
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=uast20

Aerosol Science and Technology

ISSN: (Print) (Online) Journal homepage: www.tandfonline.com/journals/uast20

Microfluidic enabled ice nucleation studies of
montmorillonite clay at varying pH and ionic
strengths with refreezing and relative humidity
cycling

Margaret L. House & Cari S. Dutcher

To cite this article: Margaret L. House & Cari S. Dutcher (17 Jul 2024): Microfluidic
enabled ice nucleation studies of montmorillonite clay at varying pH and ionic strengths
with refreezing and relative humidity cycling, Aerosol Science and Technology, DOI:
10.1080/02786826.2024.2371412

To link to this article:  https://doi.org/10.1080/02786826.2024.2371412

View supplementary material 

Published online: 17 Jul 2024.

Submit your article to this journal 

Article views: 31

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=uast20
https://www.tandfonline.com/journals/uast20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/02786826.2024.2371412
https://doi.org/10.1080/02786826.2024.2371412
https://www.tandfonline.com/doi/suppl/10.1080/02786826.2024.2371412
https://www.tandfonline.com/doi/suppl/10.1080/02786826.2024.2371412
https://www.tandfonline.com/action/authorSubmission?journalCode=uast20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=uast20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/02786826.2024.2371412?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/02786826.2024.2371412?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/02786826.2024.2371412&domain=pdf&date_stamp=17 Jul 2024
http://crossmark.crossref.org/dialog/?doi=10.1080/02786826.2024.2371412&domain=pdf&date_stamp=17 Jul 2024


Microfluidic enabled ice nucleation studies of montmorillonite clay at 
varying pH and ionic strengths with refreezing and relative humidity cycling

Margaret L. Housea and Cari S. Dutchera,b 

aChemical Engineering and Materials Science, University of Minnesota Twin Cities, Minneapolis, Minnesota, USA; bMechanical 
Engineering, University of Minnesota Twin Cities, Minneapolis, Minnesota, USA 

ABSTRACT 
Atmospheric aerosol particles can impact the optical depth of mixed-phase clouds through 
heterogeneous ice nucleation. Ice nucleating particles (INP) are therefore important contrib
utors to global and local climate but remain under-parameterized in climate models, par
tially due to the complex interaction between composition and processing conditions. In 
this article, we study the ice nucleation (IN) activity of montmorillonite bentonite clay which 
is a common model dust INP, utilizing a 150-well microfluidic device. Refreezing tests are 
carried out for solutions across a range of salinity and pH to determine the impact of com
position and processing on droplet freezing behavior, with and without an intermediate 
relative humidity (RH) cycling step. It is found that freezing order deviation dramatically 
increases after droplets undergo RH cycling, and the potential influence on IN activity of 
delamination of clay when subjected to changing RH conditions is discussed. Freezing order 
deviation decreases with increasing solution ionic strength, a trend linked to the delamin
ation behavior of bentonite clays, and an overall decrease in IN activity at low pH is 
observed, possibly due in part to pH-dependent changes in clay aggregate size distribution. 
The authors conclude that pH changes and RH processing, such as those which naturally 
occur in the atmosphere, have a marked impact on the IN activity of clay-containing aerosol 
droplets.
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Introduction

A full picture of aerosol impacts on key atmospheric 
processes such as gas-particle partitioning, water 
uptake, and phase transformation remains a challenge 
to complete, partially due to the physical and chemical 
complexity of individual aerosol droplets and particles. 
Atmospheric aerosols range in size from nanometers 

to tens of microns (Boucher 2015), and can contain 
soot, dusts, inorganic salts and acids, organic acids 
and other organic components, bacteria, and other 
biological components like pollen, fungi, and viruses 
(Burrows et al. 2022; Hoose and M€ohler 2012). 
Chemical reactions occur within and on the surface of 
these aerosol particles, and physical aging further 
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changes the chemical and physical properties over 
time. The combined chemical and physical properties 
across an aerosol population are defined as the physi
cochemical mixing state (Ault and Axson 2017; 
Riemer et al. 2019), an analog to the better-under
stood chemical mixing state defined as the distribu
tion of chemical species across the individual particles 
with in an aerosol population.

Physicochemical mixing state impacts the ice nucle
ating (IN) activity of individual aerosol particles. 
Particles which nucleate ice in a cloud are referred to 
as ice nucleating particles (INP). The presence of INP 
in clouds changes the overall albedo of the clouds by 
freezing all or part of the cloud, leading to greater 
optical extinction through the cloud which may cool 
the surface underneath (Vergara-Temprado et al. 
2018). Partially frozen clouds, commonly referred to 
as mixed-phase clouds, are a main cause of increased 
optical depth in clouds, which is represented across 
several global climate models (GCMs) (Bellouin et al. 
2020). However, incomplete characterization of INP 
concentrations and ice formation microphysics limits 
the accuracy of GCMs in predicting the magnitude of 
change in mixed phase cloud albedo, as well as the 
sensitivity of albedo to global and local warming 
(Bellouin et al. 2020; Ceppi et al. 2017). Further 
research into the microphysical IN activity of individ
ual cloud droplets is needed to increase the predictive 
power of GCMs, for which further research into the 
microphysical IN activity of individual droplets is 
urgently needed.

