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Abstract Flocculation is used for the removal or separa-
tion of colloids, e.g. in water treatment and mineral pro-
cessing. Alginates are linear, anionic biopolymers composed 
of mannuronic (M) and guluronic (G) acids. The relative 
amount and distribution of M and G impact the ion-bind-
ing and gel-forming properties of the polymer, but still no 
one has yet addressed the impact of alginate composition 
on flocculation of nanoparticles or mineral particles. Our 
results showed that the distribution of G was important for 
flocculation, especially when  Ca2+ was used as activating 
ion. With  Ce3+ as activating ion, the shape and size of flocs 
were affected by alginate acetylation. This work expands the 
knowledge about the flocculation behavior of alginates and 
demonstrates that both bacteria- and algae-derived alginates 
can be potential biodegradable flocculants of ultrafine parti-
cles for mineral processing industry.

Keywords Nanoparticle flocculation · Alginate · Green 
flocculant · Iron oxide · Cerium oxide

1 Introduction

The removal or separation of nanoparticles (NPs) and sub-
micron particles dispersed in aqueous media is generally 
challenging due to the associated disadvantages of the com-
monly used membrane filtration method [1]. In wastewa-
ter treatment and mineral processing, a common method 
to address this challenge is flocculation, which is used to 
separate colloids by their sedimentation as large aggregates 
(flocs). Polymers can assist in forming flocs from destabi-
lized dispersion by acting as flocculants [2].

Polyacrylamide (PAM)-based polymers are the largest 
category of flocculants in mineral processing [3]. However, 
acrylamide monomers are toxic [4], but has been found to 
be one of the main degradation component of cationic PAM 
[5]. These polymers then need to be replaced by eco-friendly 
alternatives, for instance bio-based polysaccharides includ-
ing starch, chitosan, fucoidan and alginate. Several studies 
have suggested their possible application in mineral pro-
cessing and wastewater treatment [3, 6–9]. For starch, it has 
been shown that the linear form is more efficient for floc-
culation than the branched form, emphasizing the need for 
using well-characterized polymers when conducting such 
studies [10].

Alginates are 1–4 linked linear copolymers composed of 
mannuronic acid (M) and its C5-epimer guluronic acid (G) 
[11]. The polymer has many uses within industry, pharma 
and food [12, 13], the current market volume is 44.480 tons 
(2021) [14]. The isoelectric point of alginates is around 
3.4–3.7 [15], which provides soluble, fully anionic polymers 
at pH above 4. The distribution of M and G vary between 
different alginate molecules depending on their source. 
Hence, alginate chains are described as composed of three 
block types; G-blocks contain consecutive G residues, 
M-blocks contain consecutive M residues, and MG-blocks 
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contain alternating M and G residues (Fig. 1). The number 
of residues in any block may vary from two to the length 
of the chain. The average structure of alginate samples is 
determined by combining 1H-NMR analyses, HPAED-PAD, 
SEC–MALLS and specific lyases [13].

Commercial alginates are manufactured from brown 
algae, but alginates are also produced by bacteria from the 
genera Azotobacter and Pseudomonas. During biosynthe-
sis, the organisms produce mannuronan, and some of the 
M-residues are then epimerized to G-residues by mannuro-
nan C-5 epimerases acting on the polymer [11, 16]. Bacterial 
alginates can also be O-2 or O-3-acetylated [17]. There is a 
large variation between alginates produced by different spe-
cies or even under different environmental conditions [11, 
18]. Given that the two epimers have different structures in 
the polymer (Fig. 1), their relative amounts and distribution 
within the polymer affect the structure of the alginate and its 
ability to form gels as recently reviewed [15].

Alginates containing G-blocks form gels with divalent 
metal ions [15], where Ca-gels have been most studied. 
In the junction zones, two G-blocks are crosslinked by 
 Ca2+-ions coordinated by two adjacent G-residues on both 
chains (Fig. 1). The crosslinking then proceeds, the length 
of the junction zones is important for the gel strength [19]. 
It has been found that crosslinking with MG-blocks might 
extend these gel junctions [15]. G-blocks will also bind other 
alkaline-earth metal ions, the binding strength increases with 
the radius [20]. Other metal ions with higher valencies also 
bind alginates, however, for most of these, alginate composi-
tion does not influence binding [21, 22]. The coordination of 
individual ions depends on their size and valency [23–25], 

however, how trivalent ions bind and crosslink the different 
block-structures are still not known [22].

