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A B S T R A C T

Kappa carrageenan (KC), a sulfated polysaccharide derived from red seaweed, exhibits distinct gelation prop-
erties that are influenced by ionic strength and thermal conditions. While its behavior in aqueous media is well- 
established, understanding KC's gelation mechanisms in non-aqueous solvents (like glycerol) remains limited. 
This study investigates the conformational and rheological properties of kappa carrageenan in glycerol, focusing 
on the effects of sodium salts (NaCl, NaH2PO4, Na3PO4) at varying concentrations and preparation temperatures 
(60 ◦C and 80 ◦C). Rheological measurements reveal distinct viscosity trends influenced by salt type and tem-
perature, highlighting the interplay between ionic interactions and KC's conformational transitions. Phosphate 
salts significantly enhance network elasticity and stability, especially at intermediate concentrations, whereas 
NaCl induces weaker, viscosity-dominated structures. Atomic force microscopy imaging provides complementary 
nanoscale insights, showcasing salt-specific structural transitions from looped to branched networks, alongside a 
temperature-dependent helix-to-coil transformation. These results illustrate how the precisely tuning ionic 
conditions and the preparation temperatures in glycerol media can effectively modulate KC's structure and 
viscoelastic properties. This deeper understanding facilitates targeted design and optimization of carrageenan- 
based materials across food, pharmaceutical, cosmetic, and biotechnological applications.

1. Introduction

Kappa carrageenan, a sulfated polysaccharide derived from red 
seaweed, is renowned for its gelation properties, making it a valuable 
component in various industrial applications, including food, pharma-
ceuticals, and cosmetics (Rupert et al., 2022). KC's unique ability to form 
gels is highly dependent on environmental conditions such as ionic 
strength and temperature, as well as its interactions with counterions 
(Brenner et al., 2014; Tako, 2015).

The gelation mechanism of kappa carrageenan involves a two-step 
process: helix formation on cooling and subsequent aggregation of he-
lices into a network structure (Geonzon et al., 2019; Hermansson, 1989). 
This process is significantly influenced by the presence of specific cat-
ions, which can induce or inhibit gel formation depending on their size 
and charge (Mangione et al., 2005; Watase et al., 1990). Sodium salts 
(NaCl, NaH2PO4, and Na3PO4) play a critical role in this mechanism by 

providing varying ionic strengths and pH environments, thus affecting 
the structural dynamics and the final gels' properties (Ciancia et al., 
1997; Derkach et al., 2018).

The lower dielectric constant of glycerol compared to water creates 
unique gelation conditions for kappa carrageenan, influencing the 
electrostatic interactions and the network dynamics (Ramakrishnan & 
Prud'homme, 2000a). The lower dielectric constant affects the electro-
static interactions between kappa carrageenan molecules and the added 
salts, thereby altering the gelation kinetics and the final gel properties 
(Ramakrishnan & Prud'homme, 2000b; Ramm et al., 2021). Addition-
ally, glycerol can prevent the chemical degradation and enhance the 
stability of biopolymers by modifying the respective system parameters 
such as the viscosity and the elasticity (Stenner et al., 2016).

Temperature is another crucial factor influencing the gelation pro-
cess (Mangione et al., 2003). Elevated temperatures enhance the 
dissolution of the polysaccharide and the ions' mobility, facilitating 
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more efficient gel formation (Hjerde et al., 1999). However, careful 
temperature control is essential to prevent the degradation of kappa 
carrageenan and to maintain the integrity of the gel network (Ikeda 
et al., 2001). Different aggregation mechanisms of kappa carrageenan in 
diverse solvents have been observed, indicating distinct network for-
mations in water compared to more randomized structures in glycerol 
and sorbitol (Cao & Mezzenga, 2020; Diener et al., 2019).

Our investigation explores the self-assembly processes of kappa 
carrageenan in a glycerol medium building on the foundation of previ-
ous studies. Specifically, it examines the effects of different Na+ ion 
sources (NaCl, NaH2PO4, Na3PO4) under varied stirring temperatures 
(60 ◦C and 80 ◦C). The rheological measurements provide insights into 
the mechanical properties and the viscoelastic behavior of the formed 
gels, while the atomic force microscopy (AFM) offers a detailed view of 
the microstructural changes and network formation at the nanoscale 
(Funami et al., 2007; Schefer et al., 2014).