Single particle measurement techniques can eluci
date microphysical INP properties by probing the 
freezing behavior of particles of varying composition, 
shape, size, and location of origin in both online and 
off-line configurations. Microfluidic platforms are 
emerging in the field of atmospheric aerosol science 
and are a useful complementary approach to more 
traditional single droplet work, due to their low cost, 
ease of manufacturing, and small aerosol sample size 
requirements. A review of current microfluidic meth
ods for studying single droplets, including those of 
atmospheric relevance, has been given by Roy, Liu, 
and Dutcher in Annual Reviews of Physical 
Chemistry, 2021. Broadly, microfluidic ice nucleation 
methods fall into two categories: flow-through and 
static. Recent examples of flow-through devices 
include those used by the Murray group (Tarn et al. 
2021) and the Dutcher group (Roy, House, et al. 
2021). Examples of static devices for ice nucleation 
include the WISDOM (Eickhoff et al. 2023; Reicher, 
Segev, and Rudich 2018), the MINCZ (Isenrich et al. 

2022), and the static well arrays used by the Sullivan 
group (Brubaker et al. 2020) and the Dutcher group 
(House and Dutcher 2023; Roy, House, et al. 2021). 
Temperature gradient control in flow-through micro
fluidics has seen recent progress using Peltier coolers 
(Liu et al. 2023; Roy, House, et al. 2021), but cooling 
rate remains easiest to control using static droplet 
devices, especially for achieving the low cooling rates 
typical in clouds (Klinger, Feingold, and Yamaguchi 
2019).

In addition to ice nucleation behavior in a single 
freezing cycle, refreezing of particles is of atmospheric 
interest. Particles that act as ice nuclei in the atmos
phere may do so over several freezing and thawing 
cycles. A change in IN efficiency after freezing may 
contribute to observed atmospheric phenomena in 
deposition freezing mode such as the total glaciation 
of clouds above volcanic ash plumes (Marcolli 2017), 
continuous ice nucleation in long-lived mixed phase 
clouds (Fridlind et al. 2012; Jing et al. 2022), and 
‘natural cloud seeding’ which is the nucleation of ice 
within clouds by falling ice that has sedimented out of 
a cloud above them (Proske et al. 2021). Unique 
refreezing behavior has also been noted in surfactant 
systems related to marine aerosols (Perkins et al. 
2020), where higher IN activity upon refreezing was 
theorized to occur due to the surfactant monolayers 
changing shape to accommodate growing ice crystals, 
as well as in biological INP systems (House and 
Dutcher 2023).

Along with the temperature cycling that can affect 
INP, atmospheric aerosols undergo relative humidity 
(RH) cycling throughout each day (Yao et al. 2021). 
Relative humidity cycling is part of typical ‘cloud 
processing’ experiments, in which particles are sub
jected to several cloud growth and evaporation cycles 
(Bertozzi et al. 2021; Schuster, Lin, and Dubovik 
2009). Cloud processing has been shown to enhance 
ice nucleation in soot particles mixed with sulfate and 
organics (Gao and Kanji 2022), as well as in particles 
of secondary organic aerosol (Wagner et al. 2017) in 
deposition freezing, although such results cannot be 
used to predict immersion freezing behavior (Holden 
et al. 2021). Cloud processing including RH cycling 
may increase the chemical reactivity of mineral dusts 
such as clays (Matsuki et al. 2010; Wang et al. 2019), 
but little is currently known about the effect of RH 
cycling on clay IN efficiency.

Montmorillonite clay, a common clay found in 
soils and atmospheric aerosols, is a composite of 
many sheets of aluminosilicate bound by charge. Its 
morphology is highly sensitive to cation size and 
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concentration (Ahmed et al. 2016). Wilkinson et al. 
studied the impact of ionic strength on morphology 
of bentonite clay aggregates, noting different size dis
tributions at increasing ionic strengths (Wilkinson 
et al. 2017). Due to the high prevalence of marine 
aerosols in the marine boundary layer of the atmos
phere (Quinn et al. 2023), dusts/clays and salt are 
often found in the same aerosol droplet (Adachi et al. 
2022) and can be found in ice residuals from mixed 
phase clouds (Eriksen Hammer et al. 2018), making 
clay and NaCl a system with atmospheric IN rele
vance. A range of solution pH values relevant to mar
ine aerosols (Keene et al. 1998) and prior work with 
montmorillonite clay (Wilkinson et al. 2018) were also 
studied. Montmorillonite clay, like all bentonite clays, 
is morphologically sensitive to pH due to its highly 
charged edges.