The flocculation properties of alginates have been stud-
ied for a long time however, mostly algae-derived alginates 
have been used [8, 26–29] and it has been proposed that 
the formation of an alginate ionic gel network is needed for 
flocculation of the dispersed particles [29]. The previous 
research utilized native or modified alginates and various 
mono-, di- and trivalent salts [8, 28–32]. Still, most of these 
studies have not addressed the effect of the alginate com-
position on flocculation of dispersed particles, although it 
has been shown that it is important in water treatment [33].

Besides flocculant, alginates can be used as modifiers and 
depressants in mineral flotation, and as a sorbent for heavy 
metal removal. In particular, in scheelite flotation, alginate 
selectively depress calcite and fluorite [32]. In reverse flo-
tation, alginate can support removal of quartz and chlorite 
from hematite ore [34]. Furthermore, alginate composites 
and alginate hydrogels effectively adsorb heavy metals 
(Se(IV), Cr(VI), As(V)) from wastewater [22, 35]. Hence, 
the interaction of alginates with colloidal mineral particles 
and multi-valence metal cations has a broad scope.

This work compares the flocculation properties of three 
well-characterized alginates with different G-content, G-dis-
tribution and acetylation, where our main motivation is to 
explore the effect of alginate composition on their ability 
to flocculate  CeO2 and α-Fe2O3 (hematite) NPs. These NPs 
serve as model systems for cerium, which is an abundant 
rare earth element and for iron, which is the most used metal. 
Since the flocculation performance of alginates depends 
on the cross-binding cation, we compare the efficiency of 

Fig. 1  Alginate structure. a M-block, one residue is O-2-acetylated, 
b MG-block, c Two G-blocks showing the crosslinking of G-blocks 
by  Ca2+-ions, d Schematic representation of how G-blocks in alginate 

molecules can be crosslinked by di- or trivalent cations in an eggbox-
like structure [13]
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divalent  Ca2+ and trivalent  Ce3+ on this process. The ionic 
radius of  Ce3+ and  Ca2+ is 0.102 nm and 0.100 nm, respec-
tively [36], making them good candidates to study the effect 
of charge on the interaction between metal ions and algi-
nates. We found that trivalent  Ce3+ activates flocculation 
properties of alginate independently of its G-block content, 
while activation by  Ca2+ requires G-blocks.

2  Material and Methods

2.1  Alginates

Protanal LF 10/60 TM sodium alginate (50% G-blocks, 17% 
MG-blocks and 33% M-blocks) from Laminaria hyperborea 
was obtained from FMC Biopolymer. Bacterial alginate was 
isolated from Pseudomonas fluorescens Pf201 (no G-blocks, 
30% MG blocks, 70% M-blocks, degree of acetylation 0.4), 
the third was made by deacetylating this alginate [37] [17]. 
These alginates are specified as LF10/60, PfAc, and PfdeAc, 
respectively.

2.2  Chemicals

MilliQ water was used in all experiments. NaOH and HCl 
were used for pH adjustments and  NaNO3 as background 
electrolyte solution (all from VWR).  CaCl2 and Ce(NO3)3 · 
6  H2O (Merck) (prepared as 18 mM stock solutions) were 
used as metal cations for flocculation activation.

2.3  NPs

Cerium (IV) oxide (99.9%) 10 nm size was purchased from 
Meliorum Technology Inc. Hematite (α-Fe(III) oxide) (98%) 
30–50 nm (Alfa Aesar 47,044) was purchased from Thermo 
Fisher Scientific. The initial concentration of  CeO2 and 
α-Fe2O3 NP dispersions in water was 200 and 300 mg/L, 
respectively. The stability of NPs dispersed in aqua solu-
tion is usually explained by a high ζ-potential, which should 
be  >30 mV, but recent work with  Fe3O4 NPs argues that this 
is not always the case [38, 39]. In our work we employed 
two days of ultrasonication to break possible aggregates of 
 CeO2 and α-Fe2O3 NPs [40]. These concentrations were then 
diluted to 50 and 75 mg/L for  CeO2 and α-Fe2O3, respec-
tively, with pH around 5. After four weeks, no sedimentation 
was observed.