The interaction of KC with large-site univalent cations such as K+, 
Rb+, and Cs+ significantly alters its rheological behavior compared to 
smaller Na+ ions (Ciancia et al., 1997; Diener et al., 2019; Schefer et al., 
2015; Thrimawithana et al., 2010). The considerable differences are 
attributed to the steric capabilities of these cations to engage in the ionic 
and electrostatic attractions, thus influencing the gel properties and 
stability (Bui et al., 2019). The previous studies have examined also the 
impact of uniform ions, specifically ammonium salts, on the rheological 
and thermal properties of kappa carrageenan gels, highlighting the ef-
fects of a consistent ion while varying the coion (Watase et al., 1990). 
Although ammonium ions were used in these studies, our research 
adopts a similar methodology by fixing the counterion and varying the 
coion. While Na+ is not the most effective structuring ion for kappa 
carrageenan, investigating different Na+ sources offer valuable insight 
into how coion identity influences gelation in non-aqueous media. 
Glycerol is widely used in food, cosmetic, and pharmaceutical formu-
lations, yet the structural behavior of carrageenans in such media re-
mains poorly understood. This work addresses this gap by systematically 
examining the influence of NaCl, NaH₂PO₄, and Na₃PO₄ on the confor-
mational and rheological properties of kappa carrageenan in glycerol, 
under different preparation temperatures. The combination of rheo-
logical characterization with AFM visualization enables to obtain cor-
relations of the ion-specific effects with the nanoscale structure, offering 
both mechanistic insight and practical guidance for formulation design.

This study tests the hypothesis that both coion identity and prepa-
ration temperature critically influence the helix–coil transitions and 
network formation of kappa carrageenan in glycerol. It is proposed that 
specific sodium salts (NaCl, NaH₂PO₄, Na₃PO₄), through their coion ef-
fects, modulate intramolecular and intermolecular interactions, thereby 
altering viscoelastic properties and nanoscale morphology.

2. Materials and methods

2.1. Materials

Commercially available kappa carrageenan (GENU® SMART 118; CP 
Kelco) was used as received. Elemental analysis by atomic flame spec-
troscopy (0.1 % w/v solution) showed concentrations of Na+: 3.7 mg/L 
(0.161 mM), K+: 41 mg/L (1.048 mM), and Ca2+: 4.2 mg/L (0.105 mM). 
X-ray fluorescence (XRF) analysis using a Bruker S1 TITAN handheld 
spectrometer determined the sulfur content to be 7.4 % by mass, cor-
responding to approximately 0.91 sulfate groups per disaccharide unit. 
The residual K+ corresponds to ~0.83 mol per disaccharide unit and is 
present equally in all samples. To account for its structural effects, 
reference samples without added sodium salts were included. These K+- 
only systems serve as internal controls, as shown in the NaCl results 
section.

(3-Aminopropyl) triethoxysilane (APTES, CAS 919–30-2, 99.9 % 
purity) for mica modification, and Sodium phosphate (CAS: 7558-80-7; 
≥99.0 % purity, anhydrous) were obtained from Sigma-Aldrich. 

Trisodium phosphate (CAS: 7601-54-9, ≥98.0 % purity) was sourced 
from Sigma-Aldrich. Muscovite mica discs type V-1 were purchased 
from NanoandMore GMBH. Deionized water, with a resistivity of 15.0 
MΩ⋅cm at 25 ◦C, was produced using a Millipore Elix water purification 
system.

2.2. Solution preparation and experimental setup

For rheological measurements the KC stock solutions were prepared 
at 0.5 wt% KC in glycerol with added sodium salts spanning 0–670 mM 
absolute concentration. All salt concentrations reported in the manu-
script therefore refer to this total salt content at the fixed polymer level 
of 0.5 wt%.

For AFM analysis each stock was subsequently diluted five-fold with 
glycerol, giving 0.1 wt% KC while maintaining the original KC-to-salt 
ratio. This step lowers viscosity enough for reliable imaging but pre-
serves the local ionic environment experienced by the polymer chains.

Glycerol was pre-heated to either 60 ◦C or 80 ◦C, after which KC 
powder was gradually dispersed under vigorous stirring (4000 rpm) 
with a Silverson high-shear mixer fitted with a general-purpose dis-
integrating head. Continuous mixing for 1 h prevented clumping and 
ensured homogeneous hydration while the vessel sat in a thermostatted 
water bath. The appropriate amount of sodium salt was then added to 
reach the target absolute concentration (0–670 mM in the 0.5 wt% 
stock), and stirring continued for a further 15 min at the selected tem-
perature. Samples were left to equilibrate overnight at room tempera-
ture before rheological testing or dilution for AFM.

The selected salt concentration range - from 0 mM (no added salt) to 
670 mM—was designed to cover a broad range of polymer-to-salt ratios 
typically encountered in industrial formulations. This range allows us to 
capture the transition from low-ionic-strength conditions, where mini-
mal structural reorganization occurs, to high-salt regimes that strongly 
influence carrageenan network assembly.

The pH of the samples after equilibration varied with the added salt: 
~8.0 for kappa carrageenan in glycerol alone, ~5.5 with NaCl, ~6.0 
with NaH₂PO₄, and ~ 11.2 with Na₃PO₄. These values reflect the 
intrinsic pH of the salts in glycerol. However, since sulfate groups in 
carrageenan remain ionized across this pH range, the variations in 
viscoelastic behavior and network morphology are attributed to the 
specific ion and coion effects rather than pH-induced changes in carra-
geenan protonation or chain conformation.

