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ABSTRACT: Little is known about the role of starchy food on climate change processes like ice nucleation. Here, we investigate the
ice nucleation efficiency (INE) of eight different starchy food materials, namely, corn (CO), potato (PO), barley (BA), brown rice
(BR), white rice (WR), oats (OA), wheat (WH), and sweet potato (SP), in immersion freezing mode under mixed-phase cloud
conditions. Notably, among all these food materials, PO and BA exhibit the highest ice nucleation efficiency with ice nucleation
temperatures as high as −4.3 °C (T50 ∼ −7.0 ± 0.5 °C) and −6.5 °C (T50 ∼ −7.2 ± 0.2 °C), respectively. We also explore the effect
of environmentally relevant physicochemical conditions on ice nucleation efficiency, including different pH, temperature, UV/O3/
NOx exposure, and various cocontaminants. The change in shape, size, surface properties, hydrophobicity, and crystallinity of
materials accounted for the altered INE. The increase in shape, size, and hydrophobicity of the sample generally reduces the INE,
whereas an increase in crystallinity enhances the INE of the sample under our experimental conditions. The results suggest that
environmentally relevant concentrations slightly alter INE, indicating their role as catalysts in environmental matrices. The outcome
of studies on the ice nucleation properties of these food-containing aerosols might help in the physicochemical understanding of
other biomolecule-induced ice nucleation, which is still an underdeveloped research area.
KEYWORDS: ice nucleation, starchy food materials, environmentally relevant, crystallinity, catalyst

■ INTRODUCTION
The ice nucleation process in the atmosphere is a crucial and
complex phenomenon with wide-ranging implications for the
Earth’s climate.1 Atmospheric clouds form when aerosol
particles are activated into liquid water and supercooled
droplets or ice crystals in the atmosphere. The ice present in
the atmosphere changes the radiative properties of aerosol
influencing the aerosol−cloud interaction. These alteration in
aerosol−cloud interaction have an effect on the climate
change.1 The precipitation occurs primarily via the ice
phase,2 making atmospheric ice nucleation extremely impor-
tant in the global hydrological cycle.

Our planet experiences the phenomenon of ice nucleation
frequently in various scenarios, from climate change to
intracellular freezing.3−5 Pure water can be supercooled to
about −40 °C without freezing.6 The mechanisms driving
efficient ice nucleation remain complex, primarily due to the
diverse nature of nucleating materials, which range from
biological compounds to nanoparticles and crystalline.7 Since
the last few decades, considerable research (both experimental
and theoretical) has been focused on the relevant pathways
and establishing an unambiguous driving force for efficient ice
nucleation. However, the understanding of the role of food
materials as ice nuclei remains poorly understood, and its
physicochemical complexity has yet to be decoded.

Starch is a polysaccharide produced by plants and serves as
energy storage in an osmotically inert form. Seeds, fruits, roots,
and tubers are plants’ primary sources of starch. Still, starch
granules can also be present in pollen grains, showing the
evolution patterns regarding the pollen size and pollination
strategy.8 Pollen grains rupture from the plant cells, releasing
starch granules into the atmosphere and becoming airborne.9

Laurence et al. used the term “starch grain” for airborne starch
while describing notable contamination of archeological
artifacts.9 During thunderstorms, starch granules are released
from the pollen grains by osmotic shock, which impacts
environmental health as thunderstorm-triggered asthma.10,11

Production and processing of cereal grains can cause the
emission of airborne dust12,13 that contains over 50% starch.14

Starch dust coming out from anthropogenic activity, such as
grain handling, can be hazardous to humans and animals
because of its high organic contents and physical properties,15

which makes it explosive.16 Previous report suggest exposure to
airborne starch have resulted in subclinical inflammation and
an accumulation of eosinophils.17 A large number of bioactive
substances come out of the starch granules released from the
grain handling process. It contains bioactive remains of plant
cells, which, if inhaled, can cause baker’s asthma, one of
occupational energy’s most critical and recurrent manifes-
tations.18,19

Food and Agricultural Organization (FAO) estimated that
1.3 billion tons of food are wasted every year globally, about
one-third of the annual production harvested for the
consumption of human beings.20 Agrifood waste emerges all
around the food supply chain, from production to postharvest-
ing, distribution, consumption, and domestic and industrial
processing, with wastage amounts differing among phases and
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food commodities.21,22 The anticipation is that the combina-
tion of increasing population and consumption on a global
scale will give rise to heightened demand for food in the near
future, thereby necessitating the intensified exploitation of
natural resources, notably land, water, and energy.23 As a
result, global food consumption and global food waste
generation will increase aggressively. The generation of a
substantial quantity of food waste has additional implications
for the atmosphere, particularly in terms of airborne aerosols24

resulting from decomposed or undecomposed food waste,
which consequently impacts atmospheric ice nucleation and
cloud formation.25 Disposal of undecomposed foods (starchy)
and other decomposed organic waste (formed when bacteria
and other microorganisms use these compounds as a source of
food) in an open environment causes the formation of starchy
bioaerosols that often get mixed with the soil dust and
transported by air, resulting in atmospheric aerosols impacting
human health and climate change.26

During the last few decades, various inorganic and organic
materials have been listed to contribute to ice nucleation.27−31

Till now, a Gram-negative bacteria, Pseudomonas syringae, is
known to be the best ice nuclei, which freeze around −2 °C.27

However, very little has been explored on the ice nucleating
capabilities of starch-containing food materials. In this study,
the ice nucleation ability of various starch-containing foods
relevant to the atmosphere and atmospheric surfaces was
investigated, employing immersion freezing experiments to
evaluate their efficiency. The outcome of this study will
contribute to our understanding of the ice nucleation efficiency
of food materials in diverse environments. We also explored
the factors responsible for forming highly efficient ice-
nucleating particles and their environmental impact.