2.4  ζ‑potential

The zeta (ζ) potential of NPs in water, alginate solutions or 
treated with  Ca2+ and  Ce3+ was measured using a Malvern 
ZetaSizer Nano Z (laser Doppler micro-electrophoresis) 
instrument. NPs were first dispersed in a 0.001 M  NaNO3 

background solution at 0.1 wt. % by sonication for 20 min. 
This dispersion was split to prepare dispersions with the 
three alginate samples and one blank (in 0.001 M  NaNO3). 
Then, the prepared samples were split into 30-mL samples 
followed by pH adjustment of each sample and equilibration 
on a shaking table for 5 h. Afterwards, pH was readjusted 
with 0.01 M NaOH or HCl solutions before measuring its 
ζ-potential. As material settings in the ZetaSizer, we used 
refractive indices of 3.0 and 2.2 and absorption of 0.8 and 
0.5 for iron and cerium oxide NPs, respectively.

2.5  Flocculation

To observe the flocculation process visually, experiments 
were conducted in glass vials in the presence and absence 
of alginate samples. Alginate stock solutions were prepared 
by dissolving alginates in MilliQ at 400 mg/L. All stock 
solutions were adjusted to pH 6–7. For the experiments, NPs 
dispersions with pH 6–7 were split into 10 mL samples and 
metal cations  (Ca2+ or  Ce3+) were added to each dispersion 
to a concentration of 3 mM (after addition of alginates). 
The final concentrations of NPs were 44 mg/L for  CeO2 
and 66 mg/L for α-Fe2O3. After shaking by hand, alginate 
stock solutions were slowly added to a final concentration 
of 50 mg/L over a period of one minute. The dispersions 
treated with alginate were shaken simultaneously for 5–10 s 
and then left still for further observation.

2.6  Kinetic Measurement of Flocculation

NP dispersions (10 ml) were conditioned with solutions 
of either  Ca2+ or  Ce3+ for one minute before adding algi-
nates. Final concentrations were as above. The samples 
were vortexed for 10 s immediately after addition of algi-
nates, moved to cuvettes and the optical density (OD) was 
recorded at 350 and 450 nm for iron oxide and cerium oxide 
NPs, respectively. These values were found by preliminary 
experiments to give good absorbance by the respective NPs. 
No mixing took place while the cuvette was standing in the 
spectrophotometer.

2.7  High Speed Camera Analysis of Flocculation

To estimate the shape and size of flocs, a high-speed cam-
era (Chronos 1.4, Kron Technologies Inc.) mounted on an 
optical microscope (NIKON SMZ45T Stereoscopic Micro-
scope) was used (Supplementary Figure S1). Ten ml NP 
dispersion pretreated by metal cations was placed into a Petri 
dish placed on a magnetic stirring (400 rpm), and alginate 
(50 ppm, ppm is defined as mg/L) was added. After one 
minute stirring was stopped and video recorded (10 s long, 
resolution 1280 × 1024, 1069 frames per second).
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2.8  Transmission Electron Microscopy

The NPs were sonicated for 30 min in ethanol to obtain very 
dilute dispersion, which was drop-cast onto TEM copper 
grid and dried. TEM images were acquired using a JEOL 
2100F electron microscope operated at 200 kV.

2.9  The Brunauer, Emmett, and Teller (BET) Specific 
Surface Area and Particle Size Distribution

The BET surface areas of NPs were measured using a 
Micromeritics Tristar 3000 Analyzer. The samples were 
degassed at 250 °C under helium flow for 3 h. Average val-
ues of two duplicate measurements are presented.

3  Results

3.1  The Morphology of α‑Fe2O3 and CeO2 NPs

One can see from the TEM images (Fig. 2) that α-Fe2O3 
NPs have a needle-like shape, while  CeO2 NPs have a ran-
dom, almost cubic shape. The electron diffraction patterns 
of α-Fe2O3 and  CeO2 confirm that the NPs are randomly 
oriented.

The BET surface area of  CeO2 NPs was found to be 
72 ± 2  m2/g, which was two times higher as compared to that 
of α-Fe2O3, having an area of 36 ± 1  m2/g. This difference 
can be explained by the difference in the NP size.

3.2  ζ‑potential of Iron and Cerium Oxide NPs 
in the Presence and Absence of Alginate

The ζ-potential of α-Fe2O3 and  CeO2 NPs (Fig. 3a, b) shows 
that the isoelectric point (IEP) of both NPs was around pH 
7. This value is close to the values of 7.8 and 8 previously 
reported for hematite [41] and cerium oxide [42] NPs.

