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Summary 
 
In this paper we study the shear-induced flow of magneto-polymer composites, consisting of dispersions of 
magnetic particles in solutions of polymers, as a competition between the colloidal forces amid particles and 
their bulk transport induced by the hydrodynamic forces. For this aim, we analyse the role of different 
experimental parameters. Firstly, by using only solutions of a well-known anionic polymer (sodium 
alginate) we provoke a moderate hindering of particle movement, but keeping the liquid-like state of the 
samples. On the contrary, a gel-like behaviour is conferred to the samples when a cationic polymer (chitosan) 
is additionally added, which further reduces the particle movement. We analyse the effect of an applied 
magnetic field, which opposes to particle transport by hydrodynamic forces, by inducing magnetic attraction 
between the particles. We perform the analysis under both stationary and oscillatory shear. We show that 
by using dimensionless numbers the differences between samples and experimental conditions are 
emphasized. In all cases, as expected, the transport of particles driven by bulk hydrodynamic forces 
dominates at high values of the shear rate. 
 
 

1. Introduction 
 
Hydrogels are three-dimensional (3-D) networks of polymer chains embedded by water or other biological 
fluids[1]. In hydrogels usually less than 10% of the mass is due to the polymer, water being the main 
component, resulting in a largely porous microstructure, resembling the natural extracellular matrix of 
living tissues. Because of this resemblance, hydrogels have been the focus of intense research in the last few 
decades, aiming to products with potential applications in biomedicine and other fields [2,3]. From the 
viewpoint of the bonding between polymer chains, hydrogels can be classified into chemical hydrogels and 
physical hydrogels. Covalent bonding is the mechanism behind the 3-D network in the former, whereas 
physical interactions, such as electrostatic attraction, hydrogen bonding, or even entanglement between 
polymer chains, are the mechanisms maintaining the polymer structure in the latter [4]. Chemical hydrogels 
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are stronger than physical hydrogels, however, self-healing is much more common presented in networks 
based in physical interactions than in chemical bonding, which represents a major advantage of physical 
hydrogels. Physical interactions between polymer chains are also present in other systems consisting of 
polymer and water, e.g., polymer solutions, that do not meet the requirements for being classified as 
hydrogels. For this, different subjective criteria are found in literature, such as self-supporting ability, or 
solid-like appearance. On the contrary, from the rheological viewpoint, a clear criterium is stablished for 
hydrogels: that their storage modulus (G’) is higher than the loss modulus (G’’) in mechanical spectra [5,6].  
Polymer networks can be combined with inorganic particles to provide the hydrogel with smart properties 
[7]. We refer to these materials as polymer composites, and they can present the interesting property of being 
responsive to external stimuli. An example are magneto-polymer composites that are obtained by a 
combination of polymer networks and magnetic particles in a continuous medium[8]. Magneto-polymer 
composites are attracting great interest because they combine the magnetic character of particles and the 
deformability of polymer networks. Consequently, they can respond to external magnetic stimulus by 
motion, deformation or changes in the mechanical properties[9,10]. Interestingly, remote magnetic fields 
represent one of the most attractive ways of actuation due to the ease of use, prompt response and safe 
penetration in biological environments. 
In a recent article, we investigated magneto-polymer composites consisting of micron-sized iron particles 
dispersed in solutions of two different alginate polymers (with medium and high molecular weight) [11]. 
We found that magneto-polymer composites based on alginate polymer of medium molecular weight, 
behaved as liquid-like materials (G’ < G’’) in the absence of applied magnetic field, no matter polymer 
concentration. On the contrary, for magneto-polymer composites based on alginate of high molecular 
weight, we found a critical polymer concentration above which the composites behaved as gel-like materials 
(G’ > G’’) as a consequence of polymer chain entanglement. In all cases, the application of a magnetic field 
resulted in gel-like behaviour due to the formation of particle structures induced by magnetic attraction 
between magnetized particles.  
In the present work, we demonstrate that starting from a liquid-like solution of medium-molecular-weight 
alginate (15 weight % of polymer concentration), it is possible to obtain a gel-like behaviour by addition of 
a small amount of chitosan polymer (less than 1 weight %) under mildly acidic medium. The reason behind 
this transformation from liquid-like to gel-like behaviour must be the electrostatic interaction between 
anionic alginate ions and cationic chitosan ions. Based on these polymer solutions we fabricated magneto-
polymer composites by dispersing iron microparticles. We investigated thoroughly the rheological 
properties of these alginate-chitosan-iron composites. For comparison purposes, we use magneto-polymer 
composites consisting of suspensions of iron particles in solutions of alginate polymer. In our rheological 
analysis we focused on the role of thermal diffusion, particle clusters, hydrodynamic and magnetic forces 
on the resulting flow behaviour of magneto-polymer composites. For this aim we used dimensionless 
numbers. In particular, we used Péclet number (Pe), which is a dimensionless number relevant in the study 
of transport phenomena in continuum media [12]. In the flow of suspensions of particles, Pe is defined as 
the ratio of the rate of transport of the particles by hydrodynamic forces to the rate of diffusion of the particles 
by thermal motion. For suspensions of magnetic particles, their magnetic field-induced assembly, which 
opposes both thermal motion and hydrodynamic transport, also plays a prominent role in the flow 

