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A B S T R A C T   

Hypothesis: Freeze-thaw cycles (FTC) in soils can cause the aggregation of dissolved organic matter but con-
trolling factors are little understood. 
Experiments: In freeze–thaw experiments with tannic acid (TA) as model substance, we studied the effect of TA 
concentration, pH, electrolytes (NaCl, CaCl2, AlCl3), and number of FTC on particle formation. Tannic acid 
(0.005 to 10 g L− 1) was exposed to 1–20 FTC at pH 3 and 6. The size and shape of particles was determined by 
confocal laser scanning microscopy. Particle stability was deduced from the equivalent circle diameter (ECD) 
obtained in dry state and the hydrodynamic diameter measured in thawing solutions. 
Findings: Tannic acid particles occurred as plates and veins, resembling the morphology of ice grain boundaries. 
Low pH and presence of electrolytes favored the formation of large particles. The freeze-concentration effect was 
most intense at low TA concentrations and increased with the number of FTC. While ECD of particles formed at 
low TA concentrations were smaller than at high concentrations, it was vice versa in the thawed state. At low TA 
concentrations, higher crystallization pressure of ice caused enhanced stability of large particles. We conclude 
that FTC can strongly alter the physical state of dissolved organic matter, with likely consequences for its 
bioavailability.  
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1. Introduction 

Due to climate change permafrost degrades worldwide through the 
gradual deepening of the seasonal active layer and thermokarst forma-
tion [1], rendering soil organic carbon vulnerable to mobilization [2]. 
Climate change also leads to higher frequencies of freezing and thawing 
cycles (FTC) in high latitudes [3]. Freezing and thawing cycles may 
break down large organic and organic–mineral colloids into smaller- 
sized entities [4]. Likewise, FTC affect soil structure as ice pressure 
can cause either formation of aggregates from clay-sized particles or 
induce fragmentation of soil particles [5], thereby changing soil porosity 
and connectivity [6]. Higher frequencies of FTC have been reported to 
physically damage — soil aggregates, as well as cell membranes of mi-
croorganisms and fine roots, thus increasing the release of organic 
matter from soil as dissolved organic matter (DOM) and CO2 [7–9]. 

Besides the physical effect of growing ice crystals on organic and 
inorganic particles, the “freeze-concentration effect” is another process 
that strongly affects particle growth during freezing, leading to the 
formation of larger organic molecules [10,11] or mineral–organic 
composites [12]. During water freezing, all non-aqueous components 
such as cations and anions, including H+ and OH− , organic molecules, 
mineral colloids, and air bubbles become concentrated in the residual 
liquid volume, a process known as freeze-concentration (Fig. 1), 
[11–14]. 

Ice crystallization reduces the energetic state by releasing crystalli-
zation energy, whereby solutes and solid particles act as impurities and 
do not fit in a crystal structure aspiring the lowest energetic state [12]. If 
particles are small compared to the ice crystal and move by Brownian 
motion, the solutes are excluded from the growing ice crystals and 
become concentrated at the freezing interface. With progressive growth 
of ice crystals, the residual liquid becomes increasingly concentrated 
since solutes and particles are captured at the outer surface of ice crys-
tals. Particles excluded from the growing ice crystals are located at sub- 
grain boundaries (low-angle grain boundaries with a misorientation <
15◦ between two crystallites), revealing forms with shapes of layers and 
veins forming at two- and three-grain boundaries, respectively [15–17]. 
The freeze-concentration process is known also for other systems, e.g., 

triggered by the solidification of an oil phase [18]. 
Since salt exclusion from the ice leads to an increase in salinity, 

freeze-concentrated solutions can substantially depress the freezing 
point and unfrozen water contents [19]. Freeze-concentrated solutions 
act as important reaction media, whereby their morphology is accessible 
by, e.g., optical cryo-microscopy and laser confocal fluorescence mi-
croscopy [20,21]. During freeze-concentration, dissolved compounds 
can selectively be incorporated into the ice, thus, affecting the freeze- 
concentrated solution composition. In rivers and lakes, low-molecular 
weight molecules are preferentially retained within the ice while more 
complex solutes are excluded [22]. Among inorganic ions, Cl− is pref-
erentially trapped within ice leading to a measurable charge separation, 
while Na+ accumulates in freeze-concentrated solution [23,24]. 

In thermokarst lakes, freeze-driven solute concentration promotes 
particle formation by the coagulation of dissolved and colloidal organic 
molecules as well as precipitation of associated insoluble metal com-
pounds [4,25]. Since an even stronger exclusion was observed for 
organic colloids than for electrolytes in aquatic systems [22], it can be 
assumed that also in soil freeze-concentration causes organic particle 
formation from organic solutes and colloids by exclusion from growing 
ice. We speculate that in soils, organic particles formed by freeze- 
concentration at high crystallization pressure can be physically stable 
and accumulate, e.g., as building units for soil microaggregates. Unlike 
rigid mineral particles, organic colloids have a more flexible structure 
and undergo marked losses of volume upon freezing. In consequence, 
organic particles will likely adapt in shape and size to sub-grain 
boundaries of the formed ice crystals. However, little is known about 
the behavior of organic solutes and colloids during this process. 

