
Environmental Science:
Atmospheres

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 7

/2
4/

20
25

 6
:1

9:
13

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
AgI–KI aerosol c
aSchool of Materials Science & Engineering

100081, PR China. E-mail: yrj@bit.edu.cn
bExperimental Center of Advanced Mate

Engineering, Beijing Institute of Technology

† Electronic supplementary information (
nucleation rate and pictures of 0.5 m3,
10.1039/d1ea00027f

‡ These authors contributed equally to th

Cite this: Environ. Sci.: Atmos., 2021, 1,
518

Received 13th April 2021
Accepted 2nd September 2021

DOI: 10.1039/d1ea00027f

rsc.li/esatmospheres

518 | Environ. Sci.: Atmos., 2021, 1, 51
atalysts with excellent combustion
and nucleation performance for weather
modification†

Tinglu Song,‡ab Fan Xu, ‡ab Xiaodong Li,a Xiaoyan Guo,a Meishuai Zoua

and Rongjie Yang*a

The glaze icing of overhead transmission lines seriously influences the security operation of the power grid,

resulting in huge economic loss. Here, by employing AgI–KI aerosol catalysts with good combustion

performance, we found that the formation of glaze icing could be controlled and eliminated before it

causes damage to transmission lines, as revealed by a 0.5 m3 low temperature cabinet, a 1 m3 isothermal

cloud chamber and a 60 m3 environment climate chamber, respectively. The higher nucleation rate

(�1015) of AgI–KI aerosols than the blank (�107) was found to be beneficial for deicing performance. Our

results suggest that such aerosols could be a better choice for deicing technology.
Environmental signicance

We developed a highly efficient aerosol catalyst for weather modications. Such aerosols could be employed at high altitudes, which provides a possible solution
for the long-term poor combustion performance problem. Hopefully, this nucleating agent work will draw the attention of the broad environment research
community.
1 Introduction

With the rapid development of technologies, the world's elec-
trical energy demand keeps growing. On the one hand, con-
verting renewable energy resources including solar and wind
energy into electrical energy has attracted lots of interest from
the research community.1–4 On the other hand, the safety and
efficient supply of electric power have gradually become an
important topic.5 Natural disasters such as freezing rain may
cause severe damage to the electric power supply system by
forming glaze icing on high-voltage transmission lines.6–8 In
general, the formation of glaze icing occurs when freezing rain
comes into contact with transmission lines at temperatures
below 0 �C.9,10 The accumulation of glaze icing may then cause
problems11–13 such as an ice ash trip, phase ashover, or even
a line break when the loading exceeds its ultimate strength.
Moreover, under certain circumstances, it may further cause the
collapse of power towers and grids.
, Beijing Institute of Technology, Beijing
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8–523
For instance, in 1998, the ice disasters in Quebec and
Ontario of Canada14 almost destroyed the power transmission
system, especially the overhead transmission lines. Very
recently, China (2008) and the United States (2019) also
encountered serious snowfall and freezing rain issues.15 The
formed glaze icing leads to breaking and crushing of trans-
mission lines and power towers, resulting in enormous
economic loss as well as negative impacts on daily life. Thus, it
would be important and imperative to eliminate glaze icing
efficiently.

To achieve that, various strategies have been developed, such
as thermal16 andmechanical deicing.17,18 Yet they all suffer from
high energy consumption and cost problems. More impor-
tantly, these conventional methods may not inhibit the forma-
tion of glaze icing, i.e., they may only remove the glaze icing
covered on transmission lines. A more straightforward strategy
should be weather modication aerosol catalysts.19–22 The
working principle is to rst launch the aerosol catalyst into
clouds by employing solid propellants. When it reaches
a certain altitude, the catalyst will explode and release
numerous aerosol particles that could act as bases to facilitate
the heterogeneous nucleation of supercooled water. As a result,
the freezing rain will form snow/ice before hitting transmission
lines, thereby reducing the amount of glaze icing. To achieve
that, various types of reagent have been investigated, such as
organic molecules,14 copper sulde,21 lead iodide,23 silver
iodide, loess,24 etc. Among them, silver iodide (AgI) has been
© 2021 The Author(s). Published by the Royal Society of Chemistry
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considered as one of the most suitable candidates for weather
modications, due presumably to its hexagonal crystal struc-
ture, which is similar to that of an ice crystal.25 However, further
development of AgI aerosol was limited by its poor combustion
performance at high altitude,26 viz., the aerosol catalyst may not
be fully burned in clouds, thereby limiting its practical appli-
cations. It should be mentioned that previous literature27–33