■ RESULTS AND DISCUSSION
Objective and Significance of Present Research.

Usually, primary food ingredients are considered biodegradable
and pose less threat to the environment in terms of pollution
and health hazards. However, their effect on climate change,
especially their role in atmospheric cloud condensation, needs
to be developed in research. Studying ice nucleation is
extremely important because the formation of icy clouds at
appropriate altitudes can scatter the incoming sunlight that
might offset the global warming associated with the increased
concentration of greenhouse gases. Besides, cloud formation is
associated with rainfall, essential for growing vegetation and
farming.

Previous reports suggest that starch is known to cause
subclinical inflammation and asthma, indicating the presence
of starch as an aerosol in the environment.17 However, the role
of these starchy aerosols in the climate in ice nucleation has yet
to be investigated. A significant portion of the primary food
ingredients consists of starch, which may end up in the
environment as aerosols generated from food waste. These
starchy aerosols get mixed with dust and transported by air,
resulting in atmospheric aerosols that could impact the ice
nucleation. Therefore, a few cereal grains containing the most
common food staples are chosen to study their ice nucleation
microphysics and evaluate whether they may affect climate
processes. Food waste, especially starchy food materials, can be
an essential source of atmospheric particles and might play a
crucial role in climate anomalies in various regions, affecting
the precipitation processes, like rainfall and human living.
Ice Nucleation Studies of Different Starch-Containing

Food Materials. The schematic representation of the
heterogeneous ice nucleation, where starch-containing food
materials act as ice nuclei, is presented in Figure 1. We have

Figure 1. Schematic representation of heterogeneous ice nucleation process where starch-containing food materials were used as heterogeneous ice
nuclei.

Figure 2. (A) Ice nucleation spectra of different starch-containing food materials. (B) Comparison of T50 values of different starchy food materials
used for ice nucleation experiment.
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investigated the ice nucleation efficiency of several starch-
containing foods, that is, brown rice (BR), white rice (WR),
barley (BA), potato (PO), corn (CO), oats (OA), wheat
(WH), and sweet potato (SP), for the ice nucleation
experiment. The ice nucleation process predominantly
depends on the physicochemical properties of the ice
nucleating particles (INP), as it provides sufficient enhance-
ment of active sites for nucleation.32

To neutralize the effect of concentration, a similar
concentration for each of food material was selected. We
have observed that the BA and PO exhibit the most efficient
INP among all the other tested contaminants with T50 values
of −7.2 °C (freezing range −6.5 to −8.1 °C) and −7.0 °C
(freezing range −4.3 to −9.5 °C), respectively (Figure 2A,B).
In contrast, BR exhibits a slightly lower ice nucleating
temperature with a T50 value of around −11.5 °C (freezing

range −5.9 to −18.5 °C). On the other hand, WR, CO, OA,
WH, and SP are not as efficient ice nuclei as BA and PO. WR,
CO, OA, WH, and SP froze at much cooler temperature that
shows T50 of −14.3 °C (freezing range −7.6 to −15.2 °C),
−14.7 °C (freezing range −7.1 to −18.7 °C), −14.8 °C
(freezing range −8.6 to −17.2 °C), −14.9 °C (freezing range
−6.8 to −17.9 °C), and −14.4 °C (freezing range −8.5 to
−16.3 °C), respectively.
Effect of Crystallinity on Ice Nucleation. X-ray

Diffraction (XRD) Analysis. All the tested food materials
used for the experiments are rich in starch (60−80%), and
their mean freezing temperature variations are observed. The
chosen food materials contain a high quantity of starch and
some quantities of proteins, fats, phospholipids, metals, and so
forth.33 However, these have minimal impact on the ice
nucleation of the food materials. For further confirmation, we

Figure 3. (A) Percentage of crystallinity and amorphous behavior of the starchy food materials calculated from their XRD spectra. (B) SAXS
intensity distribution for colloidal sample solutions of different starchy food materials. Dynamic light scattering (DLS) performed on starchy food
solutions (C) before acid treatment or heating, (D) after acid treatment, and (E) after heating at 60 °C. (F) SEM image of PO before acid
treatment; (G) SEM image of PO after acid treatment showing aggregation of the sample. (H) SEM image of PO before heating; (I) SEM image of
PO after heating at 60 °C resulted in aggregation of the sample.
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have investigated the ice nucleation efficiency of commercially
purchased pure starch (Sigma-Aldrich), which exhibited similar
ice nucleation properties of some of the food materials (Figure
S2), with BA and PO being the exceptions, reinforcing the idea
that starch content predominantly dictates ice nucleation
efficiency.

The presence of protein such as gluten does not significantly
impact the ice nucleation of starchy food material, and the
impact of other ingredients remains minimal. The ice
nucleation depends on the properties of the material present
on the surface. Due to the higher content of starch in the food
materials, the surface of the liquid droplet is more likely to
contain starch. The proteins are likely hindered by the starch
that showed similar ice nucleation efficiency of these materials
with pure starch, under experimental conditions.