The main objective of this study was to explore the consequences of 
FTC on the formation of particles from organic colloids in presence of 
different background electrolytes. We used tannic acid (TA) as model 
substance for DOM rich in phenolic compounds (i.e. hydrolysable gal-
lotannin) [26]. Tannic acid is commonly found in DOM of soils and 
aquatic systems [27,28], with TA-type molecules representing up to 27 
and 70 % of DOM in O horizons of pine and beech forests, respectively 
[29]. Conducting FTC using different concentrations of TA, pH values, 
and background electrolytes (without, NaCl, CaCl2, AlCl3), we aimed to 

Fig. 1. Model of freeze-concentration at homogeneous temperature distribution. (a) After nucleation, ice begins to grow in a hexagonal system. (b) Growing ice 
crystals exclude impurities, which are concentrated in the residual liquid until its eutectic mixture is reached. 
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address the following hypotheses: (i) freezing at low TA concentrations 
results in larger particles due to larger ice crystals formed, (ii) repeated 
FTC amplify the size of TA particles, (iii) large freezing cross-sections 
result in formation of larger particles as the volume of the freeze- 
concentrated solution increases, (iv) low pH enhances the self- 
aggregation of TA upon freeze-concentration and favors formation of 
larger particles, and (v) multivalent cations support the self-aggregation 
process and increase the stability of particles formed. The morphology 
and equivalent circle diameter (ECD) of particles formed were analyzed 
by confocal laser scanning microscopy (CLSM) and scanning electron 
microscopy (SEM). Additionally, the hydrodynamic diameter (Dh) of TA 
particles released into solution at the end of FTC was determined by 
dynamic light scattering (DLS), allowing to compare particle formation 
in the solid and solution state, respectively. 

2. Material and methods 

2.1. Preparation of tannic acid solutions 

Tannic acid powder was obtained from Riedel-de Haen (Seelze, 
Germany). The C and N content was 48.4 and 0.11 %, respectively (CN 
analyzer Vario EL, Elementar, Hanau, Germany) and the ignition res-
idue ≤ 0.1 %. The used TA consists of gallic acid groups linked to a 
glucose core, forming hydrolysable gallotannin (AFig. 1). Considering 
the molecular weights of the protonated gallotannin (1700 g mol− 1) and 
gallic acid (170.1 g mol− 1), the mean degree of polymerization is 10, 
corresponding to higher polymerized TA. Stock solutions with a TA 
concentration of 10 g L− 1 were adjusted to pH 3 and 6 by addition of 
0.01, 0.1, and 1 M HCl or NaOH, respectively. The solutions were son-
icated with tip probe for 30 s (dispersive energy: 2.83 J L− 1; Labsonic M, 
Sartorius Stedim Biotech, Göttingen, Germany). Solutions of 0.005, 
0.01, 0.05, 0.1, 0.25, 0.5, 1, 5, and 10 g TA L− 1 were prepared and the 
pH values checked again. Electrolyte effects were tested at 0.02 M NaCl 
and 0.1 M CaCl2 at pH 6 for TA concentrations of 0.01, 0.1, and 1 g L− 1. 
Additionally, 5 × 10− 4 M AlCl3 was added at a solution with 3 g TA L− 1 

until the pH reached 5, which partially induced the formation of Al–TA 
coprecipitates [30]. Before use, all initial solutions were sonicated again 
as described above. To test for colloidal properties of the TA, the TA 
solutions were analyzed for Dh and the zeta potential 24 h after ultra-
sonic treatment. 

2.2. Freezing and thawing cycles 

Freezing and thawing experiments were performed with 10 mL TA 
solutions filled in polyethylene tubes (volume 14 mL; inner diameter 14 
mm). Separate tubes were prepared for DLS and CLSM measurements. 
Solutions used for DLS were reused in the consecutive FTC to keep the 
number of tubes manageable. In total, four tubes per TA solution cor-
responding to 1, 5, 10, and 20 FTC were used for CLSM measurements, 
and a fifth tube was stored at 4 ◦C as a reference. For freezing, the tubes 
were packed in a rack (distance between tubes: 0.5 cm) and placed in a 
styrofoam box (40 × 25 × 30 cm; wall thickness 5 cm) to delay freezing 
as under natural conditions. When transferred to the freezing chamber 
set to − 20 ◦C, the temperature within the box reached 0 ◦C after 90 min 
(AFig. 2). Tubes were stored at − 20 ◦C overnight and subsequently 
freeze-dried for CLSM measurements. 

The effect of the size of the freezing cross-section on ice crystal 
growth and particle formation was tested using polyethylene tubes with 
10, 14, 27, and 38 mm inner diameter, filled with 5, 10, 30, and 100 mL 
of TA solution, respectively. Samples in tubes with cross sections of 27 
and 38 mm were first thawed at 20 ◦C in the laboratory atmosphere until 
the ice floated freely and finally in a water bath (15 ◦C ≤ T ≤ 20 ◦C), 
taking in total 4 h to reach 20 ◦C. 

Tannic acid solutions with electrolyte addition were tested in tubes 
with 14 mm inner diameter in up to 10 consecutive FTC. For thawing, 
samples were stored in racks at room temperature, where tubes reached 

20 ◦C, the temperature required for DLS measurements, within 90 min. 

2.3. Particle sizing using dynamic light scattering 

The Dh of TA particles in solution was analyzed by DLS (Zeta Pals, 
Brookhaven Instruments Holtsville, NY, USA) at a wavelength of 658 nm 
and a scattering angle of 90◦. The measuring range is from 0.0001 to 1 % 
(vol./vol.) and the size range from < 1 nm to 6 µm. Directly after ter-
minating the FTC by reaching 20 ◦C, solutions were transferred into a 
beaker and 3.5 mL were transferred with a pipette into a standard acryl 
cuvette. The Dh was recorded every minute for 5 min. Thereafter, the 
solution in the cuvette was transferred back into the beaker with the 
remaining TA solution, gently shaken, and the measurement repeated 
twice. Zero values and those above the detection limit of 6 µm were 
excluded. Up to 15 Dh values were obtained for each sample and used for 
calculating the median Dh. 