Overall, the goal of the article is to utilize a state- 
of-the-art microfluidic well array to delve into the IN 
ability of this common INP under a range of ionic 
strength and pH values while also exploring the 
impact of RH cycling on freezing. In order to capture 
an atmospherically relevant range of pH and ionic 
interactions with the clay, sodium chloride (NaCl), 
HCl, and NaOH were added to the aqueous suspen
sions of montmorillonite clay. We seek to expand on 
the body of work addressing ice nucleation and 
refreezing utilizing a microfluidic static well droplet 
trap device. On this microscale platform, the same 
droplets can be frozen in multiple cycles, including 
after they have been subjected to RH cycling. This 
allows for calculating of an overall freezing spectrum, 
as well as for observing changes in the order in which 
the same droplets freeze from test to test. To our 
knowledge, no other study yet exists on droplet re- 
freezing order and/or RH cycling for immersion freez
ing experiments of clay INP.

Methods

A detailed description of the static well array device 
used for these experiments is given in House and 
Dutcher (House and Dutcher 2023). Briefly, a 150- 
well array of wells with a diameter of 450 mm (top 
view in Figure 1a) and a thickness of 143 mm (side 
view in Figure 1b) is patterned onto a silicon wafer 
using standard photolithography techniques, with a 
single well illustrated in Figure 1c. This silicon wafer 
is silanated to prevent sticking and is used as the 
device mold. When polydimethylsiloxane (PDMS) 
rubber is poured over the mold and baked at 70 �C 
for 24 h, the raised channel and well patterns are 

cured into the rubber, which can then be peeled off 
the mold and affixed to a PDMS-coated glass backing 
slide. The mold can then be reused.

To perform a test, all channels are first flushed with 
filtered silicone oil (Whatman Anotop Filter, 0.02 mm). 
Then, a syringe with a 1.2 mm needle is used to fill all 
channels and wells with the sample to be tested. Finally, 
filtered silicone oil is again injected into each channel 
so that the excess aqueous sample is cleared from the 
channels, leaving only the 450 mm diameter ‘pancake’- 
shaped droplets behind. The device is placed on a tem
perature controlled cold stage (LTS 420 with LNP96 
cooling pump, Linkam Scientific) to which an optics 
grade mirror is affixed with thermal grease (Ceramique 
2, Arctic Silver). Several drops of silicone between the 
mirror and the device ensure good thermal contact 
between the two while still allowing for light transmit
tance. Figure 1b shows a simplified illustration of the 
experimental set-up. Four designated thermocouple 
slots in the device, designated with red dots in Figure 
1a, hold type-K thermocouples (K Type Mini- 
Connector Thermocouple, HUATO Environment 
Monitoring System and Equipment) for the measure
ment of temperature throughout the test using an 
Omega 8-channel thermocouple reader and Omega 
software. Thermocouples are calibrated using the melt
ing temperatures of pure hydrocarbons, as detailed in 
the online supplementary information (SI). The cold 
stage and device are covered with a custom laser cut 
acrylic lid, which has a port for the use of dry air as 
described later in the methods section.

Linkam control software is used to lower the cold 
stage first to an intermediary temperature between 
−10 �C and −20 �C, depending on when first freezing 
is expected. After it is determined that all thermocou
ples are reading properly at the intermediary tempera
ture, the cell temperature is lowered by 1� C per 
minute until freezing of all droplets has been 
observed. The device and droplets are viewed with a 
reflected light microscope (SZX10, Olympus), and 
freezing is denoted by the transparent liquid droplet 
turning a distinctly darker shade due to the refraction 
of light by the ice crystals. A video of the freezing 
droplets is recorded using a 1200 � 1600 px mono
chromatic camera (acA1600-60gm, Basler) attached to 
the microscope. After all droplets have frozen, the 
device is warmed to room temperature at a rate of 
between 3 �C and 5 �C per minute. Once the droplets 
are thawed completely, the freezing process is then 
repeated so that the order of droplet freezing com
pared to the first freezing test can be obtained. After 
the second freezing test, the device is warmed to 
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room temperature. Throughout all freezing and warm
ing steps, dry air is supplied to the freezing chamber 
to prevent condensation on the surface of the device 
and the inner walls of the chamber. On the timescales 
and at the temperatures of these freezing experiments, 
little or no pervaporation through the PDMS layer is 
expected. Condensation still remains a challenge in 
the humid summer months, leading to reduced avail
able testing time.

Fully thawed devices are placed in a drying cham
ber at <5% RH. The thermodynamic driving force 
within the PDMS between the droplets and the dry 
air causes water molecules to pervaporate from the 
droplets through the PDMS into the ambient air, leav
ing behind only clay and NaCl salt as relative humid
ity is decreased below that where efflorescence occurs. 
These fully dried droplets are then allowed to re- 
uptake water in a high RH chamber. This efflores
cence-deliquescence (E-D) cycle has a marked impact 
on the IN activity of the droplets and their freezing 
order, as discussed in the Results section.