mainly focused on promoting the ice nucleation efficiency of
aerosols, while failing to investigate their combustion perfor-
mance as well as practical deicing performance. To resolve this
instability problem, a new AgI-based aerosol doping with
potassium iodide (KI) was developed and rst reported by our
group.26 Such aerosol was proven to be combustion stable under
extreme environments, providing a possible solution to this
long-term instability problem. However, the effects of doping KI
on aerosol nucleation and deicing properties remain unknown,
and are imperative and crucial to be investigated. Note that in
our previous work,26 aluminum (Al) and magnesium (Mg) were
employed as fuels to increase the burning temperature, which
may not contribute directly to the deicing performance of
aerosols. Therefore, a modied formula without the incorpo-
ration of Al and Mg was employed in the current work.

It is, therefore, the purpose of the current report, to inves-
tigate the deicing properties of the combustion stable AgI–KI
aerosols. The aerosol/propellant composites were fabricated via
a simple vacuum pouring method. By employing a 0.5 m3 low
temperature cabinet and a 1 m3 CAMS isothermal cloud
chamber, the ice formation/nucleation properties of different
aerosol catalysts were measured. The effects of temperature and
reaction time were also discussed. Moreover, a 60 m3 environ-
ment climate chamber was adopted to evaluate the deicing
performance of these aerosols under practical conditions. In
addition, the morphologies, and chemical and structural
properties of aerosols before and aer deicing experiments were
also evaluated via SEM, FTIR and XRD techniques. Our results
indicated that the AgI–KI aerosols exhibited excellent ice
nucleation performance, showing great potential for use in
practical applications.
2 Experimental
2.1 Materials

Hydroxyl-terminated polybutadiene (HTPB), nitrogen pyridine
compounds (MAPO), ammonium perchlorate (AP) and toluene
diisocyanate (TDI) were all provided by the Liming Research
Institute of Chemical Technology. Dioctyl sebacate (DOS) was
purchased from Beijing Chemical Reagent Factory. Silver iodide
(AgI) and potassium iodide (KI) were purchased from J&K
Scientic.
Fig. 1 Schematic illustration of the aerosol fabrication process.
2.2 Fabrication of aerosols

The total mass of raw materials is 50 g. All solid components
needed to be screened and dried while all liquid components
were dried in a vacuum. To fabricate aerosols, rst, the liquid
components (HTPB, DOS andMAPO) were mixed and stirred for
5 minutes. Then, the solid components (AP, AgI and KI) were
© 2021 The Author(s). Published by the Royal Society of Chemistry
mixed and stirred for 10 minutes. Aer that, the solid compo-
nent mixture was added into the liquid mixture, followed by
stirring for 15 minutes to achieve a homogeneous phase. Next,
the curing agent (TDI) was added and stirred for 15 minutes.
Finally, the drug was vacuumed and solidied in an oven at
50 �C for 7 days. The as-fabricated aerosols were sealed and
preserved.

2.3 Characterization

The ice formation properties of the aerosols were measured via
a 0.5 m3 low temperature chamber. The chamber is composed
of a temperature and humidity control system, trays, ignition
device and sensor system. The nucleation rate of the aerosol was
measured via a 1 m3 CAMS (Chinese Academy of Meteorological
Sciences) isothermal cloud chamber. The deicing performance
of the aerosol catalysts in practical applications was evaluated
using an environment climate chamber from China Electric
Power Research Institute which was adopted to simulate
freezing rain conditions. The chamber has a volume of 60 m3,
with cooling power of 5 kW. A cycle refrigeration system was
employed to maintain the temperature inside the chamber. In
addition, several sets of sensors were equipped to measure both
temperature and humidity at various positions inside the
chamber. The supercooled water is composed of 100% ultra-
pure water, with temperature varying from �5 to �2 �C. The
height of the nozzle is 5 m, and water was sprayed horizontally
from the nozzle.

