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ABSTRACT. We investigated the impact of organic matter and mineral particles on atmospheric ice
freezing, to better understand the mechanisms of nucleation and crystal growth. Differential scanning
calorimetry (DSC) and optical cryomicroscopy have been used to investigate liquid-solid transitions
of citric acid aqueous solutions in presence of 1 wt % of Arizona Test Dust (ATD). These two
methods have led to complementary results: DSC enables the quantification of the latent heat and
phase transitions, while optical cryomicroscopy allows the in situ observation of freezing phenomena
and ice growth rates. Different trends have been observed: (i) ATD facilitates the crystallisation by
acting as nuclei centre (NC), the supercooling level decreases of 6°C in presence of ATD; (ii) ice
crystallisation is affected by the citric acid mass fraction: for concentrations over 50 wt %
crystallisation does not systematically appear during the cooling phase, but during the warming
phase, which highlights an amorphous organisation; (iii) there is a threshold of citric acid
concentration (around 30 wt %) beyond which the ice growth rate significantly decreases. In this
work, we have shown that the crystal morphology is linked to the citric acid concentration, and
evolves from one nucleation mono-site with continuous framework for low concentrations to
multiple sites with multi-branching pattern at high concentrations. A mathematical model is proposed
as a first step in the modeling of ice crystal growth in a binary system (water/citric acid) containing
mineral particles (ATD), based on the correlation between the ice growth rate and the inverse of the
liquid viscosity. These results will be wuseful for chemical engineering applications and
biotechnology, for example, freeze-drying of formulations as well as for better understanding the

formation of ice clouds and atmospheric aerosol.

Introduction
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Understanding the formation of ice in clouds is a critical environmental challenge due to the
important implications of water and ice in the Earth’s atmosphere (clouds formation, hydrological
cycle, radiative balance) and thus in climate.! Despite great advancements in the knowledge of the
ice nucleation processes, this subject is still controversial even more for drops containing inorganic
or mineral particles (IP, such as desert dust) and oxygenated organic matter (OM). And atmospheric
cloud glaciation is not yet very well understood because liquid drops in the atmosphere actually
never exist as pure water drops but contain different soluble and insoluble organic and inorganic
materials.” A better understanding of the phase state and the surface properties of cloud particles is
crucial to foresee the ice particles formation in tropospheric and upper tropospheric clouds and their
impact on cloud radiative properties (absorption, reflection, scattering of solar and terrestrial
radiations) and physicochemical properties (rate of stratospheric and upper tropospheric
heterogeneous reactions). Many difficulties remain to assess the influence of the simultaneous

presence of IP and OM during the clouds formation.3

Ice nucleation via homogeneous freezing occurs stochastically, at temperatures close to -38°C at
atmospheric pressure and relative humidity above 140% with respect to ice.* In other conditions, ice
formation can proceed via heterogeneous nucleation triggered by ice nucleating particles (INPs).> In
the atmosphere, mineral dusts (and especially desert dust) are recognized as the most important INPs
due to their effective ice nucleating ability and their abundance in the atmosphere, with ca. 2000
Tg.year! being injected into the troposphere.*’ Aqueous droplets containing mineral particles, as
INPs, were shown to exhibit more frequent heterogeneous nucleation, requiring lower
supersaturation’ but what about the drops containing both INPs and oxygenated organic materials?
Because the presence of OM in tropospheric aqueous drops is also indisputable, over 50 wt %
sulfate/organic mixture measured in UT aqueous drops® and highly water soluble acids, as malic and

citric acids, in atmospheric particles.’

Currently, the scientific community dealing with high-altitude ice clouds focuses mainly on the
initial step of freezing, the ice nucleation'®. But the way freezing proceeds after ice nucleation is not
really considered, although the ice growth process itself drives the phase state and surface properties
of resulting cloud particles.! Accordingly, we focused our attention on ice growth and particularly
the impact of the presence of both oxygenated organic compounds and mineral particles on water

drops freezing.
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We have chosen to investigate the role of a highly water soluble OM, present in the atmosphere!'!,
citric acid (solubility 60 wt %, O: C ratio equal to 1.16), with Arizona Test Dust (ATD) and we have

provided a relevant model for simulating the resulting crystallisation processes.