Aqueous samples were prepared using Milli-Q water 
(Millipore Sigma). The water was filtered with a 
0.02 mm PTFE Whatman Anotop filter before mixing 
with HCl, NaOH, clay and/or salts to minimize impur
ities from the background water. Montmorillinite ben
tonite clay (Millipore Sigma) was mixed into the water 
at a concentration of 300 mg/L. No surface treatment is 

listed for this brand of clay, but milling or cation 
exchange methods used to optimize the clay for cataly
sis cannot be ruled out. Montmorillonite clay contains 
aluminosilicate sheets layered with sodium and calcium 
cations, with trace amounts of potassium and magne
sium cations (Behnsen and Faulkner 2013). It should be 
noted that the ionic strength values reported here do 
not account for any contributions from the 
Montmorillonite clay. Next, the pH of the clay-water 
mixture, which was 7.7 without adjustment, was 
adjusted to make aliquots of pH 3 and pH 9 using fil
tered HCl (Fisher Scientific) and NaOH (Fisher 
Scientific), respectively; amounts are shown in online SI 
Tables S2 and S3.

Finally, after �30 min of mixing the clay with the 
water post-pH adjustment to ensure a good suspen
sion, NaCl (Fisher Scientific) was added to achieve 
different ionic strengths; amounts are shown in online 
SI Tables S4–S6. All aqueous clay-salt solutions were 
stored in a freezer at −4 �C until the time of testing to 
prevent microbial growth in the solutions, which 
could affect IN values.

For particle size distribution measurement of the 
clay suspensions, a laser diffraction particle size ana
lyzer (LD-PSA, Microtrac Bluewave) was used. Fresh 
clay-salt mixture was poured into the sample collec
tion slot after 9 rinse cycles with Milli-Q water to 
ensure a clean background. About 25 mL of clay-salt 

Figure 1. Schematic of (a) the 150 well array mold pattern (top view), (b) a simplified cross-sectional illustration of the experimen
tal setup for one droplet (side view), and (c) an individual static well (top view). Red dots indicate the approximate location of 
thermocouples. Channel height (thickness) is 143 mm.
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solution was required for sufficient signal strength. A 
preset Bentonite Clay SOP in the Bluewave software 
was used to measure the size distribution of particles 
at five different concentrations of NaCl, with an add
itional eight rinse cycles in between each salt concen
tration. Volume size distribution is measured, with 
diameter given assuming spherical particles.

Freezing point depression

The freezing point depression of the NaCl and mont
morillonite clay mixtures, DTf , was calculated using 
Blagden’s Law for ideal dilute solutions, given by 
Equation (1),

DTf � iKf m (1) 

where i is the van’t Hoff factor, or the number of ions 
per molecule of solute, Kf is the cryoscopic constant 
of the solvent, and m is the molality of the solution. 
Using Blagden’s Law, the freezing point depression is 
approximately −3.72 �C for 1 M total ionic strength, 
since NaCl, HCl, and NaOH all have 2 ions per mol
ecule. The temperatures reported in this article for 
ionic strength 0.01–1 M are adjusted by the values 
obtained using Blagden’s Law, which accurately cap
tures freezing point depression in our independent 
tests of pure salt-water solutions. For 3 M ionic 
strength, the dilute assumption underlying Blagden’s 
Law breaks down, so the freezing point depression 
correction was determined experimentally. Data for 
3 M NaCl empirical freezing point can be found in SI 
Section 3. It should be noted that Blagden’s law 
approximates the change in the equilibrium melting 
temperature, whereas the empirical data collected for 
use in this study measures the change in nucleation 
temperature between pure water and a solution of 3 M 
NaCl. At the more dilute concentrations, we assume 
that nucleation temperature depression and freezing 
point depression are the same.

Results

Ice nucleation

To make useful comparisons between data collected 
from our freezing experiments and other immersion 
freezing experiments, and between our data and data 
for other atmospheric ice nucleators, we calculate the 
ice nucleating active site density, or the number of ice 
nucleating active sites per milligram of clay material, 

abbreviated as gm. As a precursor to calculating gm, 
the fraction of droplets frozen in the device, called 
fraction frozen or f(T), is first calculated as a function 
of temperature, as shown in Equation (2).

f Tð Þ ¼
Nf

N
(2) 

where Nf is the number of frozen droplets at a given 
temperature T, and N is the total number of droplets 
visible in the viewing window. Temperature from the 
four thermocouples is averaged across the device. 
Once frozen fraction as a function of temperature is 
calculated, gm can be modeled as a time-independent 
function of temperature, as shown in Equation (3)
(Vali 1971).

gm Tð Þ ¼ −
ln 1 − f Tð Þ

� �

V � Cm
(3) 

where gm is ice nucleating active site density (INAS/ 
mg), V is droplet volume, and Cm is the concentration 
of nucleating material in the bulk solution, in this 
case bentonite clay. Since droplets in the microfluidic 
device are a disc-like, ‘pancake’ shape, volume is 
approximated as a cylinder with the border of a tau
rus, as shown in Equation (4) (Nandy and Dutcher 
2018; Vuong and Anna 2012),

V ¼
ph3

6
þ

ph
4

Ddrop − h
� � ph

2
þ Ddrop − h

� �

(4) 

where h is the channel height and Ddrop is the diam
eter of the droplet.