2.4. Sizing and shape determination by confocal laser scanning 
microscopy 

Tubes with frozen TA solutions were sealed with a 20-µm polyester 
mesh and freeze-dried. Upon loss of the ice matrix, TA particles 
concentrated mostly at the bottom of the tube. They were gently picked 
up with a brush and sprinkled on a glass slide to obtain even particle 
arrangements. The CLSM images were taken with a VK-9700 Violet 
Laser Colour 3D Laser Scanning Microscope (Keyence, Ōsaka, Japan) 
with a z-step size of 0.2 µm at 50 × magnification, resulting in an image 
size of 282 × 211 µm. The lower detection limit of particles was set to 
0.1 µm2 (equivalent to an ECD value of 0.3 µm). The ECD was used as 
size parameter most closely related to the Dh from DLS measurements in 
solution, being maximally 800 µm for the studied TA particles. Mea-
surement areas were randomly chosen for samples containing small 
particles. In presence of large particles areas, we selected areas where 
particles were entirely imaged and not overlapping. Particles too large 
for visualization in one image were recorded in several images, which 
then were assembled. To determine the effect of TA concentration and 
number of FTC at pH 6 on ECD, in total 8,616 particles were analyzed, 
whereby 1,357 particles were evaluated for the sample with 0.01 g TA 
L− 1 comprising relatively small particles and 83 for the sample with 10 g 
TA L− 1 with relatively large particles (ATable 2). The particle shape was 
analyzed by elevation measurement using CLSM and evaluated with 
RStudio 1.3.1093 (RStudio, Boston, USA). Particles’ greatest length 
(Xmax), greatest length perpendicular to Xmax (Xmid), and the greatest 
length perpendicular to Xmax and Xmid (Xmin) were used for determina-
tion of shape classes according to [31]. The subdivision of particles into 
seven different classes K, A, B, C1, C2, D1 and D2 is based on the ratios 
Xmax/Xmin and Xmid/Xmin describing their spatial expansion (Fig. 2; 
ATable 1). To obtain a further subdivision within the range of very flat 
particles two additional classes (E1, E2) were defined. Mean elevations 
obtained by CLSM were used as estimate of particle height. Voluminous 
intricate structures of TA particles were additionally imaged after 
sputtering with gold by SEM (Quanta 200, Fei, Hillsboro, USA) at 15 kV 
using a secondary electron detector. 

3. Results 

During freezing of TA solutions, ice crystals grew inwards from the 
tube walls forming a brownish ice column in the tube center irrespective 
the background electrolyte used (AFig. 3a). At the bottom of the tubes, 
where ice crystals grew upwards, the column was more intensely colored 
and had entrapped air bubbles. Upon freeze-drying, the brownish col-
umn in the center of the tubes remained at TA concentrations of 5 and 
10 g L− 1, indicating a pronounced connectivity and stability between TA 
particles formed (AFig. 3b). In contrast, at TA concentrations ≤ 1 g L− 1, 
TA particles accumulated only at the bottom of the tubes. 
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3.1. Micromorphology of tannic acid particles 

Both, the concentration and number of FTC influenced the size and 
morphology of formed TA particles as revealed by CLSM at uniform 
magnification (Fig. 3a–h). Upon single freezing of 0.01 g TA L− 1 solution 
at pH 6 and without electrolyte addition, most of the particles were very 
small, with needle-like shape (Fig. 3a). With increasing TA concentra-
tion, the size of particles increased, with increased shares of platy par-
ticles (Fig. 3e). For a given TA concentration, the size of particles 
increased with increasing number of FTC (AFig. 4a–h), and for 0.01 and 
0.1 g TA L− 1 and 20 FTC, the large particles forming featured marked 
surface roughness (Fig. 3d, h). In contrast, particles formed at 1 and 10 g 
TA L− 1 showed flatter shapes and smoother surfaces (AFig. 4e–h, 
AFig. 5a–f). Circular holes in platy particles were preferentially 
observed at low and high TA concentrations, respectively (Fig. 3g, 
AFig. 4 g). 

The varying morphologies of TA particles formed at pH 6 upon 
different number of FTC indicates various modes of formation. For 1 g 
TA L− 1 after 5 FTC, a fibrous network of flat-shaped platy particles 
formed, where typically three fibers created a connection and the space 
between the fibers was filled by a thin layer (AFig. 6a). Fractured sur-
faces at the edges might have been due to tension cracks and movement 
of the brittle samples. In addition, holes appeared in platy particles, with 
bulging outer rings at the rim of the holes as well as at particle edges 
(AFig. 4b). After 10 FTC, thick, compact particles with pronounced 
surface roughness were formed (AFig. 6c). Increasing freezing cross- 
sections resembled particle micromorphologies obtained in the experi-
ments with different TA concentrations at an inner diameter of 14 mm 
(AFig. 7a–d; Fig. 3). 

Electrolyte effects on the morphology of freeze-dried TA samples 
could only be studied for the NaCl and AlCl3 additions since TA particles 
formed in presence of CaCl2 were very hygroscopic in contact with air 
and immediately formed large secondary aggregates after freeze-drying. 
Particles that formed at 0.1 g TA L− 1 in presence of NaCl at pH 6 after 5 
FTC were compact and had frizzy grained surface morphologies, with 
partial encrustation and fractures (AFig. 6d). The addition of AlCl3 had a 
similar effect on the morphology of TA particles as the NaCl addition 
(AFig. 8). 