2.3. AFM sample preparation and imaging

The mica surface was modified using APTES, following a procedure 
adapted from Schefer et al., 2014, with a spin-assisted cleaning step 
introduced to improve the carrageenan immobilization in viscous 
glycerol-based solutions. Freshly cleaved muscovite mica (V-1 grade) 
was placed in a closed glass desiccator with 50 μL of APTES and exposed 
to vapor-phase silanization for 2 h at room temperature. This treatment 
yields a positively charged mica surface that promotes electrostatic 
binding of the negatively charged carrageenan chains.

AFM samples were prepared one day after solution mixing, following 
overnight equilibration at room temperature. For imaging, the carra-
geenan solutions were diluted fivefold (to 0.1 wt%) while preserving the 
original carrageenan-to-salt ratio. A 20 μL aliquot of the diluted solution 
was deposited onto the modified mica for 1 min to allow immobilization 
of the carrageenan segments. Due to the viscosity of glycerol, excess 
material was then removed by spin-coating the sample at 4000 rpm for 
5 min, leaving only the immobilized carrageenan structures on the 
surface.

AFM imaging was performed using a MultiMode V system (Bruker 
Ltd., Germany) in tapping mode under ambient conditions. Commercial 
silicon nitride cantilevers (Tap150-G) were used to scan 2 × 2 μm areas 
at 512 × 512 pixel resolution. Height measurements were extracted with 
a standard deviation of ±0.1 nm.
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2.4. Rheological measurements

The rheological properties of the KC solutions were measured using 
Gemini rotational rheometer (Malvern Instruments, UK) equipped with 
a cone-and-plate geometry (diameter: 40 mm; cone angle: 4◦). The 
measurements were conducted at a controlled temperature of 25 ±
0.1 ◦C maintained by a Peltier temperature control system. For viscosity 
measurements, steady shear rate sweeps were performed in the shear 
rate range from 0.01 to 100 s− 1, using a logarithmic profile with 
approximately 25 data points per decade. The rheometer automatically 

adjusted the acquisition time at each point to ensure steady-state con-
ditions, based on a torque stability criterion of 1 % deviation. The elastic 
properties were assessed through oscillatory rheological measurements. 
Amplitude sweeps at a constant frequency of 1 Hz were initially con-
ducted to determine the linear viscoelastic region (LVER). Frequency 
sweeps within the determined LVER were subsequently performed from 
0.1 to 100 Hz to measure the storage (G') and loss (G") moduli.

Fig. 1. Rheological analysis of 0.5 wt% kappa carrageenan solutions with varying concentrations of sodium salts measured at 25 ◦C. Panels (a) and (b) display the 
apparent viscosity, η, of kappa carrageenan solutions with NaCl at stirring temperature of 60 ◦C and 80 ◦C, respectively. Panels (c) and (d) show the viscosity profiles 
with NaH2PO4 at the same temperatures. Panels (e) and (f) depict the effects of Na3PO4 under identical conditions. Each graph illustrates the viscosity across a shear 
rate range of 0.01 to 100 s− 1, highlighting shear-thinning behavior. The power-law relationships are noted for different salts, with η ∝ γ̇− 0.5 commonly observed, 
though some samples with phosphate salts exhibit deviations (from η ∝ γ̇− 0.3 to η ∝ γ̇− 1), indicating altered network dynamics. The data points are represented by 
symbols corresponding to varying salt concentrations from 105 mM to 670 mM, elucidating the influence of the ionic strength and ion type on the rheological 
behavior of the solutions.
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3. Results

3.1. Rheological behavior of kappa carrageenan solutions

3.1.1. Apparent viscosity
The apparent viscosity of KC solutions measured at 25 ◦C showed a 

marked dependence on both the stirring temperature (60 ◦C vs. 80 ◦C) 
and the type of sodium salt used. These temperatures were selected to 
fall below and above the known helix–coil transition of KC in glycerol 
(Ramakrishnan & Prud'homme, 2000b). At 60 ◦C, KC chains are 

partially helical, while at 80 ◦C, they adopt a disordered coil state. This 
conformational difference governs how salts influence the network 
formation during cooling.

For phosphate salts (NaH₂PO₄ and Na₃PO₄), samples prepared at 
60 ◦C generally exhibited higher viscosities than those prepared at 80 ◦C 
(Fig. 1). This reflects the preservation of helical structure and the for-
mation of partially ordered networks during cooling. In contrast, prep-
aration at 80 ◦C promotes the helix-to-coil transition and the greater 
chain flexibility. For studied phosphate systems, the increased flexibility 
appears to enhance the chain entanglement and the junction formation 

Fig. 2. Frequency-dependent viscoelastic behavior (G', G") of kappa carrageenan solutions prepared with varying sodium salts (NaCl, NaH₂PO₄, Na₃PO₄) at stirring 
temperatures of 60 ◦C (blue) and 80 ◦C (red). Panels (a) and (b) show the effects of NaCl at different salt concentrations (0–670 mM); panels (c) and (d) illustrate the 
behavior with NaH₂PO₄, and panels (e) and (f) represent Na₃PO₄. Solid symbols denote the storage modulus (G'), while open symbols denote the loss modulus (G"). 
The log-log plots highlight the influence of salt type, ionic strength, and temperature on the viscoelastic properties, demonstrating enhanced gel elasticity (G') at 
intermediate concentrations for phosphate salts and more balanced viscoelasticity for NaCl. The curves were shifted sideways (factor A) to avoid overlap. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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upon cooling, leading to stronger viscoelastic responses. The resulting 
network is more elastic, despite originating from coil-rich precursors.