To understand their different behavior as ice nuclei
(difference in T50), their physical properties using XRD
(Figure S3) and SAXS analysis were investigated. The XRD
analysis revealed that the crystallinity of PO and BA was
notably higher, at 52 and 40.2%, respectively, compared to the
rest of the materials (Figure 3A). This enhanced crystallinity in
PO and BA may be linked to their ice nucleation efficiency, as
these materials outperformed others (Figure 3A). The
percentage of crystallinity was found to be for BR, CO, OA,
WH, WR, and SP, ranging from 27.7 to 39.1%.

All starchy food materials are made up of mainly two types
of starches, that is, amylose and amylopectin.34 PO is known to
be a B-type (waxy starch) where the amylopectin structure is
more branched and responsible for high crystallinity in these
materials. On the other hand, cereal grains, including BA, are
known as A-type starch. Two different features in XRD
indicate the difference, like amylose and amylopectin present
in both systems, which is directly related to the percentage of
crystallinity in these materials. Thus, the higher crystallinity of
PO and BA contributed to their enhanced ice nucleation
efficiency compared to other materials (Figure 2B).
Small-Angle X-ray Scattering (SAXS) Analysis. Small-angle

X-ray scattering (SAXS) measures the nanoscale density
difference in aqueous and solid samples.35,36 These density
differences in samples can lead to determining the nanoparticle
size distribution, resolve shape and dispersity (mono or poly)
of macromolecules, pore size, local crystallinity, and so forth.37

The scattering curves in SAXS contain information on the
particle’s size, shape, orientation, squared contrast, weighted
concentration, and volume of the particles.37 The obtained
scattering curves are the summation of all the above factors,
resulting in an averaged form factor that no longer shows sharp
minima.

Here, we performed the correlation function analysis using
sasview5.2 software to estimate the changes in phase or
orientation of particles within the sample, which might cause
an alteration in the local crystallinity (phase) of the materials.38

Table S1 represents the local crystallinity of the sample during
the specific phase change in a particular area of the material.
Polydispersity measures the width of the size distribution of
correlation function decay rates and not the particle size
distribution. The change in phase (local crystallinity) and
polydispersity of material significantly altered the ice
nucleation capability of materials.39

To understand the physical characteristics that influence the
ice nucleation properties of the different starch-containing food
materials, several samples using SAXS were analyzed. These
materials included BA, PO, BR, WR, SP, and OA. Among

them, some starchy materials were observed with good (BA,
PO), moderate (BR), and poor (WR, SP, OA) ice nuclei. The
SAXS data indicated that a combination of high polydispersity
and local crystallinity is likely the reason for efficient ice
nucleation for naming materials compared to others.39

Figure 3B shows the scattering intensity counts of the
colloidal solutions at a given concentration of the experi-
mented starchy food samples. Table S1 provides the
polydispersity and crystallinity data for all the pieces. From
Figure 3B, it was observed that PO and BA scattering intensity
counts are higher than other ice nucleating materials such as
BR, WR, SP, and OA. It indicates a combination of higher local
crystallinity and polydispersity, leading PO and BA solutions to
freeze at warmer temperatures than the rest. The overall
effectiveness of the ice nucleation depends on the combined
effect of local crystallinity and polydispersity. Higher
polydispersity with lower crystallinity or vice versa may not
always show effective ice nucleation. For example, in our case,
BR and WR show higher local crystallinity but lower
polydispersity values than BA or PO and end up showing ice
nucleation at much cooler temperatures. Similarly, SP has
higher polydispersity but lower crystallinity than BA or PO,
resulting in freezing at a much-reduced temperature.

The materials with high crystallinity and higher polydisper-
sity tend to have a polymorph surface. These surfaces lower the
free energy, local structuring upon cooling, and preparing
crystallization in a supercooled state.40,41 Hence, it makes the
droplets freeze at warmer temperatures. Density, poly surfaces,
and polydispersity are control parameters to induce crystal-
lization and favor structures acting as precursors for the ice
nucleation process. However, crystallinity and polymorph
surfaces are not the only factors favoring the condition for
efficient ice nuclei; a more detailed understanding is required
to understand this phenomenon.39

Effect of Physicochemical Parameters. Effect of pH.
Starch is widely used in food, chemical, textile, medicine, and
other industries. In the process of starch production,
wastewater discharge is very large, each production of 1 ton
of starch will produce 10−20 m3 of wastewater. This
wastewater mainly contains dissolved starch, a small amount
of protein, organic acid, dust, minerals, and a small amount of
oil and fat, easy to corrupt fermentation, making the water
black and smelly; discharge into rivers will consume dissolved
oxygen in the water, promoting algae and aquatic plant
reproduction. When the amount of wastewater is large, the
river will suffer from serious hypoxia, anaerobic corruption, and
odorous smell, and marine animals may suffocate and die, thus
threatening the human living environment.42

A wide range of pH values are observed in Earth’s
ecosystem. Soils, anthropogenic environments, and lentic
water are acidic in nature43 whereas the oceanic environments
have an alkaline pH.44 When starch is disposed in aquatic
bodies, it can be subjected to a diverse range of pH. Therefore,
the effect of pH was evaluated by performing experiments in all
of the eight studied food materials at three different pH values:
pH 4, pH 6, and pH 8, representing the most common pH
values in natural water.