behaviour. To account for its role, we use the dimensionless lambda number (), which is defined as the 
ratio between magnetostatic energy of attraction between particles and energy of thermal diffusion [13]. We 
show that the study based on these dimensionless numbers allows a better analysis of the differences 
between samples and experimental conditions.   
 

2. Materials and methods 
 

(a) Materials 
As polymer materials we used sodium alginate (SA) from brown algae (CAS Number 9005-38-3, Sigma 
Aldrich, USA) and chitosan from carb shells (CAS Number 9012-76-4, Sigma Aldrich, USA). We also used 
acetic acid (96 % of purity) supplied by Panreac Química S.A. (Spain), and sodium hydroxide, supplied by 
Scharlau (Spain). As dispersion medium we used deionized water, and as magnetic phase Fe-HQ powder 
(BASF, Germany), consisting of spherical iron particles of diameter 0.9 ± 0.3 μm, volumetric mass density 
7.88 ± 0.16 g cm−3, and saturation magnetization MS = 1721 ± 2 kA/m. 
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(b) Preparation of solutions of alginate polymer and solution of alginate-chitosan polymers 
SA polymer was readily soluble in water without any further treatment. We dissolved it in deionized water 
at a concentration of 15 weight %. We used mechanical mixing to accelerate the dissolution and homogenize 
the resulting alginate solutions. On the contrary, chitosan polymer was not soluble in water at neutral pH, 
but it is in acetic acid solutions. Therefore, we proceeded as it follows for the preparation of mixed solutions 
of chitosan and alginate. First, we dissolved, by magnetic stirring for 1.5 h, 0.25 g of chitosan polymer in 25 
mL of a 0.2 M aqueous solution of acetic acid. The pH of this chitosan polymer solution was 3.8. Afterwards, 
we added 4 mL of a 1 M aqueous solution of sodium hydroxide and placed the resulting mixture under 
magnetic stirring for 2.5 h. Afterwards, the pH was 5.8. Then, we added 5 g of SA polymer and used 
mechanical stirring for 20 min to accelerate the dissolution of this polymer. 
 

(c) Preparation of suspensions of magnetic particles in polymer solutions 
We prepared suspensions of magnetic particles, by dispersing HQ iron powders at a concentration of 5 vol.% 
in the polymer solutions. We homogenised the resulting mixtures by mechanical mixing for 10 min. 
 

(d) Rheological characterization of the solutions and suspensions 
For the characterisation of the rheological properties, we used a rotational (magneto)rheometer (Physica 
MCR 300) provided with a plate-plate geometry of 20 mm of diameter. We used the commercial magneto-
cell provided with the Physica MCR300 rheometer for the application of magnetic fields to the samples 
during measurements. We carried out all measurements at a constant temperature of 25 ± 0.1 °C. We 
subjected the samples to both, steady state and oscillatory tests. In the former, we subjected the samples to 

ramps of shear rate, ̇ , of increasing value and the resulting shear stress, , and viscosity, , were monitored. 
In oscillatory tests, we subjected the samples to oscillatory shear strains, monitoring the resulting oscillatory 
shear stress. From these oscillatory tests, we obtained the values of the storage (G’) and loss (G’’) moduli. 
We performed two different oscillatory tests: amplitude sweeps and frequency sweeps. In amplitude sweeps 
we subjected the samples to oscillatory shear of constant frequency (1 Hz) and increasing shear amplitude, 
whereas in frequency sweeps, we subjected the samples to oscillatory shear of constant amplitude and 
increasing frequency. For frequency sweeps we maintained strain amplitude values well into the linear 
viscoelastic region (LVR): 10 % of strain for samples containing only alginate polymer and 0.1 % of strain for 
samples containing both alginate and chitosan polymers.  
Rheological results shown in this manuscript for each sample and experimental condition represent the 
mean and standard deviation of at least three separate measurements. In general, we excluded noise and 
outliers from the analysis. 
 