In addition, scanning electron microscopy analysis of voluminous 
particles formed at low to high TA concentrations at pH 6 after 5 and 20 

Fig. 2. Modified classification diagram for particle shapes. For classes E1 and E2 only boundary conditions are reported. 
adapted from [31] 

Fig. 3. Confocal laser scanning microscopy images of TA particles formed at pH 
6 and without electrolyte solution for 0.01 and 0.1 g TA L− 1 and at 1, 5, 10, and 
20 FTC. Magnification: 10×. 
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FTC, respectively, showed net-like structures, mainly consisting of fibers 
and plates (Fig. 4a–d). The fibers were thicker than the plates and 
usually three to four fibers were interconnected. Connected fibrous 
structures, with fibers being either curved or straight, were found for 
particles formed at 0.1 g TA L− 1 (Fig. 4a,b). These fibers likely formed at 
three-grain boundaries. Fibers were partly interlinked by thin plates 
(Fig. 4b). Particles formed at TA concentration of 10 g L− 1 were less 
fibrous, with net-like structures, comprising thin plates and cavity 
spaces between the fibers, indicating formation at two-grain boundaries 
(Fig. 4c,d). For fibers connected at an angle of ~ 120◦, a fourth fiber 
could emerge from the conjunction perpendicularly, resulting in a 3D 
net structure (detail image in Fig. 4b). In SEM images of TA particles 
formed from solutions with AlCl3 additions, platy particle shapes 
dominated (AFig. 9). 

3.2. Size of tannic acid particles depending on experimental conditions 

3.2.1. Effect of tannic acid concentration and number of freeze–thaw cycles 
at pH 6 and 3 

Freeze-thaw cycles conducted at pH 6 and 3 without addition of 
electrolytes resulted in a wide spectrum of TA particle sizes with ECD 
values ranging from 0.3 to > 50 µm (Fig. 5). Irrespective of the TA 
concentration and the number of FTC, ECD of particles formed at pH 3 
were generally larger than those formed at pH 6, i.e. small particles 
(ECD < 1 µm) were far more abundant at pH 6 than at pH 3. While 

increasing numbers of FTC led to an increase in the share of particles >
10 µm at pH 6, a moderate opposite trend was observed at pH 3. Here, 
the share of large particles decreased in favor of medium-sized (1–10 
µm) ones (Fig. 5, ATable 2). Overall, for both pH higher TA concen-
trations resulted in larger ECD values, particularly increasing the share 
of particles > 10 µm. 

The Dh of the original TA solutions at pH 6 and 3 without freezing 
indicated a concentration effect, with a trend towards higher Dh at low 
TA concentrations (Fig. 6). The principal trend of higher numbers of FTC 
resulting in the formation of larger TA particles observed for pH 6 held 
true also for pH 3. This was most striking at low TA concentrations (≤ 1 g 
L− 1), whereas for 5 and 10 g TA L− 1 the Dh remained close to the 
reference solution without freezing. However, maximum Dh values at 
pH 3 were markedly lower (2.60 ± 1.24 µm) than those at pH 6 (3.65 ±
1.11 µm). 

After 5 and 10 FTC, the scattering signal was lost for all studied TA 
concentrations but returned upon releasing particles from the tube walls 
using a laboratory rubber wiper. Some particles likely disintegrated 
upon wiping as the measured Dh values were partly smaller than those 
observed before. However, Dh values observed towards higher numbers 
of FTC were again larger, indicating that in the experiment with 
consecutive freeze–thaw events, the particle sizes were mostly restored 
after wiping. 

Fig. 4. Scanning electron microscopy images of TA particles formed at pH 6: (a, b) 0.1 g TA L− 1 and 5 FTC. (c) 10 g TA L− 1 and 5 FTC. (d) 10 g TA L− 1 and 20 FTC.  
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3.2.2. Influence of freezing cross-section (pH 6) 
For the FTC conducted at freezing cross-sections of 10, 14, 27, and 

38 mm, the mean ECD of particles increased towards higher TA con-
centrations within one tube size by factors 4, 2, 18, and 3 (AFig. 10; 
ATable 5). With the increase in tube diameter from 10 to 38 mmm, the 
ECD of particles formed after the first freezing event increased for 0.01 g 
TA L− 1 by factor 3, for 0.1 g TA L− 1 by factor 2, and for 1 g TA L− 1 by 
factor 1.3. Thus, higher TA concentration and larger freezing cross- 
section resulted in higher ECD after the first freezing (AFig. 10). The 
effects of consecutive FTC on ECD values depended on the situation after 
the first freezing: If large particles formed, consecutive FTC had rather a 
destructive effect and resulted in an increase in medium-sized particles 
mainly in the 1–5 µm range. However, if there were only few large 
particles, their proportion increased with the number of FTC. In sizing 
experiments with the thawing solutions, the Dh typically increased after 
one FTC for all studied TA concentrations and all freezing cross sections 
(AFig. 11; ATable 6). Overall, there was no clear effect of the size of 
freezing cross sections on the Dh values of suspended TA particles. 

3.2.3. Electrolyte effects (pH 6) 
The positive influence of increasing numbers of FTC on the formation 

of large particles > 10 µm was evident for both AlCl3 and NaCl systems 
(AFig. 12), but most pronounced when compared with experiments 
without electrolyte addition (Fig. 5). For high numbers of FTC, NaCl 
addition caused higher percentages of particles with ECD > 50 µm than 
the addition of AlCl3. For 0.01 g TA L− 1, the > 50 µm fraction increased 
from 0 to 21 % during 5 FTC. The share of large particles for 1 g TA L− 1 

with NaCl added was already high after the first freezing event (19 % 

particles > 10 µm), and increased after 10 FTC (56 % particles > 10 µm). 
In the thawed state, addition of NaCl to solutions of 0.01− 1 g TA L− 1 

did not markedly change the Dh values of the original TA solutions 
(Fig. 7; ATable 8). The Dh for 1 g TA L− 1 changed little during the first 
freezing–thawing event but then increased steadily with more FTC 
(Fig. 7). Larger initial Dh values were measured in CaCl2 and increased 
steadily with the number of FTC. The largest initial Dh of 5.74 µm was 
measured for 1 g TA L− 1, but decreased already strongly during the first 
5 FTC (Fig. 7). Addition of AlCl3 caused the smallest initial Dh values in 
unfrozen TA solutions of all three electrolytes tested. It needs to be 
considered that AlCl3 addition to TA solution can partially induce the 
formation of Al–TA coprecipitates, which might affect Dh measurement. 
Overall, the results indicate that increasing number of FTC caused 
increasing Dh values for all TA concentrations, being highest for the 0.1 g 
TA L− 1 and smallest for the 1 g TA L− 1 solution (Fig. 7). 