Figure 2 shows frozen fraction and ice nucleating 
active site density for three different pH and five dif
ferent ionic strength values. The concentrations shown 
are that of total ionic strength with both the NaCl 
and pH adjustment. 3 M NaCl was only tested on the 
pH 7.7 mixture, as the high molarity led to extreme 
freezing point depression and thus high levels of con
densation during the tests, which was exacerbated at 
pH 3. A background of pure, pH neutral water (black 
crosses) is also reported for comparison. In the plots 
above, INAS density is reported in sites per milligram 
of clay. However, to compare our values to those seen 
in existing literature on the IN efficiency of montmor
illonite clay, INAS/mg was also converted to INAS/m2 

using the BET surface area of bentonite clays. This 
value has been reported as falling between 50 and 
130 m2/g for unprocessed montmorillonite clays 
(Kaufhold et al. 2010), so a median value of 90 m2/g 
was chosen. When vertical error bars are added to 
represent INAS/m2 assuming the lowest and highest 
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BET surface areas, the error bars are so small that 
they are hidden behind the graphical symbols and so 
are omitted for clarity. Figure 3 shows the results of 
the non-pH adjusted bentonite clay in this work com
pared to the INAS/m2 of several other articles.

The reported ice nucleating active site density from 
this work shows best agreement with the values from 
Pinti et al. (2012) and Attard et al. (2012), though it 
should be noted that variations in these clay systems 
are expected depending on source. The pH of the clay 
solution used for our data points was 7.7. The pH of 
the solutions in the articles cited in Figure 3 were not 

provided. All studies shown in Figure 3 were carried 
out in the immersion mode, but deposition freezing 
on montmorillonite clay is another experimental setup 
that can produce INAS density values within this 
range (Welti et al. 2009; Zimmermann et al. 2008).

Figure 4 compares the three different solution pH 
values directly to each other at four ionic strength val
ues. Again, the concentrations shown are that of total 
ionic strength with both the NaCl and pH adjustment. 
Even after freezing point depression adjustment, 
increasing ionic strength appears to decrease IN activ
ity most strongly for pH 3 solutions, with a weaker 

Figure 2. Frozen fraction versus temperature and INAS versus temperature curves for pH 3 (red), pH 7.7 (purple), and pH 9 (blue) 
mixtures of 300 mg/L montmorillonite clay and NaCl, with total ionic strength from the added salts labeled. HCl and NaOH are 
used for pH adjustment (concentrations given in SI section S2). Black crosses indicate background freezing of Milli-Q water. All 
curves are corrected for freezing point depression based on total ionic strength, and background INAS is not subtracted from 
reported INAS values. For more information on error bar calculation, refer to Section 1 of the online supplementary information.
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effect on pH 7.7 solutions, as seen in Figures 2 and 4. 
At each ionic strength, clay mixtures adjusted to pH 3 
show less efficient ice nucleation than pH 7.7 (no 
adjustment) or pH 9. In both Figures 2 and 4, the 
background freezing curve for water is higher than 
purely homogeneous freezing for droplets of this vol
ume. This is due to the presence of some impurities 
in the background water as well as imperfections in 
the devices leading to ice nucleation sites.

Refreezing and E-D cycling

Samples at all pH values and ionic strengths were 
subjected to refreezing tests, as well as E-D cycling, 
to determine their impact on IN activity. The 
experimental metric recorded for determining rela
tive stochasticity of clay freezing was freezing order, 
or the order in which each well froze in each test. 
In a fully deterministic ‘ideal’ ice nucleation experi
ment, the order in which droplets froze would not 
change from test to test. To quantify this deviation 
from a fully deterministic test, the ‘normalized 

deviation’ was calculated. For each given well ‘n’ 
visible in the viewing window, dn is given by 
Equation (5)

dn ¼
ð ordertest 1 − ordertest 2j jÞn

N
(5) 

where ordertest 1,2 is the number representing in what 
order well ‘n’ froze in test 1 or in test 2. For example, 
if well ‘n’ froze 23rd in test 1, ordertest 1 would be 23, 
and if the same well ‘n’ froze 38th in test two, ordertest 

2 would be 38. N is the total number of wells in the 
viewing window. N is the same in test 1 and test 2. In 
a typical test, N is �100. No significant change in 
freezing temperature curves is noted between tests 
with or without E-D cycling. For more information 
on freezing curves before and after refreezing and E- 
D cycling, see SI Section 4.