(e) Self-healing capacity of the samples 
For the analysis of the self-healing capacity of the samples we used a controlled-stress Haake Mars III 
rheometer, provided with concentric cylinder measuring system, of 16 mm of internal diameter and 17 mm 
of external diameter. We subjected the samples to an oscillatory shear strain of constant frequency (1 Hz) 

and constant amplitude of 0.1 %, and monitored the viscoelastic moduli as a function of time. At time t  100 
s, and for a total duration of 60 s, we stopped the oscillatory shear strain and subjected the samples to a shear 

rate of 1000 s-1, large enough to break the internal structure of the samples. Afterwards (t  160 s), the shear 
rate was stopped, and the samples were subjected again to oscillatory shear strain of constant frequency (1 

Hz) and constant amplitude of 0.1 %, and monitored the viscoelastic moduli until t  1160 s. 
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Figure 1. Rheological characterization of polymer solutions. (a) Rheograms: curves of shear stress vs. 

shear rate. (b) Viscosity vs. shear rate curves. (c) Amplitude sweeps: curves of storage (G’) and loss (G’’) 
moduli vs. shear strain amplitude for a fixed frequency of 1 Hz. (d) Frequency sweeps: curves of G’ and 
G’’ vs. shear strain frequency for a fixed amplitude within the LVR. Alg: sodium alginate solution at 15 
weight %; Alg+Chi: polymer solution containing 15 weight % of sodium alginate and 0.75 weight % of 

chitosan. Curves for Alg samples are taken from our previous work [11]. 
 

3. Experimental results 
 

(a) Rheological characterization of polymer solutions 
We first studied the rheological properties of polymer solutions (Figure 1). The steady state analysis (Figures 
1a and 1b) demonstrated apparent yield stress and strong shear thinning behaviour, both phenomena more 
intense for solutions of alginate and chitosan (Alg+Chi sample) than for solutions of alginate (Alg sample). 
Both the apparent yield stress and the strong shear thinning behaviour are manifestations of the 
entanglement of the polymer chains that constitute the solution. In addition, sodium alginate has a pKa as 
low as 3 even in strong acidic media, and thus it can be expected that it will be dissociated into Na+ and the 
negative alginate ion in the Alg+Chi sample, whereas chitosan has an ample number of amino groups (pKa 
around 6.5) that tend to remain protonated at acidic and neutral pH [14]. As a result, in the mildly acidic 
conditions of the Alg+Chi sample, electrostatic attraction between alginate and chitosan molecules is 
expected. This fact justifies the one order of magnitude larger values of shear stress and viscosity for Alg+Chi 
sample with respect to Alg sample despite the similar total concentration of polymers. This electrostatic 
attraction between alginate and chitosan can be better induced from the analysis of the viscoelasticity of the 
samples (Figures 1c and 1d). As observed, Alg sample demonstrated the liquid-like behaviour typical of 
polymer solutions, characterized by values of the loss modulus (G’’) larger than those of the storage modulus 
(G’) and a dependence of both moduli to increase linearly with frequency in a double logarithmic plot 
(Figure 1d) [15]. On the contrary, Alg+Chi sample demonstrated a behaviour typical of weak gel, with G’ 
slightly larger than G’’ in the linear viscoelastic region (LVR), and a less pronounced increase of both moduli 
with frequency —note that LVR is defined from amplitude sweeps (Figure 1c) as the region of low values of 
the shear stress amplitude, for which G’ and G’’ remain approximately constant, before the sharp decay of 
G’ that marks the onset of the nonlinear viscoelastic region (NLVR).  
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Figure 2. Effect of addition of iron particles on the steady state rheological behaviour. (a) and (c) 

Rheograms. (b) and (d) Viscosity vs. shear rate curves. Alg: sodium alginate solution at 15 weight %; 
Alg+Chi: polymer solution containing 15 weight % of sodium alginate and 0.75 weight % of chitosan. 

Alg+Fe: suspension of iron particles at a concentration of 5 vol.% in Alg solution; Alg+Chi+Fe: suspension 
of iron particles at a concentration of 5 vol.% in Alg+Chi solution. Curves for Alg samples are taken from 

our previous work [11]. 
 