3.2.4. Shape classes 
The morphological classification of TA particles formed at pH 6 and 3 

revealed a general trend towards particles becoming flatter with 
increasing particle size (Fig. 8; AFig. 13). The influence of the number of 
FTC on particle shape was little for all TA concentrations. In the fraction 
> 50 µm, compact particles (A, B) disappeared with increasing number 
of FTC. More platy particles with diameter > height formed at larger 
ECD, while the amount of compact and needle-like particles decreased. 
At pH 6, the shape of particles with an ECD of 0.3− 0.5 µm was compact 
(shape class A and B; 17− 23 %) or long-shaped (shape class C1-E1; 
77− 84 %), independent from the number of FTC. At pH 3, this pro-
portion of shape classes for 0.3− 0.5 µm TA particles was observed after 
one single freezing event only (AFig. 13). Towards larger particle sizes, 
the share of compact particles diminished and elongated particles D1 
with a Xmax/Xmin ratio between 4.5 and 50 became more prominent. In 
the largest size fraction > 50 µm, flat particles generally dominated, 
with the highest share (77 %) after 20 FTC. The formation of extremely 
flat particles E2 (Xmax/Xmin ≥ 50) was observed in all size fractions > 0.5 
µm (Fig. 8), reaching a maximum share of 25 % after 10 FTC. 

For all freezing cross-sections, particles in the finest fraction 0.3− 0.5 
µm were compact (A and B) or elongated (C1-E1) (AFig. 14). After one 
freezing event, the percentage of compact particles with shape class A 
and B were 58, 20, 21, and 50 % for freezing cross sections of 10, 14, 27, 
and 38 mm, respectively. The share of compact particles decreased with 
increasing particle size and increasing number of FTC as well as for all 
freezing cross-sections. This holds true for inner tube diameters of 10 
and 14 mm for all size fractions, while for those > 14 mm a decrease in 
compact particles occurred for size fractions < 10 µm. 

Addition of NaCl generally promoted the formation of compact 
shapes, while the proportions of elongated and very flat shapes were 
lower than with AlCl3 or without additive (AFig. 15). AlCl3 as back-
ground solute produced compact particles in the size fraction < 0.5 µm 
(62 % of classes A and B) after one freezing event, but the contribution of 
compact particles decreased towards coarser sizes, being even absent in 
the largest size fraction > 50 µm. Platy particles (C2-E2) were present in 
all size fractions > 0.5 µm after one freezing event, reaching a maximum 
contribution of 86 % in the > 50 µm fraction (AFig. 15). With increasing 
number of FTC, the particle shape pattern basically didn’t change, 
though there was an increase of very flat particles (E2) after 10 FTC. For 
the NaCl addition, the portion of compact particles < 0.5 µm (A and B) 
was 12 % after one freezing event, and thus much lower than for the 
AlCl3 treatment or TA without electrolyte addition (Fig. 8, AFigs. 14 
and 15). However, the share of compact particles was higher in all other 
larger size classes, exceeding even the respective proportions of the 
AlCl3 treatment (AFig. 15). 

Fig. 5. Equivalent circle diameter (ECD) of TA particles at (a) pH 6 and (b) at 
pH 3 as depending on TA concentration and number of FTC. For data evalua-
tion, 83–1357 and 42–585 particles were considered, respectively (ATable 2). 
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4. Discussion 

4.1. Particle formation by freezing 

The ECD of TA particles showed a wide size range from 0.44 to >
300 µm, with most particles being < 5 µm. It is known that the presence 
of solutes and colloids can restrict the growth of ice crystals drastically, 
resulting in smaller ice particles [32,33]. Hence, an increasing TA con-
centration should increase the number of ice crystal boundaries, and 
thus, the volumes, with solutes becoming trapped and remaining un-
available for further freeze-concentration (Fig. 9f). In result, smaller TA 
particles are formed due to more ice crystal boundaries. 

While the grain size of ice crystals was not directly determined in our 
experiments, it can be deduced from the dimensions of the particles 
formed, i.e., the shapes derived from microscopy (Figs. 3 and 4, AFig. 6) 
and the ECD sizes obtained by CLSM (Fig. 5, AFigs. 10 and 12). Both 
imaging techniques applied, CLSM and SEM indicate that sub-grain 
boundaries of ice crystals formed mostly idiomorphic as TA molecules 
are variable in shape and can undergo marked loss of volume upon 
freezing (Figs. 3 and 4, AFig. 6). The observed ECD values of TA par-
ticles (up to 700 µm) was in the range of average ice crystal sizes 
observed for different suspensions with particles of soda glass, alumina, 

and silica [15,32]. 
Largest particles with ECD ≥ 10 µm were found for concentrations ≥

1 g TA L− 1 (Fig. 5; ATable 3 and 4), emphasizing the role of freeze- 
concentration. Principally, exclusion and entrapment of impurities is 
controlled by the velocity of the solidification front, depending on 
various factors such as size of impurities and viscosity (Fig. 9a–f). Low 
temperatures can cause higher viscosity, reducing the mobility of par-
ticles, which hinders the segregation process to form pure ice. In case ice 
crystallization is restricted by rapid freezing or high viscosity, segrega-
tion is limited and the concentration of solutes in the liquid will be less 
than the theoretical eutectic mixing ratio [34]. Where planar ice growth 
changes to lamellar ice growth, freeze-concentration is a self-limiting 
process [12], (Fig. 9b and e). 

