 4D (3D + time) monitoring of BC particles in
molten snow samples. Tracking BC particles within snow is
particularly interesting due to their potential migration verti-
cally and horizontally within the snowpack and thus impact on
snowmelt and albedo.*® The video shows how BC particles move
randomly, horizontally, and vertically, without following
a specific trajectory®*® suggesting that the BC deposition on snow
surfaces could downwards to snow depth and surfaces. Aerosols
particles are known to have random motion, and the trajectory
exactly captures the random path.*® Even if sample flow was
more predominant in XY direction, but particles were all over
the place. This behavior has important implications: deeper
embedded BC can continue to absorb solar radiation,
enhancing localized heating and meltwater percolation.”” The
capacity of tracking particles provides valuable insights into the
behaviour and dynamics of BC particles within the snow,
enhancing our understanding of their interactions and distri-
bution in this environment.

Although it is not a focus of the study, the real-time tracking
data obtained from AI-Nano-DIHM can be used to calculate

© 2025 The Author(s). Published by the Royal Society of Chemistry

particle velocity and trajectory, which could be influenced by
environmental factors such as temperature, water content, and
snow structure.*® The AlI-Nano-DIHM's ability to track these
particles with high temporal and spatial resolution offers
a powerful tool for studying the impact of BC on air-cryosphere/
water processes.

Automation and classification of inorganic carbonaceous
aerosols

The Stingray software was trained to classify and detect the real-
time, in situ physicochemical characterization of several IC
aerosols, including BC, CNT, and graphite, in several sample
media (powder form, Milli-Q water, molten snow, and air). The
training involved more than 1000 holograms and 10 000 itera-
tions to optimize accuracy. Surface roughness (R,) was
computed as the mean deviation from the central plane across
the particle surface.® Specifically, the Stingray software uses
internal algorithms based on Kirchhoff-Fresnel reconstruc-
tion*” approach to quantify roughness by analyzing fluctuations
in edge intensity gradients obtained from contrast-based phase
retrieval of each hologram.*® The resulting roughness index is
derived from the standard deviation of these phase/intensity
variations, normalized to particle size. While not equivalent to
nanometric topography obtained using AFM, this optical
roughness metric provides a indicator of morphological texture,
useful for distinguishing between particle types such as
smooth, spherical BC and layered or fibrous structures like

RSC Adv, 2025, 15, 30639-30653 | 30647
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Fig. 6 3D Reconstruction and statistical analysis of airborne BC and CNT particles. (a and c) Particle orientation, and spatial distribution of
airborne BC and CNT particles respectively. (b and d) Distribution of particles’ length, height and width retrieved from 3D reconstruction (e)
summary table showing statistical parameters of BC and CNT for each dimension. The data illustrate the submicron to tens-of-micron scale
range of IC aerosols and confirm Al-Nano-DIHM's capacity to retrieve size metrics in 3D.
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Fig. 7 4D tracking of BC particles in molten snow. Selected sequential frames extracted from a 1000-frame holographic video series showing
real-time (3D + time) trajectories of BC particles in molten snow. Particle motion is random and multidirectional, revealing complex dynamics in
snow matrices. These trajectories offer insights into the behavior of embedded BC and its implications for snow albedo and melt processes.

graphite and CNTs. A detailed discussion of the automation
process is provided in the methodology and previous publica-
tions.?>?**¥7*1:4> Table 2 presents the automated detection and
classification of IC aerosols using the Stingray software and the
corresponding physicochemical properties (morphological
properties, 2D and 3D sizes) of IC aerosols. For instance, CNT
particles exhibited higher area and perimeter values than BC
and graphite. It can be understood because CNT particles have
more tabular morphology than compared to spherical BC
particles. Graphite particles showed more significant surface
roughness and edge gradients, reflecting a complex surface
variability. The main possible reason of this would be attributed
to graphite's layered 2D structure unlike other IC aerosols,
which could lead to surface defects and irregularities, thus
exhibiting more significant surface roughness and edge gradi-
ents.*® This capability is particularly valuable when analyzing
unknown samples. By analysing unknown sample through the
automated AI-Nano-DIHM and selecting the trained classifier
for IC aerosols, the AI-Nano-DIHM can automatically classify
and detect the presence of IC aerosols in the sample. This
demonstrates the potential of the AI-Nano-DIHM system for
real-time, in situ detection and characterization of IC aerosols
across different media.

Comparison between IC aerosols in solid form and in aqueous
form

Solid samples (powders) show noticeable differences from
aqueous samples (Fig. S2 and S4-S6). The powders primarily
exhibit agglomerates of BC particles with varying sizes. These
aggregates are likely formed due to van der Waals forces
between particles. In contrast, samples in Milli-Q water show
a more dispersed distribution of BC particles, often forming
colloidal suspensions. This dispersion is attributed to the

© 2025 The Author(s). Published by the Royal Society of Chemistry

sonication process, during which sound energy breaks down
the agglomerates.