(b) Analysis of the stationary state measurements in suspensions of iron particles in polymer 
solutions 

Let us first study the influence of addition of iron particles at a concentration of 5 vol.% to the steady-state 
response of solutions of polymers (Figure 2). As observed, for both solutions of sodium alginate and 
solutions of sodium alginate and chitosan, the addition of iron particles resulted in the enhancement of the 
shear stress (Figures 2a and 2c) and the viscosity (Figures 2b and 2d) for a given value of shear rate. In a 
previous work we demonstrated for magnetic alginate hydrogels that the inclusion of iron particles like 
these of the present work did not provoke changes at the microscopic level in the polymer arrangement of 
the alginate network [16]. What is more, in that previous work, we demonstrated that the enhancement of 
viscoelastic moduli of alginate hydrogels with particle content was well predicted by a modified Krieger–
Dougherty (KD) equation, and thus, this enhancement was just due to the hydrodynamic interaction 
between particles (and their aggregates) with the dispersing medium. We will assume in this work that the 
same reasoning is held for the suspension under study. Keeping this in mind, in what follows we will analyse 
the role of thermal diffusion, hydrodynamic and magnetic forces on the flow behaviour of magneto-polymer 
composites. 
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Figure 3. Inherent viscosity vs. Péclet number. (a) Double logarithmic scale; (b) Double linear scale. 

Alg+Fe: suspension of iron particles at a concentration of 5 vol.% in sodium alginate solution at 15 weight 
%; Alg+Chi+Fe: suspension of iron particles at a concentration of 5 vol.% in polymer solution containing 

15 weight % of sodium alginate and 0.75 weight % of chitosan. 
 
The use of dimensionless numbers in rheology is a common strategy to get a rigorous analysis of the 
differences between samples and experimental conditions, as well as to study the influence of different 
phenomena. An appropriate dimensionless number in transport phenomena in a continuum is Péclet 
number (Pe), that for a particle of radius a in a medium of viscosity 

0
 is defined as it follows [12]: 

𝑃𝑒
0𝑎3̇

𝑘𝑇
=
𝑎3

𝑘𝑇
,     (1) 

with k being the Boltzmann constant and T the absolute temperature. From its definition, it is clear that Pe 
accounts for the ratio between hydrodynamic energy due to shear and the thermal energy (kT). At low Pe 
numbers the effect of thermal motion influences the rheology of the suspensions because it leads to a 
disordered state in which flow is difficult (resulting in an increased viscosity), whereas as the hydrodynamic 
energy increases, the effect of thermal energy progressively disappears giving rise to ordinated particle 
structures that facilitate flow [12]. Therefore, a shear thinning behaviour is usually demonstrated in 
rheograms of particulate suspensions. To elucidate the role of particles in the viscosity, it seems appropriate 
to use the inherent viscosity, 

𝑖𝑛ℎ
, which is defined as it follows: 


𝑖𝑛ℎ


−0

0

,     (2) 

where 
0
 is the viscosity of the dispersing medium (polymer solutions in our work) and  is the particle 

volume fraction. By plotting the inherent viscosity as a function of Péclet number we may analyse the 
interplay between particle diffusion and hydrodynamic energy due to shear (Figure 3). As observed, for 
both suspensions, the effect of thermal diffusion seems to be negligible in view of the very large values of 
Péclet number. Nevertheless, it is obvious from Figure 3 that a shear thinning behaviour take place. In the 
present work, and in view of the very large values of Péclet number, the shear thinning behaviour should 
result as an effect of the destruction of the large particle clusters that constitute the sample. At this point it 
is important to remark that for such kind of iron particles, the existence of large particle clusters was 
demonstrated in previous works [11]. Note also that the existence of shear thinning behaviour associated to 
the fracture of aggregates was also proved in previous works —see for example [17]. From Figure 3 it is also 
evident that transport phenomena are more prominent (much larger Péclet number) in the suspension of 
iron particles in the solution of sodium alginate and chitosan (sample Alg+Chi+Fe). On the contrary, for 
Alg+Fe sample, a faster and more pronounced decrease with Péclet number of the inherent viscosity, toward 
a plateau value, is observed (this phenomenon is better seen in linear scale —Figure 3b), evidencing the fast 
transition from a regime with aggregates of particles being dominant, to a regime completely governed by 
transport induced by hydrodynamic forces. This transition is also observed in the suspension of iron 
particles in the solution of sodium alginate and chitosan, but it is more gradual, which indicates a smaller 
influence of particle aggregates in a gel-like sample.  
Let us now study the influence of an applied magnetic field on the rheograms. An adequate dimensionless 
parameter to quantify the strength of interparticle magnetostatic forces against energy of thermal motion is 

the  parameter defined as it follows [13]: 

 
0𝑓

2𝑎3𝐻2

2𝑘𝑇
,     (3) 
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were 

0
 and 

𝑓
 are respectively the magnetic permeability of vacuum and the relative magnetic permeability 

of the carrier,  = (
𝑝

− 
𝑓

) (
𝑝

+ 2
𝑓

)⁄  is the magnetic contrast factor, 
𝑝
 the relative magnetic 

permeability of the particles, and H the strength of the applied magnetic field. For  values higher than 1 the 
magnetostatic forces dominate over thermal diffusion and formation of particle structures induced by the 
field are expected, provided that the elasticity of the carrier allows particle motion. For the particles and 

magnetic fields under study in the present work, orders of magnitude of  are given in Table 1 —note that 
  1 for ferromagnetic particles of large permeability in a diamagnetic carrier (

𝑓
= 1), as it is the case of the 

present work, and accordingly, we considered  = 1  in calculations of Table 1. As observed, magnetostatic 
forces largely dominate over thermal diffusion and, thus, magnetic field-induced particle structuration is 
expected in the present work. 
 