Notably, NaCl exhibited the opposite trend: viscosity decreased 
when samples were prepared at 80 ◦C. This suggests that NaCl is inef-
fective in restructuring of disordered chains into functional networks. It 
can weakly stabilize interactions when the helices are already partially 
present (at 60 ◦C), but does not promote reassembly when starting from 
a fully disordered coil state. These coions affect the system more 
strongly, not through direct attractive interactions - which are unlikely 
due to the electrostatic repulsion between sulfate and phosphate groups 
- but rather by modulating the local solvent structure, dielectric envi-
ronment, and steric constraints. Such indirect effects can facilitate the 
chain rearrangement, enhance the entanglement, and promote junction 
formations during cooling from the coil state.

For NaH₂PO₄ at 60 ◦C, the viscosity decreases proportionally to γ̇− 0.3 

at 0, 105, and 220 mM. The decrease is monotonic and without inflec-
tion points, indicating stable structures with a weak dependence on the 
deformation. At higher salt concentrations (350, 500, and 650 mM), the 
viscosity initially follows γ̇− 0.5 up to ~4 s− 1, then transitions to γ̇− 1 at 
higher shear rates. This shift in scaling marks a threshold between 
distinct structural states of the material.

The inverse power-law region η∝γ̇− 1 observed above ≃10 s− 1 has an 
important mechanical implication: because shear stress is defined as τ =

ηγ̇, the product of γ̇ and γ̇− 1 becomes a constant. Hence, once this regime 
is reached the measured shear stress plateaus and remains essentially 
independent of further increases in shear rate. Such a flow-stress plateau 
is a hallmark of weakly connected polymer networks that have been 
broken down until only viscous drag from solvent-entrained chains re-
sists flow. The onset of this plateau therefore signals complete disruption 
of carrageenan junction zones and alignment of the residual coil seg-
ments with the flow field. Notably, the viscosity of these systems falls in 
the range of 10 to 1000 Pa⋅s, typical of viscoelastic fluids rather than 
highly structured gels. Under these conditions, the flow is governed by 
bulk deformation, with negligible wall slip, further ensured by the 
uniform shear field provided by the cone-and-plate geometry.

At 80 ◦C, NaH₂PO₄ samples follow a similar trend, but the transition 
from γ̇− 0.5 to γ̇− 1 occurs at lower shear rates, suggesting a less robust 
structure that is more easily disrupted. Notably, the sample with 500 
mM NaH₂PO₄ exhibits an abrupt change in slope near 8 s− 1, possibly 
reflecting a shear-induced network rearrangement or partial collapse of 
transient junction zones. This localized instability is absent at 670 mM, 
where the higher ion concentration may promote a more homoge-
neously entangled and shear-resistant network. Several breakdown 
mechanisms - such as overscreening of repulsive interactions, junction 

point destabilization under stress, or intermediate salt-induced struc-
tural heterogeneity—could contribute to the observed behavior.

For Na₃PO₄ at 60 ◦C, the viscosity of solutions at lower salt concen-
trations (105 and 220 mM) is higher than at higher salt levels (350, 500, 
670 mM). At low shear rates, viscosity decreases with a power law of 
~γ̇− 0.5 at all concentrations. A kink appears near 10 s− 1 for low con-
centrations, after which the slope shifts to γ̇− 1. At higher concentrations, 
the transition is smoother and follows γ̇− 0.3.

At 80 ◦C, Na₃PO₄ samples again show a shift of the kink toward lower 
shear rates, similar to NaH₂PO₄. This confirms that preparation at higher 
temperature promotes network formation that is more elastic but also 
more sensitive to deformations.

The lower apparent viscosity observed for the 220 mM sample at 
shear rates above 10 s− 1 may result from a less cohesive or heteroge-
neously entangled network formed at this intermediate concentration. 
At this level of ionic strength, the electrostatic screening may be suffi-
cient to partially disrupt interchain repulsion but insufficient to fully 
promote the stable junction formation, making the network more prone 
to shear-induced collapse compared to higher concentrations where 
tighter, more uniform structuring is achieved.