Analyzing the cross-sectional reconstructions, we observe
that dispersing black carbon (BC) particles in Milli-Q water
modifies their optical properties. This change is attributed to
interactions between BC particles and the surrounding
medium. In powder form, BC tends to agglomerate, leading to
increased light scattering and reduced accuracy in optical
characterization. These findings highlight the influence of the
surrounding medium on the behavior of carbonaceous aero-
sols. Fig. S3 presents the holographic reconstruction of graphite
particles, while Fig. S4 shows the corresponding reconstruction
of BC particles in powder form.

Fig. S5 and S6 illustrate single-walled CNT particles in
powder form. Carbon nanotubes (CNT) appear with rectangular
shapes. The crosscuts reveal that this shape results from the
agglomeration of individual CNT particles. These rectangular
shapes are attributed to bundles of individual CNTs stacked
horizontally, forming the observed morphology. Fig. S6a in the
supporting information supports this claim. As depicted, the
vertical crosscut reveals the presence of multiple peaks, which
could be attributed to multiple CNT tubes. Had it been a single
CNT, the crosscut would show a single peak, as shown in
Fig. S5a. This confirms that several single CNTs stack over each
other horizontally, forming the observed rectangular
morphology. The AI-Nano-DIHM reveals how carbonaceous
aerosols behave differently in various media.

CNT particles tend to agglomerate in powder form, high-
lighting distinct physicochemical characteristics within the
agglomerates. In Milli-Q water, the AI-Nano-DIHM detects the
dispersion of individual CNT particles. While the powder form
exhibits a variety of morphologies among CNT particles (curved,
straight, etc.), Milli-Q water reveals a consistent morphology:
straight cylindrical tube structures. This observation

RSC Adv, 2025, 15, 30639-30653 | 30649
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Table 2 Automated detection and classification of three types of IC aerosols: BC, CNT, and graphite using Stingray software. The table presents
physicochemical parameters of individual IC particles detected in various sample media (powder, Milli-Q water, molten snow, and air).
Parameters include 3D spatial coordinates (X, Y, 2), particle dimensions (length, width), 2D area, perimeter, edge gradient, and surface roughness.
CNT particles exhibit larger area and perimeter due to their elongated, tubular morphology. Graphite particles show higher surface roughness
and edge gradient, likely due to their layered and irregular sheet structure. These features demonstrate the capability of the Al-Nano-DIHM

system to distinguish between aerosol types based on morphological signatures in real-time and in situ

Length Width Area Perimeter  Edge
Taxon Image X (um) Y (um) Z (um) (um) (um) (pm?) (um) gradient  Roughness
618.19 677.64 3228.73 95.11 62.13 3673.97 310.76 32.55 1.290
440.64 343.69 2598.98 19.27 16.16 132.48 70.60 31.32 1.319
379.02 618.12 2592.79 54.12 25.10 696.71 199.28 40.00 1.655
BC
934.63 222.43 3516.71 23.49 12.43 214.73 61.20 49.40 1.042
135.27 185.73 936.92 6.64 4.54 23.60 19.19 38.67 1.039
295.37 289.52 2575.99 9.86 8.01 44.59 28.68 33.25 1.082
263.04 300.73 910.87 232.65 83.08 15136 572.63 26.84 1.125
14
142.91 183.06 467.38 174.11 127.51 947.84 21.79 2.269
870.40
CNT 17
1611.62 1333.31 463.12 592.13 313.91 115008 1537.30 28.08 1.180
114.93 159.60 372.30 25.73 2.83 37.79 54.95 23.32 1.114
529.12 492.80 2158 2.85 1.90 3.62 7.86 105.24 1.001
802.21 497.39 1597 23.95 12.62 199.78 65.69 68.24 1.222
Graphite
447.11 675.29 2730.79 25.31 18.56 292.31 69.16 30.73 1.106
850.55 731.26 2912.78 72.84 69.21 2468.54 313.22 30.30 1.441
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Table 2 (Contd.)
Length Width Area Perimeter  Edge
Taxon Image X (um) Y (pm) Z (um) (um) (nm) (nm?) (um) gradient ~ Roughness
228.66 328.19 2295.85 40.70 13.76 433.69 93.51 24.89 1.057
497.27 493.73 2158 3.32 2.37 4.62 8.81 58.99 1.011

underscores the influence of the surrounding medium on the
behavior and morphology of carbonaceous aerosols. Like other
carbonaceous aerosols, the AI-Nano-DIHM distinguishes
between graphite powder aerosols and those dispersed in Milli-
Q water.