Figure S4 displays the ice nucleation spectra of PO, BA, CO,
OA, BR, WR, WH, and SP at three different pHs, that is, at pH
4, 6, and 8. All the food materials show a similar trend of ice
nucleation spectra in acidic and basic conditions, with
significantly lower freezing temperatures than neutral pH
(Figure S4). The T50 values of BA and PO at pH 6 were
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observed at −7.3 and −7.2 °C, whereas pH 4 shows T50 at
−10.7 and −9.5 and pH 8 at −11.4 and −8.6, respectively.
Similarly, for CO, WR, BR, OA, WH, and SP at pH 4, the T50
values recorded are −16.8, −16.3, −14.3, −17.7, −15.6, and
−16.7 and at pH 8, the values are −16.2, −16.4, −15.1, −17.5,-
15.4, and −16.7, respectively. The T50 values at pH 6 are
−14.8, −14.4, −11.3, −14.7, −14.8, and −14.3, significantly
higher than those of acidic or basic solutions. This observed
decrease in ice nucleation efficiency under acidic and basic
conditions can be attributed to several factors. Acidic
conditions lead to the hydrolysis of starch molecules, breaking
hydrogen bonds between starch molecules and increasing the
number of free hydroxyl groups. This results in the generation
of more hydrophilic functional groups that decrease the ice
nucleation efficiency.45−47 Furthermore, acid treatment of
starch materials causes a reduction in the crystallinity of starch
molecules, considering starch is a semicrystalline molecule that
contains both amorphous and crystalline regions, and acid
hydrolysis affects both, leading to further reduction of overall
crystallinity.46 This, in turn, contributes to the decrease in ice
nucleation efficiency.

The acid treatment of starch corrodes the surfaces. This
roughening occurs because crystalline regions are located at
the surface of the starch particles, while amorphous regions are
located within the particles. Both regions were acid-hydrolyzed
to a particular extent to give rough surfaces.46 In our case, we
observed an increase in roughness and a decrease in the ice
nucleation temperature.45,48,49 The colloidal dispersions’
hydrodynamic size before and after acid treatment was tested.
Before acid treatment, the sizes of all these particles are below
150 nm (Figure 3C). We have observed that after acid
treatment, the particles’ size increases (Figure 3D). An increase
in the size of the particles causes a decrease in the surface area,
likely resulting in the diminution of INE. Figure 3F,G shows
the SEM images of PO before and after acid treatment,
respectively. After acid treatment, it was observed that surface
roughness increased. Similar SEM images were obtained for
BA up on acid treatment (Figure S5). As discussed earlier that
the increase in surface roughness, in this case, is due to the
etching of crystalline region present at the surface. As a result,
the crystallinity of the PO decreases, and surface roughness
increases, resulting in a decrease in INE (Figure S6).
Crystallinity, surface roughness, and particle aggregation
contribute to the alteration of INE. A similar effect was
observed in the base hydrolysis of starch, which reduces the
crystallinity and increases the hydrophilicity and gelatinization
properties,50 resulting a decrease the ice nucleation efficiency.
Effect of Temperature. Temporal variability is a significant

physical factor affecting living beings.51 Temperature often
changes the materials’ phase and composition, affecting the ice

nucleation ability. Our study investigated how temperature
impacts the ice nucleation efficiency of all the starchy food
materials (BA, PO, OA, BR, WR, WH, CO, and SP). We aged
these materials at three different temperatures, that is, 25, 45,
and 60 °C. The chosen temperatures approximatively depict
the observed temperature around the globe.

Figure S7 shows the ice nucleation spectra of PO, BA, CO,
OA, BR, WR, WH, and SP at three different temperatures, that
is, at 25, 45, and 60 °C. It was observed that a gradual increase
in temperature from 25 to 60 °C caused a decrease in the mean
freezing temperature, suggesting that with an increase in
temperature, the ice nucleation efficiency decreased (Figure
S8). A similar trend was observed for all the starchy food
materials. The T50 values of all the food materials at varied
temperatures are shown in Figure S8. To quantify the heating
impact on starchy food ice nucleation efficiency, the size
analysis using the dynamic light scattering (DLS) method was
performed, which suggested that heating the colloidal
dispersions resulted in particle aggregation (Figure 3E). This
observation was further supported by scanning electron
microscopy (SEM) images, which displayed increased
aggregation after heating compared to unheated samples
(Figure 3H,I). Similar aggregation was noticed for BA samples
on heating (Figure S9). The aggregation of particles reduces
the active surface sites for ice nucleation, leading them to
nucleate at cooler temperatures.

Many mechanistic pathways likely influence the ice
nucleation efficiency of the starch molecules on temperature
variations. First, heating can unwind the double-amylose helix
and improve the bending degree of starch molecules, indicating
that heating treatment is destructive to the crystalline region.52

Second, starch molecules become more unstable with the
increase in temperature, which is the key factor of heating-
induced starch gelatinization, thereby reducing the crystal-
linity53 and lowering the INE. Third, heating increases the
intramolecular hydrogen bonding and decreases the starch−
water hydrogen bonds.52 The hydrogen bonds between
heterogeneous nuclei and water enhance ice nucleation
efficiency.54 Reduction in the starch-water hydrogen bonds
with the increase in temperature could be one of the reasons
for the lowering of ice nucleation efficiency of the materials.
Starch Mixing with Cocontaminants: Impact on Ice