3.1.2. Oscillatory measurements
The viscoelastic properties of KC solutions were analyzed through 

frequency-dependent measurements of the storage (G') and loss (G") 
moduli. To improve clarity and prevent overlapping of data in the 
graphical representations, the curves were shifted by a factor A (Winter 
& Chambon, 1986). This approach highlights trends across different salt 
concentrations and preparation conditions without compromising the 
comparative analysis (Fig. 2). From our experiments, two distinct types 
of viscoelastic behavior were observed: (1) cases where G' and G" 
exhibited similar values, with a crossover point within the measured 
frequency range, indicating a balance between elastic and viscous 
components; (2) cases where G' was considerably higher than G", indi-
cating a predominantly elastic gel-like behavior. These differences 
reflect the varying degrees of network formation and cross-linking in 
kappa carrageenan solutions depending on salt types, concentrations, 
and preparation temperatures.

To supplement the frequency-dependent analysis, the loss tangent 
tanδ = G˝/Gʹ was evaluated at ω = 1 Hz (Fig. 3). The dependence of tan δ 
on ω does not capture the full viscoelastic behavior, but it clearly shows 
the regions with viscoelastic solid (tan δ < 1, G′ > G″) and viscoelastic 
fluid (tan δ > 1, G′ < G″) rheological behavior. The primary analysis is 
based on the full G′ and G″ frequency spectra shown in Fig. 2.

Fig. 3. The effect of salt concentration (NaCl, NaH₂PO₄, Na₃PO₄) on the viscoelastic behavior of the kappa carrageenan solutions, as represented by the loss tangent 
(tan δ = G”/G'), at stirring temperatures of 60 ◦C and 80 ◦C. The dashed line (tan δ = 1) separates the viscoelastic solid regime (G' > G”) from the viscoelastic liquid 
regime (G" > G').
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3.1.2.1. NaCl effects. For solutions containing NaCl, both G′ and G″ 
increased with frequency, displaying typical viscoelastic behavior 
(Fig. 2a and b). At both stirring temperatures, the magnitudes of G′ and 
G″ remained relatively low across all NaCl concentrations (0–670 mM), 
indicating that NaCl had a limited effect on strengthening the kappa 
carrageenan network in glycerol. Although G′ was slightly higher than 
G″, their values were of the same order of magnitude over the measured 
frequency range. The loss tangent (tan δ at ω = 1 Hz) was close to or 
above 1, particularly at higher NaCl concentrations and temperatures 
(Fig. 3, NaCl plots), suggesting that the elastic and viscous components 
were comparable, with a slight dominance of viscous response. Overall, 
the presence of NaCl did not significantly enhance gelation under the 
studied conditions.

3.1.2.2. NaH₂PO₄ effects. The addition of NaH₂PO₄ significantly 
enhanced the viscoelastic properties of kappa carrageenan solutions. At 
60 ◦C, both G' and G" increased with rising NaH₂PO₄ concentration, with 
G' consistently exceeding G" across the frequency range, indicating a 
conformational change in the carrageenan network (Fig. 2c). At 80 ◦C, 
this effect was further amplified (Fig. 2d), as the elevated temperature 
promoted the formation of a more robust gel network. This was evi-
denced by the substantial increase in G', particularly at concentrations 
above 500 mM. The loss tangent (tan δ) values for NaH₂PO₄ solutions at 
higher concentrations were consistently less than 1, confirming the 
dominance of elastic over viscous behaviors (Fig. 3, NaH₂PO₄ plots). 
Thus, NaH₂PO₄ effectively enhances cross-linking and gelation of kappa 
carrageenan in glycerol, particularly at elevated preparation tempera-
tures (80 ◦C).

The non-monotonic change in tan δ from an increase between 220 
and 350 mM, followed by a decrease at 500 mM—suggests a shift from a 
weakly entangled, viscous-dominated state to a more cohesive, elastic 
network. At 350 mM, partial structuring may enhance energy dissipa-
tion, while at 500 mM, stronger junction formation and chain connec-
tivity increase the storage modulus, reducing tan δ. This behavior aligns 
with the observed transition toward elastic character at higher salt 
concentrations.

3.1.2.3. Na₃PO₄ effects. The effects of Na₃PO₄ on the viscoelastic prop-
erties were similar to those of NaH₂PO₄ but even more pronounced. At 
60 ◦C, both G' and G" exhibited maximums at intermediate Na₃PO₄ 
concentrations, indicating the gel formation (Fig. 2e). At 80 ◦C, the 
enhancement of G' was more considerable and occurred over a wider 

range of concentrations (Fig. 2f). The highest G' values were observed at 
intermediate Na₃PO₄ concentrations (~220 mM), suggesting an optimal 
concentration for network formation. At these concentrations and tem-
peratures, the tan δ values were consistently well below 1 (Fig. 3, Na₃PO₄ 
plots), underscoring the highly elastic nature of the gels formed. These 
results indicate that Na₃PO₄ is particularly effective in promoting the 
gelation of kappa carrageenan in glycerol, facilitating strong and stable 
network structures that persist even at elevated temperatures.