1. Materials & Methods
1.1. Experimental section
Aqueous solutions of citric acid were prepared at different concentrations [5-60 wt %] with water -
Optima® LC/MS, Fischer Scientific, USA. In some experiments, 1 wt % of Arizona Test Dust
(ATD) have been added in the binary solutions. ATD (Powder Technology Inc.) is a proxy for
atmospheric mineral composed of SiO, (69-77%), Al,O5 (8-14%), Fe,05 (2-5%), Na,O (2-4%), CaO
(2-5%), MgO (1-2%), TiO, (0.5-1.0%) and K,O (2-5%). To study the influence of the size of IP, we
have used (i) ultrafine ATD Grade Al (mean particle size: 5 um) named ultra ATD in the text, and
(i) fine ATD (1.5 um <x < 100 pm mean particle size: 10 pm) named normal ATD.

Viscosity measurements of aqueous solutions without ATD have been performed with the MCR 302
rheometer (Anton Paar) provided with a cone plate spindle and a CTD 180 modular temperature
device. The temperature range of the experiments was from -20°C to 10°C, according to the
crystallization point of the solutions. At a given temperature, the sample viscosity remains constant
in the shear rate range between 0.1 and 100 s,

The calorimeter (DSC) used is a Thermal Analysis Instruments (TA Q200) including a refrigerated
cooling system with a temperature range from -80°C to 550°C. A METTLER balance with an
accuracy of + 0.01 mg was used to prepare the samples of mass 5-20 mg. The samples were placed
in the aluminium pans of volume 40uL and then sealed. During the run, high-purity nitrogen gas was
flushed throughout the DSC furnace to avoid condensation. To determine the phase change
temperature, the experiments were performed according to the following program: (a) isotherm at
5°C during 5 min, (b) cooling rate at 10 °C-min~!, (c) isotherm at -70°C during 5 min, (d) heating
rate at 10°C.min"!. All DSC curves were normalized with respect to the sample mass. Cooling rate at
10 °C.min"! is much larger than the largest (~80°C/hour) atmospheric cooling rates, but Chang et
al.'?> have shown that there were negligible differences between the thermograms obtained at

different cooling rates.

The observations in situ of the freezing process were carried out with an optical cryomicroscope

LEICA (DM LM) equipped with a Linkam cold stage, and a video capture software at 10 images per
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second. A thin film of the sample solution (~2 plL) was placed between two microscope slide
coverslips on a sample holder.

The same temperature program as the DSC one was used. Optical cryomicroscope measurements
were performed at 10°C.min"!, in the temperature range from 20°C to -110°C. An assessment of ice
nuclei numbers, ice growth rate and ice morphology has been performed. Since the crystal growth
was restricted by coverslips, optical cryomicroscope observations are mainly two-dimensional ice
crystals growth. A polarizer has been used for some photographs.

Images extracted from the optical cryomicroscope videos were analysed by using image processing
with Imagel] freeware application. To determine the ice growth rate, the length of ice growth was
defined between two pictures. The ice growth rate average has been estimated from a minimum of 20

measurces.

1.2. Numerical section — Growth model

This section focuses on the numerical equations of the growth model, in order to predict the crystal
growth rate. The crystal growth rate is usually described by the product of two terms, a kinetic one
k(T) and a thermodynamic one representing the driving force of the crystallization, which
corresponds to the difference of chemical potentials of the considered component in liquid and solid
phases. In the case of crystallisation from melt by cooling like aqueous solutions, this driving force is
a function of the undercooling, which is the difference between the ice melting temperature and the
freezing temperature .3
The most commonly used models of crystal growth in the literature are expressed as followed (Eq.
1):14.15

v(T) = k(T) [T — T/)? (Eq. 1)
where v is the growth rate and 7}, and Ty the melting and the freezing temperatures, respectively. The
first term k(7) is linked to the mobility of the molecules at a given temperature T. There are different
theories to correlate & with the temperature'¢, but in most cases the inverse of the liquid viscosity
n(T) is assumed to provide a reliable evolution of the molecular mobility!” k(7) so that the crystal

growth model can be simplified as the following equation (Eq. 2):

alTwm— 1y
v(D) =@ (Eq. 2)

where a is a constant that can be fitted on experimental data.