The FTIR spectra were measured using a Nicolet iS50 FT-IR
spectrometer in the wavenumber range of 500–4000 cm�1.
The scanning electron microscopy (SEM) measurements were
carried out on a Regulus 8230 instrument. X-ray diffraction
(XRD) patterns were obtained using a Rigaku Smartlab diffrac-
tometer with Cu Ka as the X-ray source.

3 Results and discussion
3.1 Fabrication of aerosol catalysts

The aerosols with and without the AgI–KI catalyst were fabri-
cated via a simple pouring method (details provided in the
Experimental section and Fig. 1). In this work, the commonly
employed AP/HTPB solid composite propellants were adop-
ted,34–36 where AP acts as the oxidizer to produce high energy
when being ignited, HTPB serves as the binder to form a poly-
mer matrix, and TDI serves as the curing agent to solidify the
matrix. To make comparison, aerosols with and without AgI–KI
Environ. Sci.: Atmos., 2021, 1, 518–523 | 519
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Table 1 Formulae of the aerosols (% by weight) employed in this work

Formula no. HTPB DOS AP TDI MAPO AgI KI

1# 17.1 3.2 78.5 1.0 0.2 0.0 0.0
2# 17.1 3.2 78.5 1.0 0.2 5.0 5.0
3# 17.1 3.2 78.5 1.0 0.2 6.0 30.0
4# 17.1 3.2 78.5 1.0 0.2 5.0 0.0

Fig. 3 Relationship between time and icing mass of formula 2#.
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catalyst were both fabricated. The formulae of the aerosol are
summarized in Table 1. Note that the sum of weight percent
from HTPB to MAPO is one hundred, with additional compo-
nents such as AgI and KI contributing extra weight percent. Due
to the relatively high price of AgI, it would be impractical to
conduct a comprehensive evaluation of every formula. Thus,
only two of the best formulae (2# and 3#) were selected to
perform deicing measurements.

3.2 Ice/snow formation measurements (0.5 m3)

To investigate the deicing performance of the AgI–KI aerosols,
we rst employed the 0.5 m3 low temperature cabinet. The
picture of the cabinet is shown in Fig. S1.† The essential
working principle of the apparatus is to evaluate the ice/snow
formation performance by measuring the mass of ice/snow
dropped on the tray (Fig. 2a). It should be mentioned here
that a higher ice/snow mass here is benecial for glaze icing
elimination,37 as it indicated that more supercooled water was
consumed before it came into contact with the tray. The ice
formation results are summarized in Fig. 2b and Table S1.† All
measurements were conducted for 40 minutes, with a temper-
ature of �10 �C to minimize the measurement error, as sug-
gested by previous literature.38 It should be noted that a low
temperature generally enhances the nucleation rate, which is
benecial for future deicing performance. Compared to the
unmodied aerosols (1#), the AgI–KI aerosols exhibited an
average of 50% enhancement in terms of ice mass, with formula
2# (5% AgI–5% KI) showing the best deicing performance (25.2
g) during the measurement.

The effects of reaction time on the ice formation properties
of formula 2# were also investigated. As shown in Table S2† and
Fig. 3, no signicant growth of ice mass was observed before
reaching 20 minutes. Then, it exhibited a dramatic increase for
almost 40 minutes, with the icing mass raised from 6.2 g
(20 min, �10 �C) to 25.2 g (40 min, �10 �C), and then to 38.2 g
(50 min, �10 �C). Aer that, the rate of icing formation became
Fig. 2 (a) The schematic illustration of 0.5 m3 cabinet employed in this
work, and (b) average mass of formed icing of different formulae.

520 | Environ. Sci.: Atmos., 2021, 1, 518–523
smooth. The whole curve was tted well by a non-linear Boltz-
mann function, which indicated a different ice formation
mechanism from the case where no aerosol was applied. The
above results indicated that the aerosol catalyst begins to
inuence the icing formation aer 20 minutes, and the whole
process can last up to more than 1 hour. It is worth mentioning
here that such a non-linear curve might be related to the
diffusion process of aerosol particles aer ignition inside the
cabinet, as well as the growth process of the formed ice nucle-
ating particles, which all require additional time to complete.
We expect further investigation on the kinetics of this process to
understand its mechanism.