4.2. Particle formation traced by hydrodynamic diameter 

In the original solutions prior to freezing, the Dh values of TA were in 
a broad range from 350 to 1,170 nm, independent of pH and with lowest 
values for the highest TA concentration (Fig. 6), suggesting that TA was 
present in a stable self-aggregated state [30,37]. At both studied pH 
values, 3 and 6, an increasing number of FTC increased the Dh of TA 
particles, especially at low TA concentrations. This is best explained by 

Fig. 6. Hydrodynamic diameter of TA particles at (a) pH 6 and (b) at pH 3 as depending on TA concentration and number of FTC. For samples marked with asterisks, 
TA particles attached to the walls of the tube were transferred back to solution with a laboratory rubber wiper. The number of runs for samples and the error of the 
method is given in ATable 3 and 4. 
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two mechanisms during ice crystal growth, the separation of accumu-
lation zones and the aggregation of particles in a decreasing volume 
(Fig. 1, Fig. 9e), [12]. Aggregation of initially large TA particles facili-
tates the formation of even bigger particles, aside from the occurrence of 
a high number of small particles. This is because large particles diffuse 
slower than small particles, resulting in smaller particle–particle dis-
tances and enhanced aggregation during freezing. 

The Dh of TA solutions adjusted to pH 3 and 6 remained almost 
constant after one single freezing and thawing event (Fig. 6). A 
considerable enlargement of the Dh occurred between 5 and 10 FTC, 
while more cycles caused only little changes. This trend can be explained 
by the fact that initial freezing removes TA from solution. Lower TA 
concentrations resulted in the formation of larger ice crystals and 
stronger crystallization pressures during later freezing events and was 

Fig. 7. Hydrodynamic diameter of TA particles depending on TA concentration, number of FTC, and presence of different electrolytes. The number of runs per 
sample and the error of the method is given in ATable 8. 

Fig. 8. Distribution of the TA particles over shape classes according to [31], depending on particle size and the number of FTC at pH 6, averaged over all con-
centrations. Definition of shape classes is given in Fig. 2. 
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likely responsible for the increase in Dh between 5 and 10 FTC. Obvi-
ously, this effect applied also to the low concentrated TA solutions, 
where large TA particles were formed in the first FTC. With increasing 
FTC, a trend for increasing Dh values was observed, which was not al-
ways uniform (Fig. 6). Likely, the more unstable particles became 
dispersed upon thawing. With increasing number of FTC, however, re- 
assembling of smaller units caused increasing particle sizes. The non- 
uniform increase and the high median of Dh values suggest a poly-
disperse particle size distribution, with the range of particle sizes present 
in solution increasing with the number of FTC (Fig. 5, AFigs. 10 and 
12). For soil aggregates, it has been shown that changes in the size occur 
until the majority of particles reached their specific stable size under 
given cryogenic conditions [5]. This implies that particles above the 
specific size did not outlast the thawing process and partly become 
dispersed. Hence, the evaluation of the Dh values indicated that freeze- 
concentration enhances particle aggregation but can induce dispersion 
as well. 

4.3. Effects of tannic acid concentration on particle size 

We hypothesized (i) that TA concentration affects the size of ice 
crystals with larger crystals and TA particles forming at low concen-
tration. Based on the formation of relatively large particles at low TA 
concentrations upon freezing as observed by CLSM, the formation of 
larger ice crystals is obvious (Fig. 5). Higher TA concentrations cause 
thicker sub-grain boundaries, since the maximum accumulation of TA in 
a certain volume is limited by the eutectic concentration. 

According to CLSM and SEM, large particles occurred in frozen state 
and partly persisted after thawing, with largest Dhs being found for the 
lowest TA concentrations (Fig. 6). An explanation for the formation and 
preservation of large particles from initially low concentrated TA solu-
tions can be a higher crystallization pressure of ice combined with 
localized heat production [38,39], enhancing the aggregation and sta-
bility of particles. However, Dh values increased upon FTC for all TA 
concentrations. The increases of up 6.5 times were found for concen-
trations ≤ 0.1 g TA L− 1 and up to 1.7 times for ≥ 5 g TA L− 1 (Fig. 6). The 
results from both methodological approaches in the thawed (Dh) and dry 
state (ECD) support hypothesis (ii) that FTC result in amplification of 
self-aggregation. 

4.4. Impact of freezing cross-section 

Freeze-concentration of non-aqueous constituents should be theo-
retically stronger if the ice front spreads over a longer distance (hy-
pothesis (iii)). Evaluation of the ECD by CLSM in the dry state revealed 
that particle sizes increased with increasing freezing cross-section. In 
addition to the spreading distance of ice crystals, it has to be considered 
that the volume of the freeze-concentrated solution increases with the 
initial TA concentration and for the same concentration with total mass 
of solute affected by freeze-concentration, which increases with the 
inner diameter of the tube. Since the freeze-concentration stops at the 
eutectic mixing ratio, the volume of concentrated solute was larger for a 
more available solute mass at high cross sections (AFig. 16). Thus, the 
percentage of large particles (≥ 10 µm) increased with freezing cross- 

Fig. 9. Simplified freezing mechanisms for solid particles smaller than ice crystals. The critical velocity controls the rejection and entrapment of particles, which 
defines the highest velocity of solidification where particles can escape by diffusion. For slow solidification, ice-growth is planar (a). With increasing velocity, the ice 
has to squeeze between the particles, resulting in lamellar or cellular structures (b). When particles have insufficient time for segregation, they will be entrapped by 
the ice (c). Larger and slower particles are first engulfed (Vcrit ∝ 1/radius) (d). With increasing concentration, diffusion of particles is restricted, and ice grows in 
lamellar structures (e). The surface of growing ice possesses cavities where particles can be trapped as well (f). Summarized in modified form from [12,35,36]. 
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section for a given concentration. Likely, the occurrence of large parti-
cles can rather be explained by the higher supply of TA with increasing 
cross-section than by the spreading distance of ice crystals. 