Nucleation Efficiency. As starch is present in considerable
quantities in the atmosphere, it can mix with other aerosols
and affect the efficiency of ice nucleation. We have chosen four
very common atmospheric particles that are also considered
contaminants: (a) zinc oxide (ZnO) is an emerging metal
contaminant; (b) kaolin is a clay material; (c) phenanthrene is
a polycyclic aromatic hydrocarbon; (d) polyethylene-derived

Table 1. Mean Freezing Temperature (T50) of Different Starchy Food Materials in the Presence of ZnO, Kaolin, Phenanthrene,
and Micro/Nanoplastics as Cocontaminants and Cochemicals

material T50 material T50 material T50 material T50

ZnO + BA −6.9 kaolin + BA −7.0 Phen + BA −7.0 MNPs + BA −10.0
ZnO + PO −6.8 kaolin + PO −6.0 Phen + PO −6.7 MNPs + BA −9.5
ZnO + OA −14.3 kaolin + OA −14.4 Phen + OA −14.4 MNPs + BA −15.8
ZnO + CO −14.4 kaolin + CO −14.4 Phen + CO −14.5 MNPs + BA −16.1
ZnO + WR −14.0 kaolin + WR −14.0 Phen + WR −14.0 MNPs + BA −15.1
ZnO + BR −11.3 kaolin + BR −10.9 Phen + BR −9.9 MNPs + BA −11.5
ZnO + WH −14.5 kaolin + WH −14.5 Phen + WH −12.3 MNPs + BA −16.2
ZnO + SP −14.0 kaolin + SP −14.1 Phen + SP −14.3 MNPs + BA −15.3
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micro/nanoplastics as emerging contaminants of global
significance.
Effect of ZnO. ZnO is a commonly used nanomaterial in

diverse applications such as drug delivery, cosmetics,
sunscreen, sports, food additives, clothing, electronics, and
other products.55 Extensive use of ZnO causes toxicity and
affects human life.56 The effect of ZnO on the ice nucleation
ability of all the starchy food materials (BA, PO, OA, CO, WR,
BR, WH, and SP) was explored. Table 1 summarizes T50 values
for pure starchy food materials and those mixed with ZnO.
When these starchy food materials were mixed with ZnO, we
observed changes in their ice nucleation properties, as reflected
in their respective T50 values (Table 1). Notably, mixing ZnO
resulted in slightly higher T50 values than pure samples.

Figure S10A shows their corresponding ice nucleation
spectra. Ganguly and Ariya have previously shown that ZnO
as a cocontaminant reduces the ice nucleation efficiency of
inorganic materials.57 In contrast, it was observed that the
presence of ZnO increases the ice nucleation efficiency of all
the starch-containing food materials. ZnO is a highly crystalline
material, and adding ZnO into the starch solution (semi-
crystalline) increases the number of crystallite molecules in the
solution. As a result, active nucleation sites increase, which
allows droplets to cool at warmer temperatures. Previous
reports suggest that FeO increases the ice nucleation ability
due to its low lattice mismatch with the hexagonal ice.58

Similarly, ZnO could (wurtzite hexagonal structure) increase
the ice nucleation activity in the solution due to its low lattice
mismatch with the hexagonal ice.
Effect of Kaolin. Kaolin is one of the most widely abundant

clay minerals. Kaolin was selected as a cocontaminant because
of its wide availability and its presence in the atmosphere as
clay-based dust particles. Airborne dust is a typical aerosol and
significantly influences the ice nucleation processes.30,59 When
kaolin was mixed with starchy materials, we observed increased
ice nucleation efficiency of all the starchy food materials (Table

1). Figure S10B presents the ice nucleation spectra of the
kaolin-mixed samples. Adding kaolin increases the active sites
for nucleation in the solution,29−31 possibly the reason for the
enhancement of the ice nucleation efficiency of all the starchy
food materials.
Effect of Phenanthrene. Polycyclic aromatic compounds

(PAHs) are a class of organic compounds composed of fused
aromatic rings. They are generated from natural as well as
anthropogenic activities such as bushfires, coal tar pitch,
manufacturing of carbon black, vehicular emission, combustion
of fossil fuels, asphalt, and so forth.60 The United States
Environmental Protection Agency (US EPA) prioritizes 16
PAHs in its list of photomutagenic chemicals, and phenan-
threne is one of them.61 When phenanthrene is mixed with
starchy food materials, the ice nucleation efficiency is increased
(Table 1). The ice nucleation spectra of phenanthrene mixed
starchy food samples are shown in Figure S9C. The
corresponding T50 values of BA, PO, CO, OA, WR, BR,
WH, and SP are −7.0, −6.7, −14.4, −14.5, −14.0, −9.9, −12.3,
and −14.3 °C, respectively (Table 1). When phenanthrene was
added to the starch solution, the number of active sites for
nucleation and hydrophobicity of the solution increased. These
factors enhance the ice nucleation efficiency of the various
starchy food solutions.45,47,62

Effect of Micro/Nanoplastics. The development of
synthetic plastics has brought revolution in a wide range of
industries. The inexpensive and handy nature of plastics led to
an exponential growth in their use and reached 335 million
tonnes per year worldwide in 2016.63 Extensive use of plastics
caused the development of micro and nanoplastics, an
emerging global contaminant. Nanoplastics are small enough
to be ingested by marine organisms and may cross the
biological barrier due to the disposal of nonbiodegradable
plastics in nearby water bodies that lead to excessive intake of
nanoplastics by marine organisms.64 As a result of
bioaccumulation and biomagnification, research has been