3.1.2.4. Overall trends and implications. The oscillatory measurements 
revealed that the type of coions significantly influences the viscoelastic 
behavior of kappa carrageenan solutions in glycerol. Phosphate salts 
(NaH₂PO₄ and Na₃PO₄) were more effective than NaCl in enhancing gel 
elasticity. This difference is most evident at higher salt concentrations 
and when samples were prepared at 80 ◦C. At lower concentrations or at 
60 ◦C, the viscoelastic profiles of NaCl and NaH₂PO₄ appear similar, both 
showing weak elasticity with tan δ values near or slightly above 1. 
However, NaH₂PO₄ induces a pronounced shift toward elastic behavior 
at ≥350 mM and 80 ◦C, as reflected by increased G′ and reduced tan δ. 
This transition is not observed in NaCl samples, which remain weakly 
structured across all conditions.

A similar trend is seen for Na₃PO₄: at 60 ◦C, the rheological response 
closely resembles that of NaCl except at one intermediate concentration 
(~220 mM), where moderate elasticity is observed. The strong gelation 
effect of Na₃PO₄ emerges primarily at 80 ◦C, where G′ values increase 
sharply and tan δ drops well below 1, indicating robust network for-
mation. This temperature-dependent enhancement is attributed to the 
improved dissolution and chain mobility, facilitating stronger ionic in-
teractions and network assembly, particularly for phosphate-containing 
systems. In contrast, NaCl does not show such improvement with tem-
perature, highlighting its limited ability to support network formation 
under these conditions.

The loss tangent (tan δ) provided additional insight into the visco-
elastic nature of the gels (Fig. 3). For phosphate salts at optimal con-
centrations and higher temperatures, tan δ values were significantly less 
than 1, confirming the formation of strong, elastic gels suitable for ap-
plications requiring structural integrity. In contrast, NaCl solutions 
exhibited tan δ values around or above 1, suggesting limited gelation 
and predominance of viscoelastic fluid behavior.

Fig. 4. AFM images of carrageenan networks. (a) Branched structure: multiconnected threads formed by carrageenan helices, creating a complex and intricate 
network. (b) Loop structure: multiconnected loops, showcasing a network of closed or semi-closed formations. The scale bar in both images is 200 nm.
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3.2. AFM measurements of kappa carrageenan structures

The AFM results for immobilized kappa carrageenan structures from 
glycerol solutions on modified mica substrates closely resemble those 
obtained from aqueous solutions (Chen et al., 2019; Funami et al., 2007; 
Ikeda et al., 2001; Schefer et al., 2015; Sokolova et al., 2013; Walther 
et al., 2006). Depending on the conditions, typical helical or coiled 
structures were observed, confirming that glycerol does not introduce 
any unexpected features into the system. Consequently, we adopt the 
nomenclature established by Mezzenga's group for primary, secondary, 
and higher-order helical structures (Diener et al., 2019) and further 
introduce the terms “branched” and “loop” structures to describe addi-
tional carrageenan network morphologies observed under certain 
experimental conditions (see Fig. 4).

Building on these observations, one can define two distinct structural 
formations in the AFM images: the branched structure and the loop 
structure. The branched structure is characterized by multiconnected 
threads formed through the helical arrangement of carrageenan poly-
saccharide chains, resulting in a complex network that enhances the 
overall mechanical strength and stability. In contrast, the loop structure 

consists of interconnected loops, where the carrageenan chains bend and 
intertwine to form closed or semi-closed formations that contribute to 
the network's flexibility and resilience. Both structures are critical for 
understanding the properties and behavior of carrageenan in various 
applications.

While AFM provides valuable nanoscale insight, it cannot fully 
capture the complexity of the three-dimensional gel network or predict 
bulk rheological behavior directly. Features such as helix thickness 
(reflecting helical order), junction point density, and chain rigidity or 
flexibility offer qualitative cues that align with observed viscoelastic 
responses. However, these are two-dimensional projections of surface- 
adsorbed structures, and therefore cannot reflect dynamic in-
teractions, entanglement, or crosslinking in the bulk phase. To build a 
predictive structure-rheology relationship, additional multiscale char-
acterization would be necessary. This study aims only to highlight how 
specific coions and preparation temperatures affect the carrageenan 
network at the nanoscale and how these trends qualitatively support the 
rheological results.