In Figure 5, average normalized deviation is plotted 
against ionic strength. Deviation from the ideal case 
of zero deviation appears to decrease with increasing 
ionic strength, while dramatically increasing (shaded 
region labeled ‘After E-D cycle’) after an efflores
cence-deliquescence cycle. To calculate the value of 
normalized deviation for a device in which freezing 
order was fully random, simulations in MATLAB 
assigned random freezing order values for 100 wells 
over two tests (note, this type of simple simulation 
does not take into account the Poisson distribution 
inherent in freezing). The random-order normalized 
deviation value is 0.33 ± 0.005, which is higher than 
any normalized deviation value from our experiments. 
For more information on random-order freezing sim
ulations, see the SI.

The averaged normalized deviation observed in 
Figure 5 may arise in our microfluidic device through 
internal (single well) and external (between wells) vari
ability (Deck and Mazzotti 2023; in particular, see their 
experiments and stochastic simulations in their Figure 
6). To explore the type of variability in our experiments, 
the distribution of freezing temperatures by well 
between Freezing Test 1 and Freezing Test 2 is shown 
in the SI (Figure S5), for the 0 M, pH3 case which 
showed the highest normalized deviation value. 
Roughly half (44%) of wells show freezing temperature 
variability outside of the error bars of the device, par
ticularly those that froze at lower temperatures. The 
results suggest that our data lies somewhere between 
stochastic and deterministic freezing behavior.

Discussion

From the results, three overall trends emerge: (1) 
Mixtures of 300 mg/L montmorillonite clay adjusted 

Figure 3. Ice nucleating active site (INAS) density normalized 
by ice nucleator BET surface area, with values from this work 
at pH 7.7 and no additional salt and reported results from sev
eral articles studying immersion freezing (Attard et al. 2012; 
Diehl et al. 2014; Pinti et al. 2012; Szak�all et al. 2021). For the 
first two referenced works, the calculations in the review by 
Hoose and Mohler were used for INAS density (Hoose and 
M€ohler 2012). Error bars for literature values are provided 
where available. For more information on error bar calculation 
for the data from this work, refer to Section 1 of the online 
supplementary information. Note that all studies are for 
immersion freezing, and that values for Pinti et al. 2012 com
prise bulk and emulsion freezing. Additionally, montmorillonite 
clay type (i.e., cation and processing conditions) differs 
between and within studies.
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to pH3 with HCl are consistently less IN active than 
their counterparts at pH 7.7 and pH 9, (2) Freezing 
order normalized deviation decreases (i.e., demon
strates more deterministic freezing behavior) with 
increasing ionic strength, and (3) Freezing order nor
malized deviation dramatically increases after E-D 
cycling. This discussion section links clay aggregate 
size dispersity with IN activity for solutions at pH 3 
and pH 7.7. The RH-independent component of 
refreezing order observed in these experiments is 
compared with results obtained in other clay IN pre- 
activation studies. Finally, the role of clay aggregate 
delamination is examined and linked to E-D cycled 
refreezing order.

Aggregate size and ice nucleation activity

pH 3 Clay mixtures are consistently less IN active 
than their counterparts at pH 7.7 and pH 9, across 
varying ionic strengths. Literature on clay subjected to 
highly acidic solutions shows that acid processing 
decreases clay IN activity, potentially by changing the 
structure of montmorillonite clay from hexagonal to 

monocyclic (Sihvonen et al. 2014). However, this acid 
processing is done at high acidic concentrations with 
strong acids such as sulfuric or nitric acid, conditions 
which are not met in our mildly acidic pH 3 solution. 
To investigate potential causes of the decrease in IN 
activity, the changes in volume size distribution of pH 
3 and pH 7.7 particles due to changes in clay aggrega
tion were measured using laser diffraction, as 
described in the methods section.

Figure 6 shows the percentage of the total sample 
versus each diameter bin for pH 3, pH 7.7, and pH 9 
systems at different NaCl concentrations. At low pH, 
there is significantly less size polydispersity in the clay 
mixtures, a trend also observed by Wilkinson et al. in 
clay mixtures ranging from pH 3 to pH 11 
(Wilkinson et al. 2018), although exact sizes observed 
are different due to differences in concentrations 
between the two studies. Welti et al. found that in 
deposition freezing studies on montmorillonite and 
kaolinite, larger particles were more efficient ice 
nucleators, although due to the nature of the tests the 
freezing temperatures sampled were much lower than 
those in this article (Welti et al. 2009). In immersion 