Figure 4. Ice nucleation spectra of PO and BA at different exposure times upon exposure with (A) UV A, (B) UV B, (C) ozone, and (D) NOx.
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growing on the potential toxicity of micro and nanoplastics.65

Micro and nanoplastics also affect the atmosphere and
atmospheric surfaces by influencing the ice nucleation,57

which is important for the global hydrological cycle.
The effect of micro/nanoplastics on the ice nucleation of

starchy foods has been studied, and it is found that the
addition of micro/nanoplastics led to a decrease in the ice
nucleation efficiency of all the starchy foods (Table 1). The T50
values of BA, PO, CO, OA, WR, BR, WH, and SP are −10.0,
−9.5, −15.8, −16.1, −15.1, −11.5, −16.2, and −15.3 °C,
respectively. Corresponding ice nucleation spectra are
presented in Figure S10D. Control studies were performed
to check the ice nucleation of THF solvent with milli-Q water
required to disperse the MNPs (Figure S11). Ice nucleation
spectrum shows a T50 value around −20.8 ± 0.3 °C, indicating
no interference due to THF in the ice nucleation studies when
MNPs (dispersed in THF) were mixed with the starchy food
solutions (dispersed in H2O). The low crystallinity of nano/
microplastics57 and less availability of active sites for nucleation
due to the hindrance from nano/microplastics could be the
reason for the lowering in ice nucleation efficiency of starchy
foods.
Effect of Light Exposure and Key Gaseous Species.

Effect of Exposure to UV Light. Several studies have shown
that selected organic and inorganic molecules undergo
chemical transformations upon UV exposure. Ganguly et al.
have demonstrated that the exposure of UV rays to the FeHg
increases the ice nucleation efficiency.66 Besides, upon
exposure to UV light, biological molecules cause a change in
ice nucleation due to the alteration in the protein structure of
physical−biological entities. The introduction section has
mentioned previously several ways starch molecules may end
up in the atmosphere. Being an organic molecule, it can
undergo structural changes on exposure to UV radiation,
thereby affecting the atmospheric ice nucleation.

To study the effect of UV radiation on starchy foods, BA and
PO were irradiated with UV A (315−400 nm), UV B (285−
315 nm), and visible (400−800 nm) light. BA and PO were
chosen for these studies due to their high INE over other
starchy food materials. All the samples were irradiated with UV
A, UV B, and visible light for 10, 20, 30, and 40 min to check
any observable change in the ice nucleation properties (Figure
4A,B). Table S2 shows the ice nucleation of BA and PO were
greatly influenced by the exposure to UV rays, resulting in a
significant change in their T50 values. When the starchy foods
were exposed to UV irradiation, it was observed that the T50
values were shifted toward cooler temperatures (Table S2).
The DLS analysis followed for the starchy foods before UV
treatment shows a size <150 nm for all the food materials
(Figure 3C).

After UV treatment, the particles produced a broad size
distribution in 150−350 nm (Figure S12). As the size of the
particles increases, there is a decrease in the surface area of the
particles. The SEM image of the BA particles after UV
treatment shows the light-induced aggregation that causes
enhancement in the size (Figure S13). The decrease in the
surface area of the particles after UV treatment reduces the
active sites for nucleation via aging under UV due to surface
modification. The ice nucleation spectra when samples were
irradiated with visible light are displayed in Figure S14. Visible
light shows features similar to UV light and decreases the INE
with increased exposure time.

Effect of Treatment of Ozone. Ozone photochemical
secondary processes produce several volatile and semivolatile
organic compounds, which are emitted from natural and
anthropogenic sources upon photochemical reactions.67 Ozone
is known to start a series of primary and secondary reactions
from active radicals like OH and HO2, in the atmosphere.68

Previous literature suggests that ozone exposure changes
drastically ice nucleation properties of certain chemicals.69

O3 was bubbled through a 10 mL sample solution for 10, 30,
and 45 min in an open container, and its effect on the ice
nucleation properties after O3 exposure was observed (Figure
4C). It was found that the T50 values of BA and PO were
reduced with the increase in exposure time (Table S3). The
values of T50 for PO at 10, 30, and 45 min are −6.9, −7.0, and
−7.3 °C and for BA are −7.1, −7.2, and −7.2 °C, respectively.
The reduction in ice nucleation ability could be due to the
surface oxidation of starch molecules in the presence of ozone.
Longer exposure of O3 (more than 45 min) to the sample
solutions has practically no effect on the ice nucleation
efficiency. As O3 was produced from O2, there is a possibility
that some amount of O2 may also present along with O3 during
O3 generation. To eliminate the effect of O2, it was bubbled
through all the sample solutions for 30 min. We have not
observed any significant change in the ice nucleation of the
starchy sample solutions after O2 bubbling, under our
experimental conditions.
Effect of NOx Exposure. Acidic materials are known to

change the surface of the particles resulting in the alteration of
ice nucleation of the particles.70 Anthropogenic activities that
generate NOx frequently acidify the cloud.67 To explore the
effect of NOx, NO2 was bubbled through the sample solutions
in an open container at 5 kPa flow for about 15, 30, and 45
min. After NOx treatment, a decrease in the INE of the starchy
sample solutions (BA and PO) with an increase in flow time
was observed (Table S3). The corresponding ice nucleation
spectra are shown in Figure 4D. After continuous NO2 flow,
the solutions become completely acidic. Lowering the pH
means that solutions contain plenty of H+ ions. We have
already discussed in the previous section that in the presence of
acid starch undergoes hydrolysis. Hydrophobicity, surface
roughness, and reduction of crystallinity due to acid hydrolysis
are the possible reasons for the reduction in the ice nucleation
efficiency.
Ice Nucleation Studies of Barley and Potato along