As expected, the anionic alginates PfAc, PfdeAc and LF 
10/60 make the ζ-potential of the NPs negative (Fig. 3a, 

b). The decreased charge was observed to be in the pH 
range from 3 to 10, meaning that at 30 ppm the polymer 
adsorbs to the NPs even when the ζ-potential of the NPs 
is negative. Furthermore, the value of ζ-potential became 
more negative than − 30 mV, which could be categorized 
as a stable colloidal dispersion [43]. As a result, none of 
the three alginates initiated visible flocculation of NPs 
(Fig. 4).

3.3  ζ‑potential of Iron and Cerium Oxide NPs 
in the Presence and Absence of Metal Cations

Since we wanted to use  Ca2+ and  Ce3+ as flocculation acti-
vators, we studied their effect on ζ-potential of the NPs in 
absence of alginates. Both metal ions should be presented 
in cationic form in the solution, according to a specia-
tion diagram (Supplementary Figure S2). The result of the 
ζ-potential measurements (Fig. 3c, d) shows a strong shift 
of the NPs’ IEP indicating adsorption of  Ca2+ and  Ce3+ on 
both NPs. As expected, in the presence of metal cations 
the ζ-potentials of the NPs increased for all measured pH 
values and became positive. The increase was significantly 
higher in the basic pH region when  Ce3+ ion was added 
as compared to  Ca2+. A positive charge on NPs should 
enhance their binding with the anionic alginates.

3.4  Flocculation of Cation‑Activated NPs

Firstly, the flocculation of NPs activated by cations was 
tested in glass vials. Dispersed iron oxide or cerium oxide 
NPs were mixed with  Ca2+ or  Ce3+ and then different algi-
nates samples were added. The final concentrations were 
around 3 mM metal ions and around 50 ppm alginates, while 
pH was in the range of 6–7.

As was noticed before, the iron oxide NPs did not floc-
culate in the absence of the cations (Fig. 5a). In the presence 
of  Ca2+, visible flocs were observed only for the LF 10/60 

Fig. 2  TEM images of a, b α-Fe2O3 and c, d  CeO2 NPs
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alginate, while the dispersions treated by PfdeAc and PfAc 
showed no flocculation even after several hours. The same 
result was obtained for cerium oxide NPs (Fig. 5b). How-
ever, when activated by  Ce3+ any combination of NP and 
alginate immediately flocculated (Fig. 5).

3.5  Evaluation of Flocculation by Time‑Scale 
Experiments

While the above experiments showed that flocculation took 
place, changes in optical density (OD) over time were used 

Fig. 3  pH dependence of the ζ-potential of a α-Fe2O3 and b  CeO2 NPs in the absence and presence of 30 ppm concentration of PfAc, PfdeAc 
and LF 10/60. c α-Fe2O3 and d  CeO2 NPs in the presence and absence of  Ca2+ and  Ce3+

Fig. 4  The effect of 4, 20 and 
50 ppm concentrations of Lf 
10/60, PfdeAc and PfAc on 
a α-Fe2O3 and b  CeO2 NPs 
dispersions at pH 6–7
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Fig. 5  The effect of 50 ppm of alginates on flocculation of a α-Fe2O3 and b  CeO2 NPs activated by 3 mM  Ca2+ or 3 mM  Ce3+

Fig. 6  The influence of NPs flocculation time on the optical density of the dispersions. The final concentrations of metal cations and alginate 
were 2.4 mM and 43 ppm, respectively. Blank samples contain NP and metal ion but no alginate
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to compare the flocculation efficiency of alginates (Fig. 6). 
The decrease in OD should correlate with the removal of 
NPs, i.e. sedimentation of flocs. When only metal ions were 
added to the dispersions, there was a slight shift in initial 
OD, but no decrease with time (Supplementary Figure S3). 
These dispersions were used as blank samples in Fig. 6.

The strongest effect on flocculation of iron and cerium 
oxide NPs activated by  Ca2+ was observed for the mixture 
with LF10/60 where the OD decreased from about 0.85 
down to 0.3, and from around 0.21 down to around 0.18 for 
iron and cerium oxide, respectively (Fig. 6 a, c). In contrast, 
the NPs activated by  Ca2+ did not flocculate when PfAc 
and PfdeAc were added; the OD of these systems slightly 
decreased and remained constant for 15 min (Fig. 6 a, c). 
These results confirmed the results from the initial floccula-
tion experiments (Fig. 5).