Figure 4. Frozen fraction versus temperature and INAS versus temperature curves for pH 3 (red), pH 7.7 (purple), and pH 9 (blue) 
mixtures of 300 mg/L montmorillonite clay and NaCl, with total ionic strength labeled on each graph. HCl and NaOH are used for 
pH adjustment (concentrations given in SI section S2). All data shown are the same as in Figure 2, reordered for clarity. For the 
0 M (top left) plot, pH 3 actual ionic strength from the added salt to adjust the pH is 0.0016 M, and pH 9 actual ionic strength is 
6.5e-5 M. Black crosses indicate background freezing. All curves are corrected for freezing point depression based on total ionic 
strength. For more information on error bar calculation, refer to Section 1 of the online supplementary information.
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freezing measurements at the Leipzig Aerosol Cloud 
Interaction Simulator, kaolinite particles with diame
ters 300, 500, and 1000 nm were found to have similar 
INAS densities; this led to freezing probability increas
ing exponentially with surface area. Particle sizes in 

this study by Hartmann et al. were much lower than 
the bulk of clay particulates in this article, and the 
associated freezing temperatures were lower 
(Hartmann et al. 2016). Surface area is an important 
contributor to IN activity for immersion freezing even 
at much larger particle sizes.

Based on the results from the laser diffraction 
measurements in Figure 6, and assuming a spherical 
shape for each size bin, the pH 3 solutions have more 
available surface area than the pH 7.7 and pH 9 solu
tions at ionic strengths below 1 M. This appears to be 
at odds with the decreased IN capability of ph3 solu
tions; there is more available surface area in a droplet 
of pH 3 solution, but lower IN capability. This points 
to an IN behavior dominated by ice active sites that 
are not evenly distributed across spherical surface 
area. Since the volume distribution is measured by 
laser diffraction, radius is estimated based on the 
assumption of spherical particles. However, clay par
ticles are often irregular and non-spherical, which 
may lead to inaccuracies in the particle size estimation 
by laser diffractometry. Additionally, as the sign of 
the edge charges changes from positive at pH 3, to 
neutral at pH 6.5, to negative at pH 7.5 (Kumar et al. 
2023), the edge charges could be influencing IN cap
ability. These edges would not be differentiated from 
the bulk using laser diffraction. At 1 M ionic strength, 
available surface area for pH 7.7 and 9 mixtures 
increases dramatically but remains lower than avail
able surface area for pH 3 mixture.

The role of delamination and E-D cycling

Swelling and delamination in aluminosilicate clay sys
tems influence the size, shape, and IN ability of the 
resulting clay aggregates in solution. As shown in 
Figure 7a and b, montmorillonite clay, like other 
smectites, exists as flat, thin layers with edges whose 

Figure 5. Averaged normalized deviation versus ionic strength 
for pH 3 (red), pH 7.7 (purple) and pH 9 (blue) mixtures of 
300 mg/L bentonite montmorillonite clay and NaCl, with small 
amounts of HCl and NaOH are used for pH adjustment. Ionic 
strength is total solution ionic strength from the added salts. 
Closed symbols indicate refreezing with no cycling between 
tests, while open symbols denote refreezing with an E-D cycle 
between tests. The blue shaded region is added for further 
clarity in denoting tests that have an intermediate E-D cycle. 
Horizontal blue line indicates the normalized deviation for 
pure water in our system, with the grey box denoting the 
error bars of pure water at ionic strength 0 M; normalized devi
ation was not collected for pure water at other ionic strengths 
and could differ from the value shown. The dashed black line 
indicates the result for normalized deviation of 100 simulations 
for a freezing system where well freezing order is randomly 
generated. Error bars for the simulation value are <0.005. For 
more information on the simulations, see the online supple
mentary information.

Figure 6. Volume size distribution of particles in 300 mg/L solutions of montmorillonite clay and NaCl at pH 3 (red), pH 7.7 (pur
ple), and pH 9 (blue). Denoted concentrations are of total ionic strength from the added salts.
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charge is sensitive to pH and ionic strength (Kumar 
et al. 2023). The layers stack together, bound by charge, 
and the resulting aggregates contain about 20 clay 
sheets on average (Cases et al. 1992). When mixed into 
water, the aggregates swell with water in between the 
layers, and then the layers separate into clusters <10 
layers thick (Segad et al. 2012). Under certain ionic con
ditions, full delamination can occur. The timescale of 
swelling and delamination occurs on the order of 
minutes to months, depending on the exchangeable cat
ions present in the solution and the initial size of the 
clay aggregates (Kumar et al. 2023). Once the particles 
are partially or fully delaminated, the highly charged 
edges can interact with the faces of the sheets to form 
new, larger porous clusters as shown in Figure 7c and 
d, and, over time, even complex structures like gels 
(Pujala and Bohidar 2019; Suman and Joshi 2018).

The edges of the hydrated clay clusters, being 
highly hydroxylated and pH sensitive, are the most 
likely candidates for ice nucleation active sites (Kumar 
et al. 2023). The ideal size of clay aggregate for ice 
nucleation of water is three layers thick or larger, 
since the thickness of a single clay sheet, �1 nm 
(Nicola, Bernardo-Gusm~ao, and Schwanke 2021), is 
too small to facilitate freezing (Kumar et al. 2023). 