Table 1. Values of the applied magnetic field and orders of magnitude of  parameter —equation (3). 

Magnetic field strength, 
H, (kA/m) 

73.5 156 229 281 

 parameter (—) 200,000 1,000,000 2,000,000 3,000,000 

 
A general view of the inherent viscosity vs. Péclet number for Alg+Fe and Alg+Chi+Fe samples for all the 
applied field intensities under study is presented in Figure 4 —note that both samples where investigated 
under the same range of applied shear rates, demonstrating the adequacy of dimensionless numbers to 
differentiate between samples and experimental conditions. As observed, three main differential features 
are presented by Alg+Fe and Alg+Chi+Fe samples. The former present more pronounced shear thinning 
behaviour than the latter. Furthermore, curves of Alg+Chi+Fe sample are in a region of larger Péclet number, 
evidencing again smaller influence of aggregates of particles on the rheological properties of the sample —
in all cases the very large Péclet numbers demonstrate a negligible effect of thermal diffusion. Finally, the 
effect of the applied magnetic field appears less intense in Alg+Chi+Fe sample, which should be also 
connected with the reduced mobility of particles in the gel-like medium that constitutes the Alg+Chi 
solution.  

 
Figure 4. General view of the curves of inherent viscosity vs. Péclet number for different intensities of 

the applied magnetic field. Note that the curves are distributed in two groups: Alg+Fe: suspension of iron 
particles at a concentration of 5 vol.% in sodium alginate solution at 15 weight %; Alg+Chi+Fe: suspension 

of iron particles at a concentration of 5 vol.% in polymer solution containing 15 weight % of sodium 
alginate and 0.75 weight % of chitosan. For each group, the intensity of the applied magnetic field, H, 

increases from the curve most to the left to the curve most to the right accordingly to the following values: 
Alg+Fe: H = 0 kA/m; H = 73.5 kA/m; H = 156 kA/m; H = 229 kA/m; H = 281 kA/m; Alg+Chi+Fe: H = 0 

kA/m; H = 156 kA/m; H = 229 kA/m; H = 281 kA/m. 
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To analyse more in details the effect of the applied magnetic field in the curves of inherent viscosity vs. Péclet 
number, it is convenient to plot separately the curves for samples Alg+Fe and Alg+Chi+Fe, both in double 
logarithmic and double linear scales (Figure 5). For Alg+Fe sample (Figures 5a and 5b), a dramatic effect of 
the applied magnetic field can be observed. First, curves move to the right (higher Péclet number) as the 
magnetic field increases, because of the reduced mobility of particles that are forced to stack in structures 
aligned in the field direction. In addition, the magnetic field application provokes large increase of the 
inherent viscosity, as a result of the resistance of the particle structures to the flow provoked by shearing 
forces. As the magnetic field increases, inherent viscosity also increases, although a tendency of curves to 
overlap with the curve in the absence of applied magnetic field is observed as the Péclet number increases.  

 
Figure 5. Inherent viscosity vs. Péclet number for different intensities of the applied magnetic field. (a) 
and (c) Double logarithmic scale; (b) and (d) Double linear scale. (a) and (b) Alg+Fe sample: suspension of 

iron particles at a concentration of 5 vol.% in sodium alginate solution at 15 weight %; (c) and (d) 
Alg+Chi+Fe sample: suspension of iron particles at a concentration of 5 vol.% in polymer solution 

containing 15 weight % of sodium alginate and 0.75 weight % of chitosan. In each graph, the applied 
magnetic field, H, increases from the curve most to the left to the curve most to the right accordingly to the 

following values: Alg+Fe: H = 0 kA/m; H = 73.5 kA/m; H = 156 kA/m; H = 229 kA/m; H = 281 kA/m; 
Alg+Chi+Fe: H = 0 kA/m; H = 156 kA/m; H = 229 kA/m; H = 281 kA/m. 