4.5. Influence of pH on tannic acid particle size 

We assumed that at low pH, where repulsive forces between TA 
molecules are decreased, self-aggregation upon freeze-concentration is 
amplified and formation of larger particles favored (hypothesis (iv)). 
When investigating the effect of FTC on Dh values at pH 3 and 6, how-
ever, we observed slightly higher Dh values at pH 6 (Fig. 6), contra-
dicting our expectation. As the Dh used for sizing is prone to 
modifications in solution by dispersion (section 4.2.), evaluation of ECD 
results appears more reliable. They indicated larger particles for all TA 
concentrations and enhanced aggregation at pH 3 compared to pH 6 
(Fig. 5). The increasing TA aggregation at lower pH needs also to 
consider pH changes during freezing, as protons are increasingly 
concentrated in the remaining liquid. At pH values < 3, the Dh of TA 
increased [30], which was explained by a reduction of the net negative 
charge of TA. This allows TA molecules to overcome the repulsive bar-
rier by their Brownian motion and to form aggregates, involving both 
hydrogen bondings [40] and hydrophobic interactions [41]. The effect 
was observed in frozen state only and did not persist in the thawed state 
as the initially rejected and finally trapped solutes are back-released into 
solution upon thawing, resulting in a re-shift of the pH. A similar 
observation has been reported for proteins for various buffers, where the 
effect of pH on aggregation was less than that of the freezing rate [42]. 
Concentrations of ions from NaOH and HCl additions for pH adjustment 
are affected by ice growth, too. Although rejection of large molecules 
during ice growth is 1.4 to 1.7 times higher than for inorganic ions 
(Fig. 9), strong shifts of pH in the remaining liquid have been observed 
for freezing systems [19,34]. For TA solutions adjusted to pH 3, this 
would result in a shift to even more acidic conditions, theoretically 
further promoting aggregation. 

4.6. Electrolyte effects on tannic acid particle formation 

As TA is prone to metal complexation, we studied the effect of mono- 
and multivalent cations on the self-aggregation and stability of TA 
particles during freeze–thaw cycles (hypothesis (v)). The ECD of TA 
particles formed by freezing in presence of NaCl and AlCl3 increased 
with increasing number of FTC (AFig. 12). Samples with CaCl2 addition 
remained moist, as the eutectic mixture of CaCl2 has a freezing point of 
− 50.4 ◦C (− 21.3 ◦C for NaCl), [43], making sublimation of water during 
freeze-drying incomplete. In presence of NaCl and AlCl3, the percentage 
of large particles > 10 µm was higher than without electrolyte additions. 
Contrary to the expectation based on the valency of the cations (hy-
pothesis (v)), largest ECD were obtained for NaCl. The reason for this 
observation likely is that the solute mass was higher for NaCl than for 
AlCl3 (20 mM versus 1.7− 170 µM). As the negatively charged ice sur-
faces at pH > 4 [44] provide additional adsorption sites for cations, the 
actual number of cations being able to promote TA aggregation via 
charge screening might have been much lower for the AlCl3 than NaCl 
treatment, because Al becomes more strongly bound to the ice. This 
counteracts the potential ability of Al to induce TA aggregation by 
forming bridges between TA molecules. For the thawing solutions, the 
comparison of the Dh with electrolyte additions indicates a higher par-
ticle stability with higher cation valency. 

4.7. Shape classes 

Confocal laser scanning microscopy revealed spherical-compact, 
elongated, and flat shapes of TA particles, with the latter two being 
most common (Fig. 8). Occasionally, 3D net structures comprising both 
particle shapes were observed (Fig. 4). These filigree structures are 
remnants from the central column formed within tubes and most of them 

collapsed upon removing the supporting ice matrix. The shape of these 
particles was interpreted under the assumption that disintegration 
occurred uniformly for all samples, allowing for the description of 
relative differences. For compact particles it is likely that these represent 
the shape of TA aggregates in solution, which remain intact if entrapped 
by the advancing ice front. The omnidirectional crystallization pressure 
of the ice growing around the particles should have favored compact 
shapes, whereas particles in the diminishing liquid volume underwent 
compression and shaping by growing ice crystal faces. Elongated and flat 
shapes are products of freeze-concentration, with the former type cor-
responding to three-grain boundaries and the latter to two-grain 
boundaries (Fig. 1). Since three-grain boundaries are energetically 
more favorable for solutes [45], it is plausible that fibers are formed 
preferentially at lower TA concentrations. Size and shape thus corre-
sponded to the form and volume of the sub-grain boundaries of the ice. 

Additions of AlCl3 and NaCl induced preferential formation of large 
particles with ECD ≥ 10 µm, and their share increased with the number 
of FTC for all concentrations. At 1 g TA L− 1 and 10 FTC, particles with an 
ECD of 10− 50 µm predominated for AlCl3 addition, while for NaCl the 
particles > 50 µm dominated. Together with the occurrence of large 
particles, the number of compact particles increased, most pronounced 
for NaCl addition especially after 5 FTC. Obviously, large TA aggregates 
formed in presence of NaCl, where their size supported engulfment in 
the ice (Fig. 9d). 