We then conducted the measurements under different
temperatures to investigate its impacts on aerosols ice forma-
tion performance. Each measurement was conducted for 35
minutes. As can be observed in Fig. 4, as the temperature
decreased, the icing mass tended to increase (linear relation-
ship) (e.g., �22 g at �10 �C versus �24 g at �12 �C), indicating
that a lower temperature is benecial for their deicing
performance.
3.3 Nucleation rate measurements (1 m3)

To further investigate the ice formation performance of the
aerosol catalysts in a larger volume, a 1 m3 CAMS isothermal
cloud chamber (Fig. S2†) was employed to measure their ice
nucleation rates. The nucleation rate is dened as the total
number of ice nucleating particles generated per unit mass of
AgI, which is time-irrelevant. The nucleation rates were
measured following methods in the ESI.†39 Fig. S3† shows the
picture of ice crystals during the measurement. It is worth
mentioning here that in weather modication, one of the most
important parameters is the ice nucleation rate, as it would
Fig. 4 Relationship between temperature and icing mass of formula
2#.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Nucleation rate of different formulae

Formula Nucleation rate

1# Less than 107

2# 1.8 � 1015

3# 3.5 � 1014

4# 1.4 � 1013

Table 3 Comparison of the glaze icing mass when using the small
nozzle (1 g aerosol)

Formula

Glaze icing mass (g)

Transmission lines Rotating rods Total mass

Blank 222.7 64.3 287.0
2# 117.2 26.4 143.6
Reduction (%) 47.1% 59.2% 50.0%
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determine the amount of glaze icing formed on the trans-
mission line.

All measurements were conducted at a temperature of
�10 �C, and the nucleation rate results are summarized in Table
2. It can be observed that all modied aerosols (2# and 3#)
exhibited much higher nucleation rates than the unmodied 1#

sample, which indicates the excellent catalysis effects of AgI–KI
additives. Formula 2# (5% AgI + 5% KI) exhibited the highest
nucleation rate of 1.8 � 1015, in sharp contrast to formula 1#

(<107). Moreover, nucleation rates of both formulae 2# and 3#

were higher than that of the AgI-only formula (4#, �1.4 � 1013),
indicating an improved nucleation effect of AgI–KI. The aero-
sols developed in this work also show much better nucleation
rates compared to other previous reports, such as AgI–NH4I27

(�1013, �10 �C), AgI–NaI27 (�1012, �10 �C), loess24 (�106, �15
�C), etc. Moreover, in a previous report27 the nucleation rate of
a AgI–KI solution (<1013, �10 �C) is much lower than that of the
AgI–KI aerosol catalyst developed in this study (�1015, �10 �C).
The higher nucleation rate indicates a faster consumption of
freezing rain, which is in principle benecial for deicing
performance, consistent with our previous 0.5 m3 ice formation
results.
Table 4 Comparison of the glaze icing mass when using the extra-
fine nozzle (1 g aerosol)

Formula

Glaze icing mass (g)

Transmission lines Rotating rods Total mass

Blank 417.6 105.0 522.6
2# 344.0 62.8 406.8
Reduction (%) 17.6% 39.0% 22.2%

Fig. 5 Planar SEM images of the AgI–KI aerosol (a) before and (b) after
burning.
3.4 Deicing measurements (60 m3)

To better understand the deicing performance of aerosol
samples under practical conditions, a 60 m3 environment
climate chamber was employed to simulate freezing rain.
During the measurements, two types of nozzle, small sized and
extra-ne sized, were both prepared to produce freezing rain
with different sizes and falling speeds. The picture showing the
inside of the chamber is shown in Fig. S4.† Fig. S5† illustrates
the spatial arrangement inside the chamber regarding the
distribution of nozzle, transmission lines and rotating rod. The
diameters of the rain produced from small sized and extra-ne
sized nozzles were estimated to be around 2 mm and less than
0.5 mm, respectively. In addition, the falling speed of rain may
be evaluated according to the near free-fall equation, which is
similar to the falling process of raindrops in the atmosphere.