Fig. 5. Impact of NaCl on kappa carrageenan properties at different temperatures. AFM images of 0.1 wt% kappa carrageenan networks formed in the presence of 
varying concentrations of NaCl at (a) without NaCl, (b) 20 mM, (c) 60 mM, and (d) 120 mM NaCl, after stirring at 60 ◦C (top row) and 80 ◦C (bottom row). (e): 
Viscosity of 0.5 wt% kappa carrageenan solutions with NaCl as a function of NaCl concentration at 60 ◦C and 80 ◦C. (f) Storage modulus (G') of 0.5 wt% kappa 
carrageenan solutions with NaCl at a frequency of 1 Hz, at 60 ◦C and 80 ◦C.
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3.2.1. NaCl effect
The results obtained at 60 ◦C in the absence of added NaCl show a 

clearly defined multiconnected loop structure (Fig. 5a). The thickness of 
the strands ranges between 2 and 4 nm, indicating a network structure 
composed of highly ordered helices. At this temperature, kappa carra-
geenan in glycerol does not undergo the helix-to-coil transition 
(Ramakrishnan & Prud'homme, 2000b). However, it reconfigures into a 
highly interconnected structure with significant viscosity and elasticity. 
It is important to note that the AFM results are obtained at a carrageenan 
concentration of 0.1 wt%, whereas the rheological measurements are 
performed at a concentration of 0.5 wt%. The reduction in concentration 
for the AFM experiments is due to the experimental observation that 
higher concentrations than 0.1 wt% did not yield reliable images. The 
AFM images provide a 2D projection of the carrageenan structures 
adsorbed onto a mica surface at 0.1 wt% concentration. While these 
immobilized structures reflect conformations present in the bulk solu-
tion, they do not capture the full 3D network topology. As such, the AFM 
results are interpreted qualitatively as representative of nanoscale or-
ganization, and are correlated with rheological behavior, without 
implying direct structural equivalence to the bulk gel.

With the addition of NaCl, the multiconnected loops in the network 
unravel (Fig. 5b and c), and at the highest concentration (120 mM, 
Fig. 5d), an intertwined carrageenan strand state is observed. This 
restructuring leads to a slight increase in both viscosity and elasticity. At 
80 ◦C, where the helix-to-coil transition occurs, the addition of NaCl 
results in carrageenan adopting a coil conformation. NaCl effectively 
interacts and influences both inter- and intramolecular structural fac-
tors. As a result, the AFM measurements reveal coil elements with a 
thickness of 0.3 nm, as well as the formation of primary (yellow arrows) 
and secondary (blue arrows) helical structures (Fig. 5 b’-d’).

What is noticeable is that the viscosity achieved when stirred at 80 ◦C 
is 1.4 times higher than that at 60 ◦C until the addition of 500 mM NaCl 
(Fig. 5e). Beyond this concentration, the viscosity decreases in both 
series, but the decrease is much more pronounced in the series stirred at 
80 ◦C. Elasticity follows a similar trend to that of viscosity, where the 
system stirred at 80 ◦C consistently exhibits approximately 1.4 times 
higher elasticity (Fig. 5f).

3.2.2. NaH2PO4 effect
Fig. 6 shows the AFM images illustrating the evolution of kappa 

Fig. 6. Impact of NaH2PO4 on kappa carrageenan properties at different temperatures. AFM images of 0.1 wt% kappa carrageenan networks formed in the presence 
of varying concentrations of NaH2PO4 at (a) 20 mM, (b) 40 mM, (c) 60 mM, and (d) 120 mM NaH2PO4, after stirring at 60 ◦C (top row) and 80 ◦C (bottom row). (e): 
Viscosity of 0.5 wt% kappa carrageenan solutions with NaH2PO4 as a function of NaH2PO4 concentration at 60 ◦C and 80 ◦C. (f) Storage modulus (G') of 0.5 wt% 
kappa carrageenan solutions with NaH2PO4 at a frequency of 1 Hz, at 60 ◦C and 80 ◦C.
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carrageenan network structures with varying concentrations of 
NaH2PO4 and the effects of different stirring temperatures.

At a stirring temperature of 60 ◦C, kappa carrageenan forms a mul-
ticonnected loop network, which retains its integrity even as the con-
centration of NaH2PO4 increases. In terms of viscosity, this series 
demonstrates a sharp increase when the NaH2PO4 concentration exceeds 
200 mM, followed by a gradual decline. The salt concentration does not 
affect the measured elasticities, indicating that the multiconnected loop 
network inherently exhibits low elasticity. The observed increase in the 
apparent viscosity might be attributed to the formation of higher-order 
helices, which increase the yield stress of the system and thereby affect 
the viscosity measurements. This effect is not reflected in the dynamic 
oscillation experiments used to determine the system's elasticity.

In contrast, the experiments conducted at 80 ◦C reveal fundamen-
tally different structures compared to those at 60 ◦C. At lower concen-
trations of NaH2PO4, partial network entanglement of carrageenan is 
observed, along with numerous discrete components. For the sample 
containing 40 mM NaH2PO4 and 0.1 wt% kappa carrageenan, a network 
structure featuring “hairpin” inclusions is observed. These inclusions are 
known to contribute to the higher viscosities and elasticities. At 120 mM 

NaH2PO4, a well-formed network of multiconnected threads with a 
thickness of approximately 4 nm is observed, indicating the significant 
impact of NaH2PO4 concentration on the structure of kappa carra-
geenan, dependent on the stirring temperature.