Therefore, for peak IN efficiency, swelling or partial 
delamination is desirable. Highly saline solutions do 
not allow for complete delamination of clay particles, 
and inhibit swelling (Ahmed et al. 2016). This may 
explain the bimodal particle distribution and large 
particles observed in the 3 M NaCl clay mixture. More 
studies with different cations are warranted to probe 
this phenomenon further. After E-D cycling, the devi
ation from deterministic behavior is much more pro
nounced. This may be due to a second swelling and 
delamination process occurring as the dried clay re- 
uptakes water. This could change the stacking and 
agglomeration of clay sheets in the droplets as com
pared to the first freezing test, exposing differing edge 
morphologies which are the dominant source of IN 
sites (Freedman 2015; Klumpp et al. 2023; Kumar 
et al. 2023; Kumar, Marcolli, and Peter 2019).

Refreezing behavior without E-D cycling

In our measurements, no significant change was 
observed in IN temperature between freezing tests. 
However, the normalized deviation of freezing order 
between tests, higher than the deterministic limit of 0 
but lower than the random limit of 0.33, suggests that 
freezing may change the structure or number of ice 
nucleation sites available on the clay particles.

Several articles have referenced a ‘pre-activation’ 
behavior for clay INP (Jing et al. 2022; Marcolli 2017). 
Pre-frozen, or pre-activated, clay particles appear to 
re-freeze at warmer temperatures. The range of tem
perature change depends on the material, the tem
perature the frozen particles are held at, and other 
factors. However, these tests are carried out at well 
below the melting point of water, and utilize depos
ition nucleation in the clay nano-pores (Marcolli 
2017). Our immersion freezing tests include a com
plete thawing of all droplets and subsequent warming 
to room temperature. The edges of aluminosilicate 
clays are the dominant source of IN active sites 
(Freedman 2015). For our immersion freezing set up, 
changes in the layer stacking leading to differing edge 
morphology are the most likely source of changes in 
IN activity between freezing and thawing cycles, 
although the exact mechanism by which this change 
in edge availability would occur in our experimental 
setup is not immediately clear.

Conclusion

Montmorillonite clay solutions at a range of pH and 
ionic strengths were tested for their IN ability using a 

Figure 7. Schematic of bentonite clay sheets (Wilkinson et al. 
2017). Reprinted from Colloids and Surfaces A: Physicochemical 
and Engineering Aspects, 529, Wilkinson, N., A. Metaxas, E. 
Brichetto, S. Wickramaratne, T. M. Reineke, C. S. Dutcher. “Ionic 
strength dependence of aggregate size and morphology on 
polymer-clay flocculation” 1037-1046 # 2017 Elsevier B.V. with 
permission from Elsevier.
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150-well microfluidic device to determine the influ
ence of refreezing and E-D cycling on ice nucleation 
activity. For the non-pH adjusted clay solutions, 
results for area normalized INAS density as a function 
of temperature showed agreement with several other 
studies. Overall, a wide range of reported INAS den
sities for montmorillonite clay exist in literature, 
showing the complexity of even this simple model 
atmospheric aerosol system. In this work, it was found 
that at pH 3, clay solutions nucleate ice less efficiently 
than at higher pH values. For ionic strengths below 
1 M, the total available surface area is increased for 
pH 3 particles using laser diffraction measurements of 
volume size distribution assuming spherical particles, 
compared to that from pH 7.7 and pH 9. The fact 
that higher available surface area does not correspond 
to higher IN activity suggests a nonuniform distribu
tion of INAS density over the surface of the clay par
ticles. The pH sensitive edges may contribute to IN 
activity without being discernible from the bulk in 
laser diffraction measurements. The acidity of the 
solution may fundamentally change surface properties 
of the particulates, lowering their IN efficiency 
(Sihvonen et al. 2018).

Refreezing tests were performed with and without 
E-D cycling. ‘Normalized deviation’ was defined as a 
quantitative measurement of deviation from determin
istic behavior, where higher values of normalized devi
ation denote a more randomized order of freezing. 
Without E-D cycling, normalized deviation decreased 
with increasing salinity. With E-D cycling, normalized 
deviation drastically increased compared to refreezing 
without E-D cycling. This may be due to delamination 
in the clay particulates after E-D cycling, though more 
research is warranted into the phenomena of E-D 
cycling and how it impacts clay particulates size and 
structure. Future tests may include more refreezing 
cycles, as more cycles would provide more robust sta
tistics, although challenges such as condensation must 
be overcome with more times one device spends at 
low temperature. As an additional note, more pH val
ues should be reported for immersion freezing experi
ments of dusts and clays, especially those of pure clay 
samples for modeling aerosol parameters. pH is an 
important contributor to size distribution and surface 
chemistry of montmorillonite clays and other smec
tites. pH can ultimately influence atmospheric proc
esses like ice nucleation, which impact global 
temperature and climate and must be correctly repre
sented in global climate models which base their INP 
parameters on benchtop experiments.
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