As was expected from the initial experiments,  Ce3+ 
affected the OD of the samples more than  Ca2+. PfdeAc 
showed the strongest effect of the three alginates on OD 
iron oxide NPs activated by  Ce3+ (Fig. 6b). In contrast, PfAc 
had the weakest influence on the OD of cerium oxide NPs. 
When cerium oxide NPs were combined with  Ce3+ cations, 
only LF10/60 were able to result in fast sedimentation of 
flocs (Fig. 6d). The final effect of LF10/60 on cerium oxide 
OD was similar for systems with  Ca2+ and  Ce3+. However, 
the shapes of the curves were very different, which could 
indicate a difference of the formed flocs (Fig. 6c, d).

3.6  Evaluation of the Effect of Alginate Concentration 
on Flocculation

To study the concentration effect of the alginates on NPs 
flocculation, we conducted time-scale experiments for 

LF 10/60 and PfdeAc at concentrations 5, 15, 30, 44 and 
90 ppm. The systems of iron oxide NPs activated by  Ca2+ 
and  Ce3+ were chosen due to the strongest flocculation effect 
from the previous tests. Figure 7 shows the result of OD 
changes over 10 min for alginates at different concentra-
tions of alginates. As observed earlier (Fig. 6), the initial OD 
measurements was influenced by the addition of alginates. 
Moreover, this effect appears to be dose dependent with an 
intermediate dose giving the lowest initial OD value. The 
flocculation seems to start immediately after mixing, since 
we see a dosage dependent change in OD after only one 
minute for both LF10/60 (Fig. 7a) and PfdeAc (Fig. 7b).

We observed flocs for all tested concentration of LF 
10/60. The flocs at 5 ppm concentration were smaller than 
the others, and this could have prevented their sedimentation 
in this experiment. The flocs formed at 15 and 30 ppm were 
also visibly denser than those formed at the highest alginate 
concentrations, and sedimented faster (Fig. 7a). According 
to this, the concentration of 15 ppm of LF 10/60 is the most 
favorable for the rapid sedimentation of flocs. However, at 
10 min the OD is not significantly different for the concen-
trations in the range of 15–44 ppm, and the observed results 
could be a result of the short mixing time, the higher concen-
trations might need more time to reach equilibrium.

For each concentration of PfdeAc in the presence of  Ce3+, 
except 5 ppm, we observed flocs. At 5 ppm, the OD did not 
change during the 10 min. (Fig. 7b). From Fig. 7b one can 
see that PfdeAc dosages of 30 and 44 ppm are the most 
effective ones.

The sedimentation of iron oxide flocs was also tested for 
the Lf10/60-Ca2+ and PfdeAc-Ce3+ systems in glass vials, 
using 44 ppm alginate concentration and 1.5 min mixing 
time (Fig. 8). Flocs had formed in both systems when the 

Fig. 7  The flocculation dependence of iron oxide NPs on alginate concentration: a LF 10/60 and b PfdeAc activated by  Ca2+ and  Ce3+, respec-
tively. Blank samples contain NP and metal ion but no alginate
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stirring were stopped, and already after 10 min most of the 
particles had settled on the bottom, confirming the results 
obtained from the spectroscopy experiment.

3.7  Floc Shape Depends on Alginate Type and NPs Size

The differences in sedimentation could potentially be caused 
by differences in the shape or size of flocs. To compare flocs 
shape, we used a high-speed camera mounted on an optical 
microscope. The studied NP dispersions in the Petri dish 
were placed on the magnetic stirrer, and then first the cations 
and then alginate samples were added. After an interaction 
time of one minute, stirring was stopped and images were 
obtained for further analysis (Fig. 9).

The shapes of the iron oxide flocs differed depending 
on the alginate. The flocs were similar in the LF 10/60 
systems activated by  Ca2+ and  Ce3+. However, floccu-
lation of NPs by PfAc and PfdeAc differed according to 
their shape and size. Thus, iron oxide activated by  Ce3+ 
increased in size in the followed sequence of alginate sam-
ples: Lf10/60 ≤ PfAc < PfdeAc. These flocs resembled flat 
flakes and seemed similar in shape. Big flocs should sedi-
ment faster, and we can observe the expected stronger effect 
on OD of PfdeAc (Fig. 7b).