To conduct the measurements, the temperature inside the
tank was maintained below �10 �C via a cycle refrigeration
system. The water was sprayed at the 45� direction to form
freezing rain. Aer 5 minutes, the aerosol samples were ignited.
Then, intermittent spraying was conducted at 30 s/30 s and the
temperature of the nozzle was maintained at around �3 �C to
prevent the nozzle from freezing. Aer 30 minutes, water spray-
ing was stopped, and the tank was kept closed for 10 minutes.
Lastly, the mass of glaze icing formed on transmission lines was
© 2021 The Author(s). Published by the Royal Society of Chemistry
measured to determine the deicing performance of aerosols. We
evaluated the deicing potential of formula 2#, as it exhibited the
best performance during 0.5 m3 and 1 m3 measurements.

3.4.1 Small sized nozzle. The deicing performance of the
aerosols was investigated by employing small sized nozzles rst.
The measured data are shown in Table 3. The mass of glaze
icing on transmission lines and rotating rods exhibited
a dramatic decrease (from 287.0 to 143.6 g) aer adding the AgI–
KI aerosol catalysts, which indicated their excellent deicing
properties. The released aerosol particles may help in facili-
tating the nucleation process of supercooled water before it
comes into contact with any substance (Fig. S6†). As a result, the
amount of glaze icing on the transmission line could be
reduced. In addition, the rotating rod exhibited a smoother
surface than the transmission lines, and therefore the amount
of glaze icing is also smaller.

3.4.2 Extra-ne sized nozzle. The deicing results using
extra-ne sized nozzles are summarized in Table 4, which
exhibited the same trend as the small sized nozzle results. Aer
adding aerosols, the amounts of glaze icing on the transmission
lines and rotating rod were both reduced, and there is also less
glaze icing on the rotating rod than on transmission lines,
consistent with previous results. Our results showed that the
employment of aerosols may effectively reduce the amount of
glaze icing under different spray speeds.
Environ. Sci.: Atmos., 2021, 1, 518–523 | 521
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Fig. 6 FTIR spectra of the aerosol catalyst before and after burning.

Fig. 7 XRD results of the aerosol catalyst before and after burning.
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3.5 Characterization of aerosol samples

To reveal the change of the aerosol catalyst with formula 2#, its
morphologies and chemical properties before and aer burning
were measured via SEM and FTIR techniques, respectively. The
planar SEM images are shown in Fig. 5. As can be observed, the
initial aerosol sample consists of many tens of micro-powders.
Aer ignition, numerous tiny nanometer-sized particles were
generated, and each may act as a nucleation site to facilitate the
ice nucleation process.40 In practical applications, the freezing
rain will rst come into contact with these aerosol particles
before reaching transmission lines, leading to reduced amounts
of glaze icing. The FTIR results are presented in Fig. 6. The
peaks41,42 could be attributed to AP, HTPB, TDI, etc. However,
these peaks no longer existed aer burning, which indicated
that the components of the products were different from their
initial forms. In addition, XRD measurements were conducted
to obtain structural information on the sample. As shown in
Fig. 7, several new diffraction peaks were detected aer
burning, which indicates the change of the sample structure.
4 Conclusions

In summary, AgI–KI modied aerosols with good combustion
performance were fabricated via a vacuum pouring method. By
employing a 0.5 m3 low temperature cabinet and 1 m3 CAMS
isothermal cloud chamber, the ice formation/nucleation prop-
erties of the aerosols were evaluated. We revealed that the
aerosols may begin to affect the nucleation process aer 20min,
and low temperature is benecial for ice formation. Future
study on the non-linear behavior of the time–icing mass curve is
expected to better reveal their reaction mechanism. In addition,
522 | Environ. Sci.: Atmos., 2021, 1, 518–523
aer adding AgI–KI catalysts, the nucleation rate increased
dramatically from the initial �107 to �1015. To investigate its
deicing performance in a practical environment, a 60 m3 envi-
ronment climate chamber was adopted. The results indicated
that AgI–KI aerosols exhibited excellent deicing performances,
consistent with previous nucleation results. Lastly, the
morphologies, and chemical and structural properties of the
aerosol catalysts before and aer experiments were also inves-
tigated via SEM, FTIR and XRD techniques. The results sug-
gested that their compositions changed aer burning. We
expect that there will be more related work on mechanism
investigation and practical deicing measurements such as eld
experiments in the near future.
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