Comparing the results reveals a consistent trend: particles in
powder form appear as agglomerates of different individual
particles, while those in Milli-Q water are dispersed, allowing
for the visualization and study of individual aerosol particles.
This distinction is reflected in the crosscuts, where powder
particles exhibit multiple peaks, indicating condensed aggre-
gation. In contrast, aerosols in Milli-Q water display a single
peak, indicating the presence of a single particle.

Al-Nano-DIHM: limitations and future
insights

While Al-based particle recognition has been increasingly
applied in platforms such as AFM and SEM, these methods
typically require vacuum or contact conditions, are limited to
static samples and cannot detect airborne particles in real-time
and in situ.*® In contrast, the AI-Nano-DIHM system used in this
study enables real time, in situ analysis of aerosol particles in
both aqueous and airborne media, without the need for sample
drying, coating, or immobilization.?” Unlike AFM/SEM-based
systems that analyze static images post-acquisition, Stingray
software performs rapid analysis of thousands of holograms per
second, extracting morphological parameters (e.g., edge
gradient, roughness, and 3D sizes). Additionally, the AI-Nano-
DIHM allows for 3D and 4D characterization,** both of which
conventional Al techniques can not achieve.” These features
make the system uniquely suited for atmospheric and envi-
ronmental studies, where particle dynamics, phase, and mixing
state are critical.

Al-Nano-DIHM, while highly effective for detecting and
analyzing particles in the nano-to micrometer size range, faces
several limitations. It is limited to detect submicron and
micrometer-size particles, with difficulties arising when
measuring particles smaller than 60 nm unlike HR-S/TEM and

© 2025 The Author(s). Published by the Royal Society of Chemistry

AFM.®* Overcoming the diffraction limit for such small particles
has been an area of ongoing research. However, unlike
conventional methods (Table S1), AI-Nano-DIHM does not
require sample drying, coating, or preparation, and captures
data in dynamic conditions, preserving the native state of
aerosols. In contrast, offline methods offer superior elemental
or atomic-scale imaging but at the cost of temporal resolution
(Table S1). Additionally, the system also struggles with
achieving high spatial resolution, particularly when attempting
to resolve individual nanoscale particles within aggregates.*
This limitation is further compounded by challenges in
complex or heterogeneous environments, where overlapping
aerosol types or complex matrices can reduce the accuracy of
particle classification. Using more complex environmental
samples (e.g., wildfire plumes, urban smog) will require further
testing and calibration under varying atmospheric conditions
along with enhanced computational processing, and integra-
tion with portable sampling systems. Our future ongoing work
focuses to address these challanges by improving depth reso-
lution, expanding particle classifiers, and validating AI-Nano-
DIHM performance in ambient field conditions. Despite these
limitations, the AI-Nano-DIHM offers unique advantages in
real-time IC aerosol monitoring across multiple media, sup-
porting advances in environmental sensing and health impact
assessments.

Conclusion

This study demonstrates the capability of AI-Nano-DIHM for in
situ, real-time characterization of three types of inorganic
carbonaceous (IC) aerosols, including black carbon (BC),
carbon nanotubes (CNT), and graphite in different environ-
mental media. The AI-Nano-DIHM effectively captures and
reconstructs the hologram images and retrieves detailed phys-
icochemical information on IC particle morphology, size
distribution, and surface properties in air and aqueous envi-
ronments. BC particles were predominantly spherical, with
sizes ranging from 1 to 10 um, while CNT particles exhibited
cylindrical tube-like structures, lengths between 400 nm and 4
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pum. Graphite particles were found to have rectangular sheet-like
structures with lateral dimensions up to 5 pum. The AI-Nano-
DIHM system's accuracy was validated through HR-S/TEM
comparisons, which confirmed similar morphologies and size
distributions across all three aerosol types.

Moreover, the AI-Nano-DIHM system's capabilities extend
beyond characterization. It enables dynamic tracking of BC and
CNT particles in air, providing valuable insights into their
atmospheric behavior. The 4D tracking (3D + time) of BC
particles in snow revealed random motion, highlighting the
system's potential for studying BC's role in snowmelt and
albedo modification.

Many researchers have noted the increasing number and
intensity of forest fires worldwide, leading to the creation of
black and brown carbons.® This study underscores the signifi-
cant potential of AI-Nano-DIHM as a robust tool for the real-
time, in situ detection and characterization of inorganic
carbonaceous aerosols like black carbon, carbon nanotubes,
and graphite. Further work is recommended to expand its use to
more complex aerosol mixtures and environmental conditions.
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