3.2.3. Na3PO4 effect
The results obtained from AFM clearly show that even a small 

addition of Na3PO4 leads to significant changes in the structuring of 
kappa carrageenan in glycerol (Fig. 7). A key difference to note is that at 
a temperature of 60 ◦C, prior to the helix-to-coil transition, the multi-
connected network is not observed. Instead, segmented short carra-
geenan strands are seen, overlapping but weakly connected. With 
increasing Na3PO4 concentration, it becomes evident that less kappa 
carrageenan adheres to the mica surface. The immobilization procedure 
is based on ionic interactions, suggesting that this effect may be due to 
charge screening as the concentration of Na3PO4 increases.

The AFM results at 80 ◦C follows the same trend. However, at lower 
concentrations (20 and 40 mM Na3PO4), the carrageenan appears to 
form a structure with more junction points compared to at 60 ◦C. At the 
highest investigated salt concentration of 120 mM, carrageenan is 

Fig. 7. Impact of Na3PO4 on kappa carrageenan properties at different temperatures. AFM images of 0.1 wt% kappa carrageenan networks formed in the presence of 
varying concentrations of Na3PO4 at (a) 20 mM, (b) 40 mM, (c) 60 mM, and (d) 120 mM Na3PO4, after stirring at 60 ◦C (top row) and 80 ◦C (bottom row). (e): 
Viscosity of 0.5 wt% kappa carrageenan solutions with Na3PO4 as a function of Na3PO4 concentration at 60 ◦C and 80 ◦C. (f) Storage modulus (G') of 0.5 wt% kappa 
carrageenan solutions with Na3PO4 at a frequency of 1 Hz, at 60 ◦C and 80 ◦C.
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observed in a primary coil state. Thus, the degree of carrageenan ag-
gregation decreases with increasing Na3PO4 concentration.

The rheological behavior of both systems is similar. Both viscosity 
and elasticity reach a maximum at around 200 mM. Interestingly, the 
viscosity curves at 60 ◦C show higher viscosity, while in terms of elas-
ticity, the effect is opposite, with the system at 80 ◦C exhibiting higher 
elasticity.

4. Conclusions

This study provides valuable insights into the conformational and 
rheological behavior of kappa carrageenan in glycerol, with a focus on 
the effect of coions coming from sodium salts (NaCl, NaH₂PO₄, Na₃PO₄) 
and the preparation temperature (60 ◦C and 80 ◦C). Using a combination 
of rheological analysis and AFM, we revealed most important trends in 
gelation, network formation, and viscoelastic properties. 

1. Effect of Salt Type and Concentration: The type of sodium salt plays a 
pivotal role in modulating the structural and viscoelastic properties 
of kappa carrageenan in glycerol. NaCl primarily disrupted the 
network, resulting in less robust structures and predominantly 
viscous behavior, as reflected by tan δ values around or above 1. In 
contrast, NaH₂PO₄ and Na₃PO₄ enhanced gelation, promoting the 
formation of dense, branched networks with significantly higher 
elastic moduli (G') and tan δ values consistently below 1, particularly 
at intermediate salt concentrations (~220–350 mM).

2. Effect of Temperature: Preparation temperature profoundly influ-
enced the self-assembly of kappa carrageenan. At 60 ◦C, the networks 
were dominated by loop structures at low salt concentrations and 
transitioned to denser, branched formations with increasing salt 
concentration. At 80 ◦C, the elevated temperature facilitated stron-
ger cross-linking for phosphate salts (NaH₂PO₄ and Na₃PO₄), result-
ing in more robust networks and enhanced gel elasticity. However, 
NaCl solutions showed reduced structural integrity at higher tem-
peratures due to the helix-to-coil transition.

3. Salt-Specific Behavior: Among the salts studied, Na₃PO₄ exhibited the 
most pronounced effects, forming the densest and the most elastic 
networks. The AFM images and rheological data consistently high-
lighted Na₃PO₄’s superior ability to promote gelation and structural 
integrity, even at elevated temperatures. This makes Na₃PO₄ partic-
ularly suitable for applications requiring strong and stable gels.

4. Practical Implications: The findings underscore the importance of 
selecting appropriate salt types, concentrations, and preparation 
conditions to tailor the viscoelastic properties of kappa carrageenan 
gels. These insights are highly relevant for applications in cosmetic, 
food, pharmaceutical, and biotechnological industries, where the 
ability to modulate gel strength and elasticity is critical.

By combining structural (AFM) and mechanical (rheological) ana-
lyses, this study provides a comprehensive understanding of kappa 
carrageenan's behavior in non-aqueous systems, paving the way for the 
development of novel materials with customizable properties. While 
AFM and rheological measurements were conducted at different total 
polymer concentrations due to methodological constraints, the polymer- 
to-salt ratio was maintained, ensuring consistent structural context. The 
study focuses on a defined concentration range and a selected set of 
coions, which provides a controlled framework for analysis. Future work 
could extend these findings by examining a broader range of conditions 
and applying complementary structural techniques.
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