 
These observations can be interpreted as it follows. At low Péclet number (low shear rate), magnetic forces 
dominate over thermal diffusion and hydrodynamic transport, justifying the exceptionally large values of 
inherent viscosity. As Péclet number increases, hydrodynamic transport is progressively overcoming 
magnetic forces, provoking a fracture and gradual disintegration of particle structures, resulting in a 
decrease of inherent viscosity. For the sample in the absence of applied magnetic field, ruling phenomenon 
is particle aggregates occurring by colloidal forces, mainly van der Waals attraction, in the absence of 
hydrodynamic forces, which is rapidly overcome by hydrodynamic transport as shearing forces are applied. 
At the highest values of Péclet number, both in the absence and presence of applied magnetic field, 
hydrodynamic transport dominates and thus, all curves seem to converge. In all cases, the very large values 
of Péclet number corroborate the negligible effect of thermal motion. For Alg+Chi+Fe sample, overall, the 
same trends are obtained, and a similar reasoning can be held. However, the effect of the applied magnetic 
field is smaller in this case, with respect to Alg+Fe sample, which is logical in view of the expected trapping 
of the particles in the gel-like polymer network. Thus, for this sample the increase of inherent viscosity with 
the applied magnetic field is smaller and their decrease as Péclet number grows is smaller too, evidencing a 
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relatively smaller influence of both magnetic forces and particle aggregation, with respect to hydrodynamic 
transport.  

 
 

Figure 6. Viscoelastic moduli for Alg+Chi and Alg+Chi+Fe samples. (a) Amplitude sweeps: curves of 
viscoelastic moduli vs. shear strain amplitude for a fixed frequency of 1 Hz. (b) Loss tangent vs. shear 
strain amplitude for a fixed frequency of 1 Hz. (c) Frequency sweeps: curves of viscoelastic moduli vs. 

shear strain frequency for a fixed amplitude within the LVR. (d) Loss tangent vs. shear strain frequency for 
a fixed amplitude within the LVR. In (a) and (c) squares and circles represent respectively the values of the 

storage (G’) and loss (G’’) moduli. Open symbols are for Alg+Chi solution, whereas full symbols are for 
Alg+Chi+Fe sample. Alg+Chi: polymer solution containing 15 weight % of sodium alginate and 0.75 

weight % of chitosan. Alg+Chi+Fe: suspension of iron particles at a concentration of 5 vol.% in Alg+Chi 
solution. 

 
(c) Analysis of the dynamic regime of suspensions of iron particles in polymer solutions 

In this subsection we will analyse first the effect of addition of iron particles at a concentration of 5 vol.% in 
the response of samples under oscillatory shear (Figure 6). As observed, the addition of iron particles to 
Alg+Chi solution results in an important increase of the viscoelastic moduli corresponding to the LVR 

(Figure 6a). What is more, the gel-like behaviour is enhanced, as loss tangent (tan  = G’’/G’) within the LVR 
decreases from 0.77 for Alg+Chi sample to 0.42 for Alg+Chi+Fe sample (at amplitude 0.1 %), indicating and 
strengthening of the gel like structure connected to the role of the particles within the polymer network 

(Figure 6b) —remark 1 > tan  > 0.1 is typical of weak gels [15]. Similar enhancements under the addition of 
magnetic particles to polymer hydrogels were reported in previous works [16],[18]. Despite this 
enhancement, the general trend of G’ and G’’ vs. shear strain amplitude remains similar, including the 
transition to the NLVR, and the point above which G’’ overcomes G’ that marks the transition from a gel-
like behaviour to a liquid-like behaviour. Also, note that in the NLVR curves for Alg+Chi solution and 

Alg+Chi+Fe sample tend to overlap (especially noticeable for tan ), which corroborates that the important 
role of particles to give consistence to the gel network —once the network is broken, the role of particles in 
the rheological properties of the sample is irrelevant. For Alg samples, as we reported in a previous work 
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[11], the addition of iron particles resulted in slight increase of G’ and G’’, without affecting to the liquid-
like behaviour of these samples. 
The analysis of the dependence of the viscoelastic moduli with frequency of oscillatory shear (mechanical 
spectra, Figure 6c and 6d) confirmed the increase of both G’ and G’’ when the iron particles were added to 
the Alg+Chi solution, enhancing the gel-like behaviour for the complete range of frequencies under study. 
Regarding the trends exhibited by viscoelastic moduli with frequency, as observed both G’ and G’’ increase 
mildly with the latter (almost linearly in the double logarithmic scale), which is typical of weak gels [15]. 

What is more, as evidenced by plots of tan  vs. frequency, the former tends to increase slightly with the 

latter, although a final decrease is achieved for sample Alg+Chi+Fe —noisy points in tan  at low frequencies 

should be connected to error in the determination of G’’. For Alg+Chi solution, the value of tan  = 1 
(transition to liquid-like behaviour) is achieved at the higher frequencies under study. 