2. Results and discussions
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2.1 Influence of ATD and citric acid concentration on ice crystallisation
Figure 1 represents the DSC thermograms of aqueous solutions ranging from 10 to 60 wt % citric
acid with normal ATD. At low concentrations of citric acid (under 40 wt %), a single exothermic
peak is recorded, highlighting the water crystallization and characterizing a freeze-induced phase
separation (FIPS).'® Whereas at higher concentrations, the DSC thermograms show a low peak
during cooling at 50 wt %, and even none at 60 wt %, characterizing the appearance of an amorphous
structure. This is confirmed by a single exothermic peak during warming highlighting a
recrystallization.
We agree with the results published by Bogdan et al.!® without ATD. Our results show that even with
ATD, the freezing temperature is not a monotonic function versus concentration of citric acid. The
authors!® explained this phenomenon by concentration inhomogeneities in CA/H,O, which result
from the enhanced tendency of CA/H,O to form molecular CA clusters at low temperature.
The optical cryo-microscopy images of frozen citric acid aqueous solutions confirm the DSC
observations, and show how ice morphology changes with increasing concentration. Figure 2a
(freezing of 30 wt % citric acid with ultra ATD) shows that at low concentrations, freezing is always
initiated from one INP, and the ice growth is radial from this INP. This INP is however linked to the
presence of ultra ATD particles. In contrast, at high concentrations, (Figure 2b, warming of 60 wt %
citric acid with ultra ATD), multiple sites of nucleation can be observed with a dentritic multi-
branching pattern. There are no multiple ice nucleation events upon warming. Multiple ice nucleation
events occur upon cooling, but the ice growth strongly slows down due to increasing viscosity and,
ultimately, is terminated completely by liquid-to-glass transition. Upon warming above the glass-to-
liquid transition, viscosity decreases and at some temperature (note 7, in Figure 2b), the minuscule
ice crystals, which were formed previously upon cooling, start growing.
FIPS is leading to a continuous ice framework and two freeze concentrated solutions FCS!: (i) one,
between the dendrites, maximally freeze-concentrated that interweaves with the ice framework, and
(i1) the second one, less concentrated, that envelops the entire ice framework and the first freeze-
concentrated solution. We should note that the images presented in this article have been done for a
sample volume of around 2uL, and the results (specially the crystals morphology) could be different

for bigger volume.
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Figure 1. DSC thermograms of 10-60 wt % citric acid with normal ATD at a scanning rate of 10
°C.min"!' (a) cooling: T represents the freezing temperature, (b) warning: T, and T, represent the

melting end the ice crystallization temperature upon warning, respectively.

ATD

lee crystal

Figure 2. Optical cryo-microscopy images of frozen citric acid aqueous solution with ultra ATD. (a)
30 wt % citric acid, T =-33.30 °C (upon cooling and without polarizer); (b) 60 wt % citric acid, T = -

45.90 °C (upon warming and with polarizer).

Concerning the impact of mineral dust, our results with the optical cryomicroscope show that ATD
doesn’t affect qualitatively the ice structure. ATD effect is negligible compared to the influence of
citric acid concentration but to confirm this hypothesis further experiments with different

concentrations of ATD have to be done.

2.2 Influence of ATD and citric acid concentration on the ice fraction
Taking into account that ice crystals practically do not contain citric acid, the fraction of frozen water
Xice (ice fraction compared to the total water content of the solution) was calculated using Eq. 3 by
integration of the DSC melting peak 4H,, divided by the ice latent heat of melting (4H,.) and

normalized by the fraction of total water content (/-x.,):>°
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ocouuuuuuuuuudhDdDDDBDDADMDMDAEDAEDNWWWWWWWWWWNNNNNNNNNDN=S =2 @O aQaaa0
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_ AHm (Eq. 3)
(1 —xca)AHice

Xice =

where AH,., (in J g') was calculated from the empirical equation proposed by Riedel?! at the melting

temperature (7, in °C):

AH;ce = 333.5 + 2.05 T, —4.19 10 ~3T2, (Eq. 4)
1 m
0,9 ¢ .
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Figure 3. Influence of citric acid fraction and ATD on the fraction of ice.