4.8. Comparison of methods for particle characterization 

Sizing of TA particles formed in FTC was performed by DLS in the 
thawed state and by CLSM after freeze-drying. Particle sizes analyzed by 
both methods suggest a contrary effect of the TA concentration. In the 
thawed state, DLS showed that the largest particles sizes were related to 
the lowest TA concentration and vice versa. In the dry state, CLSM 
revealed the largest particles size for the highest TA concentrations. 
Supported by determinations of particle shape, the findings could be 
well-assigned to different mechanisms: More filled sub-grain boundaries 
of ice crystals at high TA concentrations result in large platy particles. 
Low material supply to fill the sub-grain boundaries at low TA concen-
trations results in smaller, elongated particles only forming at three- 
grain boundaries. Though large particle sizes existed in the dry state 
after freezing at high concentrations, they dispersed upon thawing. In 
contrast, TA particles formed at low concentrations were exposed to a 
higher crystallization pressure of larger ice crystal faces [38] and 
therefore seem more resistant against dispersion. Thus, increased sta-
bility and decreased dispersibility can be another reason for the obser-
vation of relatively high Dh values at low TA concentrations. The effect 
increased with the number of FTC, although an upper limit of enlarge-
ment is likely. For freezing of clay mineral suspensions, stable aggre-
gation outlasted into the thawed state [46], indicating that aggregates 
formed from clay minerals are likely to have a higher stability than the 
aggregates of TA studied in our experiments. Overall, the results ob-
tained by both methodological approaches are not directly comparable 
but complement each other by providing information on particle 
forming by freezing and thawing. 

4.9. Possible applicability to natural conditions 

As TA or other high-molecular weight organic molecules, DOM fea-
tures amphiphilic properties, which my result in similar (self-)aggrega-
tion as observed for our model TA system. For example, in simulations of 
the structure of aggregated organic colloids, lipid tails and other hy-
drophobic fragments form the core, while hydrophilic functional groups 
are exposed to water, where cations can connect the molecular moieties 
[47]. We assume that results obtained for freezing-thawing and particle 
formation in TA solutions can also be transferred to organic colloids in 
aquatic systems and soils, where size and shape of particles formed play 
a decisive role for their function [19,48,49]. 
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Despite freezing of TA solutions was induced by a large temperature 
gradient, freeze-concentration took clearly place, indicating that the 
velocity of the solidification front was always below the critical velocity, 
resulting in planar ice growth (Fig. 9a). However, in soils, freezing can 
be much slower, depending on water content, pore size distribution, and 
factors governing the removal of heat of crystallization. A very low 
growth rate of ice crystals favors the exclusion of solutes and colloids 
and enhances freeze-concentration [12]. 

Unlike aquatic systems, soils consist of a solid matrix with pores 
variably filled with air and water. In general, freeze-concentration for a 
given organic solute or colloid concentration is more distinctive for 
larger pore volumes (AFig. 16). Freeze-concentration likely amplifies 
the formation of larger organic particles, resulting in a reduced micro-
bial decomposition due to the lower external surface and reduced 
accessibility [50]. In permafrost soils, vertical migration and subsequent 
precipitation of organic solutes and colloids during ice segregation along 
freezing gradients, a process defined as “cryogenic retinization” [51], is 
considered as a major process in the formation of stable organic matter 
at the permafrost table [52]. 

At the other hand, zones of concentrated organic matter can enhance 
the local availability of substrates and nutrients, representing hotspots 
of microbial life in frozen environments. In Antarctic ice induced by 
freezing point depression, connected liquid veins with stocks of 
concentrated carbon exist along the grain boundaries, enabling survival 
of microbiota for decades [11,17]. 

5. Conclusions 

In comparison with previous studies on freeze-concentration and 
particle formation considering dispersed colloids [5,12,32], we could 
show that organic particles formed from TA solutions most closely 
resemble the ideal morphology of the sub-grain boundaries of ice crys-
tals. This is supported by the relatively slow velocity of ice solidification, 
favoring planar ice-growth and enabling TA molecules to escape from 
ice entrapment by diffusion. Moreover, TA molecules adjust closely to 
the shape of ice crystals in the residual volume, leading to various spatial 
properties of TA aggregates. The freeze-concentration effect was most 
intense at low TA concentrations and increased with the number of FTC. 
Largest particles were observed at pH 3 and in presence of electrolytes, 
which is due to changes in amphiphilic properties, conformation, and 
aggregation. Particle size characterization by Dh and ECD in the thawed 
and dry state after freezing, respectively, revealed a contrary impact of 
the TA concentration. In the thawed state, the largest particles sizes are 
related to the smallest TA concentration and vice versa, in the dry state 
the largest particles size were obtained for the largest TA concentrations. 
The preservation of large particles from initially low concentrated TA 
solutions indicates enhanced stability of particles, which is due to a 
higher crystallization pressure of ice [35]. Results obtained for particle 
formation by freezing of TA solutions may also apply to organic solutes 
and colloids in aquatic systems, where the structure and reactivity of 
organic particles and consequently their function is of high interest 
[48,49]. Freezing-induced formation of larger organic particles in soils 
could render them less biologically available. This may explain the 
enrichment of organic matter in permafrost soils at the permafrost sur-
face [52]. In presence of reactive minerals, freeze-concentration could 
also foster the formation of mineral-organic composites [36]. However, 
whether this increases the stability of organic matter warrants further 
research as concentration of organics may also create microbial hot- 
spots after thawing [53]. 
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