 
Figure 7. Viscoelastic moduli for Alg+Chi+Fe samples under different applied magnetic fields. (a) and 
(b) Amplitude sweeps: curves of viscoelastic moduli vs. shear strain amplitude for a fixed frequency of 1 

Hz. (c) and (d) Frequency sweeps: curves of viscoelastic moduli vs. shear strain frequency for a fixed 
amplitude within the LVR. In each graph, the applied magnetic field, H, increases from the curve most to 
the bottom to the curve most to the top accordingly to the following values: H = 0 kA/m; H = 73.5 kA/m; 
H = 156 kA/m; H = 229 kA/m; H = 281 kA/m. Note that the same axis scales are used in parts (a) and (b) 

and in parts (c) and (d). 
 
Let us now analyse the role the applied magnetic field on the response to oscillatory shear of the Alg+Chi+Fe 
sample (Figures 7 and 8). As can be observed in Figure 7, the application of a magnetic field does not affect 
the general trends of the viscoelastic moduli with strain amplitude and strain frequency, with respect to the 
absence of applied magnetic field. The role of the applied magnetic field is reduced to the progressive 
enhancement of G’ and G’’ as the field is increased. This enhancement reached almost one order of 
magnitude for the highest field, something that is extraordinary for a 5 vol.% of iron particles. For 
comparison, note that a similar enhancement was reached for alginate ferrogels crosslinked by calcium ions 
at a similar concentration of iron particles [10]. In another work, Mitsumata et al. [19] reported a two-orders 
of magnitude increase for the storage modulus for magnetic hydrogels consisting of carrageenan and 
carbonyl iron particles at 30 vol.%. These enhancements of storage modulus for ferrogels were termed as 
huge or giant, since most magnetic hydrogels exhibited minor changes of only a few percent under a 
magnetic field [20],[21]. These large increases of the viscoelastic moduli can only be explained by the field-
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induced migration of particles in weak polymer networks [10]. For strong polymer networks, elasticity 
strongly hinders migration of the magnetic particles, preventing from large changes of the rheological 
properties under a magnetic field. 
From Figure 8, an overall tendency of the mean values of loss tangent to diminish with the intensity of the 
field is noticeable, especially within the LVR. This is justified by the strengthening of the microstructure of 
the suspensions of iron particles. Note, however, than even at the highest magnetic field, the values of loss 

tangent within the LVR corresponds to weak gels, 1 > tan  > 0.1 [15]. 
 

 
Figure 8. Loss tangent vs. shear strain amplitude for Alg+Chi+Fe samples under different applied 

magnetic fields. (a) Double logarithmic scale; (b) Zoom of data corresponding to the linear viscoelastic 
region, with linear scale in the vertical axis and logarithmic scale in the horizontal axis. The values of the 

applied magnetic field strengths (H, kA/m) are indicated. 
 
The use of dimensionless numbers to analyse the response of samples to oscillatory shear is not common. 
Nevertheless, we could adapt the concept of Péclet number and inherent viscosity —equations (1) and (2)— 
to oscillatory results. For this aim, instead of the Péclet number, defined as in equation (1), we can define, 

Pe’, by substituting the shear stress of steady state measurements, , by the shear stress amplitude, 0, of the 
oscillatory shear:  

𝑃𝑒′
0𝑎3

𝑘𝑇
.     (4) 

Similarly, we can define a dimensionless modulus, by adaptation of equation (2) as it follows: 

𝐺𝑖𝑛ℎ
𝐺−𝐺0

𝐺0
,     (5) 

where 𝐺 can be either the storage or the loss modulus. Similarly to the case of steady-state studies, this 
analysis using inherent moduli and Péclet number in oscillometry allows getting a complete view of the 
differences between samples and experimental conditions in a single graph (Figure 9). As observed, 
representation of the inherent modulus in the vertical axis provides information of the normalized 
differences in modulus for the different samples and experimental conditions. In addition, using Péclet 
number in the horizontal axis gives a much better idea than the shear strain amplitude (compare Figure 9 
with Figure 7) of the strength of the sample and allows differentiating better between samples. In the 
particular analysis of the current work, from Figure 9 we see that the effect of the magnetic field is stronger 
for Alg+Fe sample than for Alg+Chi+Fe sample. Furthermore, it is evident that as hydrodynamic forces 
increase (higher Péclet number), the role of magnetic forces diminishes. Also, with the increase of Péclet 
number, and the consequent increase of transport phenomena, large particle aggregates are broken, resulting 
in smaller differences between samples. This effect is more gradual for Alg+Chi+Fe samples, since for them 
the role of magnetic field is smaller and, what is more, the entanglement between polymer networks seems 
to remain even at very large Péclet number, despite the dominant role played by the hydrodynamic forces 
in the transport phenomena. 
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Figure 9. Inherent viscoelastic moduli vs. Péclet number under different applied magnetic fields.  