with Their Skin. BA and PO show a significantly higher ice
nucleation temperature of all the starchy materials used for ice
nucleation studies. The starch in these food materials was only
used for the ice nucleation experiment during our experiments.
However, we focused on something other than potato peel or
barley bran, which is also essential food waste.71−73 As PO and
BA show significantly higher ice nucleation, we were interested
in the combined effect of PO peel + PO starch and BA bran +
BA starch on the ice nucleation ability. Freshly cut potato peel
with potato starch was sonicated for 30 min to prepare the
sample solution. Similarly, barley grain containing starch and
bran was sonicated for 30 min. The difference in weight of
barley gran before and after the sample preparation was
calculated.

The presence of potato peel (powdered) and barley bran
increases the T50 values of PO and BA significantly from −7.0
and −7.2 to −5.6 and −6.5 °C, respectively (Figure S15).
Unlike PO (potato starch), the chemical composition of potato
peel is entirely different from potato starch. Potato peel

ACS Food Science & Technology pubs.acs.org/acsfoodscitech Article

https://doi.org/10.1021/acsfoodscitech.3c00561
ACS Food Sci. Technol. 2024, 4, 1039−1051

1045

https://pubs.acs.org/doi/suppl/10.1021/acsfoodscitech.3c00561/suppl_file/fs3c00561_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsfoodscitech.3c00561/suppl_file/fs3c00561_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsfoodscitech.3c00561/suppl_file/fs3c00561_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsfoodscitech.3c00561/suppl_file/fs3c00561_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsfoodscitech.3c00561/suppl_file/fs3c00561_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsfoodscitech.3c00561/suppl_file/fs3c00561_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsfoodscitech.3c00561/suppl_file/fs3c00561_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsfoodscitech.3c00561/suppl_file/fs3c00561_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsfoodscitech.3c00561/suppl_file/fs3c00561_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsfoodscitech.3c00561/suppl_file/fs3c00561_si_001.pdf
pubs.acs.org/acsfoodscitech?ref=pdf
https://doi.org/10.1021/acsfoodscitech.3c00561?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


contains proteins, lipids, dietary fiber, flavonoids, and
phenolics.72 Starch contents are less in the potato peel.
Hence, some proteins, lipids, or other compounds in potato
peel are responsible for incrementing the ice nucleation
efficiency. However, we are still determining the exact material
or combination of materials responsible for the enhancement.
Similarly, barley bran also contains a large amount of proteins,
lipids, ash, and β-glucan33 along with starch that may be
responsible for the shifting of ice nucleation toward higher
temperatures.

In the previous section, it was observed that few
cocontaminants increase the ice nucleation of the starchy
materials. To check whether the presence of a cocontaminant
can increase the ice nucleation temperature or not, (a) ZnO,
(b) kaolin, (c) phenanthrene, and (d) nano/microplastics were
added. The addition of ZnO, kaolin, and phenanthrene to both
the potato peel (with PO) and barley bran (with BA) slightly
shifts the ice nucleation toward warmer temperature, whereas
micro/nanoplastics shift toward cooler temperature (Figure
S16).
Relevance to Environmental Conditions. Starch-based

aerosols are the most neglected particles that may have a lot of
significance for animal and human health and the environment.
Supplementary data files S2 and S3 show the United Nations
Food and Agricultural Organization (UN FAO) data for
potato and barley loss worldwide, respectively, during the
period 2000−2022.74 As the data suggest, a significant amount
of barley and potato loss is observed worldwide during this
period. This loss is attributed to the potato and barley
cultivation, harvesting, and postharvest storage. These starchy
waste materials can coat moisture, organic matter, dust, and
microorganisms and transform aerosols in the atmosphere,
which can act as nuclei under specific conditions.

Our studies have shown that these particles significantly
influence ice nucleation, which may seriously impact
atmospheric clouds and precipitation, affecting the global
hydrological cycle and climate change. It is noteworthy that in
some instances, food waste is disposed of through burning in
the fields, resulting in the release of smoke into the
environment indirectly through agricultural biomass burning.
This process introduces starchy particulate matter from food
waste into the atmosphere, often categorized as “black/brown
carbon”, which can significantly impact climatic conditions in
various regions75 and affect human and wildlife health.76−78

Day-to-day increase in biomass burning79,80 is expected to
increase the global temperature and will lead to a drastic
change in the global hydrological cycle.81,82 Smoke from
burning vegetation not only helps in cloud formation by acting
as a nucleating site for water droplets but also changing the
clouds’ coverage and behavior.83 Agricultural burning of
vegetation changes the land surface characteristics that lead
to a reduction of the convective cloud formation by limiting
the vertical development of the boundary layer.84 Additionally,
aerosols associated with agricultural burning, such as those
from biomass burning, can influence cloud behavior. More
aerosols lead to smaller ice crystals in towering cumulus clouds
and more water vapor entering the stratosphere. High
concentrations of cloud condensation nuclei (CCN) from
anthropogenic sources, including sugar cane burning, can
increase cloud droplet number concentration (CDNC),
potentially reducing precipitation efficiency.85 Therefore,
investigation of the ice nucleation mechanism of food waste
materials is essential in understanding cloud microphysics.