Figure 3 presents the influence of citric acid concentration and ATD on the fraction of ice in frozen
citric acid aqueous solution (from 0 to 50 wt %). It seems to demonstrate a linear relationship
between the decreasing of the percentage of ice amount versus the increasing of citric acid fraction
accounted by the simultaneous increase of the amount of FCS. We can observe that 100 % of total
water freeze with distilled water (citric acid fraction equal to 0) and this percentage reaches 33 % for
citric acid fraction equal to 0.5 after a regular decrease. The commonly advanced explanation is the
role of the viscosity: it induces restrictions of the mobility of molecules and sudden glass transitions
liquid-solid at low temperatures. Figure 4 presents the influence of citric acid fraction and
temperature on viscosity and confirms the increase of the viscosity of the citric acid aqueous solution
with the citric acid fraction. But this study must be deepened because increasing citric acid fraction
leads to the simultaneous increase of the amount of FCS'® and consequently could lead to the

fraction of frozen water decreases.

Moreover, in figure 3, the same results are obtained without ATD and with ultrafine ATD and with

normal ATD. The curve obtained with the normal ATD shows a shift of about ten percent but the
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results are quite close to the error bars and it would be tricky to attribute this difference of the
amount of frozen water to water captured by the normal ATD. In conclusion, it suggests that mineral
dust does not impact significantly the amount of frozen water. But to confirm this hypothesis, it

would be necessary to do some experiments with different amount of ATD and with other size of

dusts.
1000 Citric acid fraction [-]:
0.6 05 =04
03 0.2 0.05
T 100
E
ey
i
o
2
> 10 7
@ @
o " g
oo o
1
-20 -10 0 10

Temperature [°C]

Figure 4. Influence of citric acid fraction and temperature on viscosity in a semilog plot (without
ATD).
2.3 Influence of ATD and citric acid concentration on undercooling temperature
The impact of citric acid concentration, up to 50 wt %, and the presence of ATD on the undercooling
ability have been studied by lowering the temperature of citric acid solutions (i) without ATD, (ii)
with normal ATD and (iii) with ultra ATD below their freezing points. Figure 5 presents the
undercooling level AT, corresponding to the difference between the melting and the freezing
temperatures (AT =T, - T;. The experiments were repeated at least 5 times and a good

reproducibility was obtained.
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Figure 5. Influence of citric acid fraction and ATD on undercooling level.

Figure 5 shows that the presence of citric acid creates undercooling level. From 0.05 to 0.1 citric acid
24 fraction, undercooling level increases with citric acid concentration. But above 0.2 citric acid
26 fraction, the undercooling level obviously decreases with the concentration.

28 Concerning ATD, Figure 5 shows the role of mineral dust on the undercooling ability of citric acid
aqueous solution. ATD decreases the undercooling level around 6 °C, highlighting that ATD can
31 initiate nucleation and facilitate the formation of INP. The experiments with two particles sizes
33 (normal and ultra ATD) showed that ATD size has no significant effect on the undercooling level.
The effect remains constant whatever the dust size in the range of ultra and normal ATD. This
36 observation had to be extended to studies with a wider range of particle sizes.

38 Optical cryomicroscopy (figure 6) confirms the role of ATD on the nucleation, because statistically

40 the nucleation sites are very often centered on ATD particles.

(b)
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Figure 6. Optical cryomicroscopy photographs focus on the crystal centre, the arrows indicate ATD
particles. (a) 40 wt % citric acid with ultra ATD, T = -37.50 °C (without polarizer); (b) 60 wt %
citric acid with ultra ATD, T = -48.00 °C (upon warming and with polarizer).