Full symbols are for Alg+Fe sample, whereas open symbols are for Alg+Chi+Fe sample. Alg+Fe: 
suspension of iron particles at a concentration of 5 vol.% in sodium alginate solution at 15 weight %; 

Alg+Chi+Fe: suspension of iron particles at a concentration of 5 vol.% in polymer solution containing 15 
weight % of sodium alginate and 0.75 weight % of chitosan. In each graph and for each sample, the applied 
magnetic field, H, increases from the curve most to the bottom to the curve most to the top accordingly to 

the following two values: H = 73.5 kA/m; H = 281 kA/m. Data in this figure are for shear strain 
amplitudes in the range 1 % — 500 %. 

 
(d) Self-healing analysis 

In this final subsection we indirectly analyse the effect of a large shear rate on the microstructure of the 
Alg+Chi+Fe sample (Figure 10). As observed, before the application of the large shear rate, the sample 
demonstrates very large values of the storage and loss moduli, as well as an evident gel-like behaviour, 
characterized by values of the storage modulus larger than these of the loss modulus. Immediately after the 
large shear rate application (see data around 200 s), the situation is opposite, with a large decrease 
(minimum) of the viscoelastic moduli (more than two orders of magnitude) and the loss modulus larger 
than the storage modulus, i.e., liquid-like behaviour. This is due to the breakage of the polymer network. 
After the minimum in viscoelastic moduli, both storage and loss moduli progressively increase, with an 

eventual crossover of G’ and G’’, returning to the gel-like character (G’ > G’’) at t  218 s. Nevertheless, 
despite the progressive increase in viscoelastic moduli, the values prior to application of large shear rate are 
not achieved during the duration of the experiment, with the maximum regained values of storage and loss 
modulus being more than one order of magnitude smaller than those showed before destruction of the 
internal structure. This self-healing behaviour contrasts with this of gel-like samples based on entanglement 
of polymers (without electrostatic interaction between polymer in solution), for which a recovery of more 
than 70 % of the values prior to breakage was reported in our previous work [11]. In the case of the present 
work, rebuilding of electrostatic bonding between alginate and chitosan, although reversible in view of the 
progressive self-healing manifested in Figure 10, presumably requires of long time to be completed. Note, 
however, that a gel-like behaviour is rapidly recovered, which represents an interesting feature with respect 
to covalent hydrogels that usually lack of self-healing mechanisms [22].  
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Figure 10. Self-healing behaviour of Alg+Chi+Fe sample: suspension of iron particles at a concentration 
of 5 vol.% in polymer solution containing 15 weight % of sodium alginate and 0.75 weight % of chitosan. 
Symbols represent the values of the viscoelastic moduli resulting from an oscillatory shear strain of 0.1 % 

of strain amplitude and 1 Hz of frequency. During the time interval 100–160 s viscoelastic moduli were not 
recorded, an instead, the sample was subjected to a shear rate of 1000 s−1. Open squares (red) represent the 
storage modulus (G’) and full symbols (blue) represent the loss modulus (G’’). Lines are guides for the eye. 

The curves represent a single test, although we performed three different repetitions with different 
aliquots obtaining similar results. 

 

4. Conclusions 
 
Contrarily to liquid-like solutions of alginate polymers, mixed solutions of anionic alginate polymers and 
cationic chitosan polymers under mildly acidic conditions show gel-like rheological properties, very likely 
due to the electrostatic attraction between oppositely charged polymer chains. Addition of magnetic iron 
particles to these mixed solutions results in magneto-polymer composites that demonstrate responsiveness 
to the magnetic field action. The use of dimensionless numbers allows a fair comparison between samples 
and experimental conditions, as well as analysis of the relevance of different phenomena and dominant 
forces on the flow of these magneto-polymer composites. The large values of Péclet number demonstrate 
that thermal diffusion is negligible, whereas the strong shear thinning behaviour demonstrated by samples 
containing particles must be connected to the breakage of particle clusters in the absence of applied magnetic 
field. When a magnetic field is applied, magnetic forces of attraction between particles clearly dominate over 
thermal diffusion, which results in strong changes in the rheological properties under increasing values of 
the applied field. At large values of Péclet number, the transport induced by bulk hydrodynamic forces 
clearly dominates and the inherent rheological parameters tend to overlap for the different values of the 
applied magnetic field.  
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