Experiments performed in the laboratory-use instrumental
techniques equipped with critical technology to understand the
physicochemical processes. Even now, these do not have the
sensitivity or resolution to analyze the sample of trace
concentrations relevant to the environment. As a result,
many studies of ice nucleation were performed at much higher
concentrations than those present in the atmosphere. Although
no reports exist on the concentrations of starch present in the
atmosphere or its precarious effects on climate, we have used
extremely low concentrations of starch for ice nucleation
studies that could be of environmental relevance. For most of
our studies, we have employed 100 μg/1.5 mL of the sample
solution. For concentration-dependent studies, the above
solution was further diluted to three different orders of
magnitude (1000×, 10,000×, and 100,000×). BA and PO
sample solutions were used for these experiments as they have
higher ice nucleation efficiency. Figure 5A displays BA and PO
concentration-dependent ice nucleation studies performed at
neutral pH. The T50 reference value (milli-Q water) was −21.2
± 0.1 °C (Figure S1).

The ice nucleation studies of BA and PO showed that the
T50 values of BA or PO do not change much with dilution
(ΔT50 ≤ 3 °C). Dilution often changes properties such as
coagulation, aggregation, and splitting that may affect the
physicochemical processes such as the freezing temperature.

Figure 5. (A) Ice nucleation plots for PO and BA three different dilutions and neutral pH. (B) Comparison of T50 values of PO and BA at three
different concentrations.
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Yet, a slight change in T50 upon a wide range of dilution
(Figure 5B) suggests that the starch present in BA or PO has
more or less the mean freezing temperature around −7.0, and
they can act as catalysts for ice nucleation in environmental
matrices.
Comparison of Ice Nucleation Efficiency of Different

Heterogeneous Ice Nuclei. A comparison of the freezing
temperatures of our starchy materials along with other
materials such as soot,86,87 mineral dust,88−95 volcanic
ash,95−97 pollen grains,98,99 bacteria,100−104 fungal spores,105

algae,106 and inorganic composite materials66 was done, which
are widely known to affect the ice nucleation properties
(Figure 6).

Our comparison is based on the values reported in the
literature. The freezing temperature used for comparison
corresponds to the warmest temperature at which the droplet
freezing occurs. Soot particles, a major ice nucleating particle,
can contribute to cirrus cloud formation that has an important
influence on the climate. DeMott86 measured the ice
nucleation ability of soot produced using oxygen deficient
acetylene burner and showed that ice freezes below −24 °C
(freezing range −24 to −34 °C). Diehl and Mitra87 used
aviation kerosene to generate soot and tested the freezing
temperature of the droplets that came out as high as −18 °C
(freezing range −18 to −28 °C).

Mineral dust (kaolinite, illite, montmorillonite, etc.,) is also
known to be an important source of ice nucleation in the
atmosphere. Murray et al.88 showed kaolinite freezes at a much
lower temperature at −27 °C (freezing range −27 to −38 °C)
whereas Broadly et al.91 and Hoffer90 reported a freezing
temperature of −27 °C (freezing range −27 to −38 °C) and
−13.5 °C (freezing range −13.5 to −35.5 °C) for NX-illite and
montmorillonite, respectively. Niemand et al.94 also measured
the ice nucleation capacities of a variety of dust particles
including Arizona test dust (ATD), Asian dust, Sharan dust,
and Israel dust most of which freezes at lower temperatures,
that is, at −18, −19, −13, and −16 °C, respectively. Several
reports also exist on the ice nucleation properties of volcanic
ash95,96 and pollens98,99 but their ice nucleation temperature is
low and not considered as effective ice nucleating agents.

To date, only microorganisms such as bacteria (P. syringae)
are reported to function as high-temperature ice nucleating
particles and thereby effectively contribute to cloud seeding
and trigger glaciation and precipitation. P. syringae shows ice
nucleation at −2 °C.27,100,102 We have shown that starchy
foods, especially, PO and BA, show ice nucleation at a much
warmer temperature around −4.3 and −6.5 °C, whereas PO +
PO peels and BA + BA bran show at −2.8 and −3.0 °C,
respectively. These values are close to that reported for
bacteria and the second-best ice nucleating species reported so
far. Although these starch-based aerosols end up in the
environment through pollens and agricultural waste and have
the potential to seed cloud at much warmer temperatures, they
are often neglected owing to their biodegradable properties.
More studies and understanding are required in this area to
know its potential impact on cloud condensation and climate
change.

The ice nucleation ability of various starch-containing food
materials relevant to the atmosphere and atmospheric
processes was investigated. Among tested starchy foods, PO
and BA, PO peels, and BA bran were highly efficient ice nuclei.
The responses of atmospherically significant physicochemical
parameters and common contaminants on the highly efficient
ice nucleating particles were established. Alterations in size,
shape, surface area, hydrophobicity, and crystallinity cause the
change in the INE. We have investigated the INE of these
materials at trace concentrations with environmental relevance
and found that nucleation is not much affected by dilution. It
suggests that they act as catalysts for ice nucleation in
environmental matrices. Some starchy food materials studied
in this work are very close to the INE of the most efficient
biological particles reported. Further, theoretical, experimental,
and modeling research is required to provide more insight into
the effect of these aerosols on climate change.
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Figure 6. Comparison of ice nucleating efficiency of some heterogeneous ice nuclei with our materials.
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