2.4 Modelling of the crystal growth rate
Our study has showed the joint impact of citric acid concentration and ATD on ice crystallisation. To
model the ice growth rate, we firstly need to fit the experimental viscosity data (shown on figure 4)
as an exponential function of the temperature for the different citric acid concentrations (Reynold’s

model??):

n(T) = Ae BT (Eq. 5)

where 7 1s the liquid viscosity in mPa .s, T is the temperature in °C, 4 and B are parameters given in
Table 1. These parameters have been fitted on experimental data by minimizing the sum of squared

deviations between the model and the experimental data.

Table 1. Fitting exponential coefficient of viscosity (mPa.s) from Equation 5.

Fitting exponential Standard deviation
Citric acid coefficient Temperature range of the | with experimental data
fraction [-] experimental data [°C]
A [mPa.s] B [°C] [-]

0.05 1.793 3.224 102 [-3; 10] 0.9992

0.2 3.093 -3.899 1072 [-5; 10] 0.9906

0.3 4.963 -4.351 1072 [-6.5; 5] 0.8798

0.4 8.918 -3.542 10 [-7.5; 8] 0.9672

0.5 2.019 -4.505 10 [-15; 8] 0.9941

0.6 5.290 -4.858 10~ [-17; 8] 0.9946

It is worth noting that experimental data of ice growth rate have been measured at the freezing
temperature of the solution, so the viscosity data has been extrapolated to colder temperature over the
temperature range of the experimental data.

The knowledge of the viscosity allowed us to predict the ice growth rate according to the equation 2.
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Figure 7. Influence of citric acid fraction on the ice growth rate. Black point: experimental data;
Blue line: model. (a) Classical scale; (b) Semi-log scale.

In Figure 7a, one can see a strong decrease of ice growth rate with increasing concentration, as
mentioned by Bogdan? who specified that the freezing process could be completely stopped by the
glass transition at some high concentrations. The model’s constant has been fitted on the
experimental data by minimizing the sum of squared deviations between the model and the
experimental data. In these conditions, the ice growth rate could be predicted with a quite good

accuracy by the following equation (Eq. 6):

2.631072
v(T) = W[Tm —Ty?

(Eq. 6)
with the viscosity 77in Pa.s and the ice growth rate v in mm.s'!. However, in a semi-log scale
representation (Figure 7b), one can see that the experimental growth rate is very much reduced
compared to the predicted one, upper a fraction around 0.3. In this range, the growth dynamics are

not be well described simply by the inverse of the liquid viscosity.

Conclusions

In this work, we have used DSC and optical crymicroscopy for the study of the impact of mineral
particles (ATD) and citric acid concentration on freezing and glass transition that occur upon cooling
and warming of H,O/citric-acid.

The two methods have been used to analyze the mechanisms of nucleation and crystal growth and
have given complementary results. DSC allows measuring quantitative data, like freezing or melting
temperature, and the amount of energy releases during the phase change. The optical cryomicroscopy
allows to visualize the nucleation centres and the ice morphogenesis but also to measure ice

propagation velocities.
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The principal results highlighted by our study are (i) the confirmation of the impact of citric acid, on
the crystallisation temperature of water, on the ice growth rate and on the structure of the ice network
(i1) the impact of mineral dust on aqueous solutions by decreasing significantly the undercooling
level (around 6 °C) and acting as a precursor of nucleation (ii1) the presence of mineral dust does not
impact the ice growth rate or the structure of the ice network.

We have proposed a mathematical model based on the correlation of the ice growth rate with the
viscosity of the solution. This model needs improvements but gives a good representation of the link
between the freezing rate and the increase of the citric acid concentration.

To better understand the role of mineral dust, next steps of this study will include experiments on
aqueous solutions of OM containing: (i) different fractions of ATD, (ii) different size of ATD, (iii)
different compositions of mineral dust.

Our results on the impact of mineral impurities on the phase transition may be of interests for fields
of atmospheric chemistry, but also food processes and crystallisation applications.

Our study demonstrates that DSC thermograms and optical cryomicroscope are complementary and

allow to extract important information.
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