The pale white flocs were less visible than the reddish 
flocs containing iron NPs, making it harder to compare their 

size and shape (Fig. 9). As observed for iron oxide NPs, flocs 
of cerium oxide NPs formed by LF 10/60 and activated by 
either  Ca2+ or  Ce3+ were similar. We can clearly see the for-
mation of fiber-like flocs by PfdeAc, while PfAc forms flocs 
like those formed by LF 10/60, showing that both G-blocks 
and acetylation affects the size and shape of cerium oxide 
NPs flocs. During the experiment, web-like structure was 
observed in the dispersion, and these did not sediment fast. 
This could explain the observed weak decrease in OD for 
the corresponding sample in the OD study (Fig. 6d, PfdeAc).

4  Discussion

Following production and usage of nanomaterials, their 
migration in waters, soil and atmosphere causes increased 
environmental issues [44, 45]. Each year the worldwide 
production of nanomaterials counts tens and hundreds of 
tons. Specifically, based on 10 years old data, the median 
worldwide productions of  FeOx and  CeOx is 55 t/year [46]. 
Moreover, mining and mineral processing generate waste 
containing NPs, which are difficult to reprocess [47, 48]. 
Flocculation can be a solution for wastewater treatment or 
used to reduce the amount of waste in mineral processing 
industries. Expanding the knowledge of flocculation agents 

Fig. 8  Sedimentation of α-Fe2O3 flocs generated by PfdeAc-Ce3+ 
(top) and Lf10/60-Ca2+ (bottom) alginates. The alginates were added 
at t = 0 min to NPs dispersions containing 3 mM metal cations that 

were being stirred at 400 rpm. Stirring was halted at t = 1.5 min, and 
sedimentation was observed thereafter. Scale bar 1 cm
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will help to reach maximum efficiency in the dewatering 
processes and find the most sustainable products.

The flocculation process by polymers requires bridging 
between dispersed particles or their charge neutralization 
[43]. For bridging to happen, only parts of the polymer 
should be adsorbed on one particle surface, leaving at least 
enough polymer length to form a bridge and adsorb to a 

second particle (Fig. 10a). The ζ-potential results dem-
onstrate adsorption of all studied alginate samples since 
their IEP is shifted from initial pH (Fig. 3a, b). However, 
alginate adsorption did not cause any flocculation, in con-
trast, ζ-potential results show stabilization of NPs disper-
sions from acidic to basic pH [49, 50]. This is most easily 

Fig. 9  High speed camera images of flocks taken after 1 min of stirring at 400 rpm. Iron oxide (top) and cerium oxide (bottom) NPs activated 
by  Ca2+ or  Ce3+, and flocculated by LF 10/60, PfAc or PfdeAc

Fig. 10  Simplified models of 
possible interactions between 
NPs (brown spheres), alginates 
(strands) and cations (small 
purple spheres). a Alginates 
form bridges between NPs; b 
Each alginate strand envelopes 
one NP; c Alginates are partly 
crosslinked by cations forming 
ionic gels. This restricts the 
parts of the polymer available 
for binding NPs, and bridging 
can happen.
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explained by assuming a flat conformation of the adsorbed 
polymer (Fig. 10b) [35, 51].

If this was the case, then the solution would be to attenu-
ate the binding between the polymer and the NPs, and we 
tested the use of  Ca2+ and  Ce3+ cations for this purpose. It 
is well known that two G-blocks can crosslink via chelation 
of  Ca2+ (Fig. 1), this is the basis for many of the applications 
of alginate hydrogels [15]. Formation of such junctions start 
with the exchange of the monovalent counterion attached 
to the carboxyl groups, in our case  Na+, with divalent or 
trivalent cations. Binding of cations to the alginate and for-
mation of cross-linking junctions, will diminish the parts of 
the alginates available for binding to the NPs, and allow the 
alginate molecules to form bridges between the particles. 
Cations bound to the particles might participate in the bridg-
ing event. Alternatively, the NPs might become entangled 
in the formed gels. These options are not mutually exclusive 
and are depicted in Fig. 10c.

In our experiments we clearly see flocculation of both 
cerium and iron oxide NPs by LF 10/60 in the presence 
of  Ca2+ (Fig. 5 and 6a, c), while the bacterial alginates do 
not seem to make aggregates. These alginates contain no 
G-blocks, and while  Ca2+ bind G-blocks well, the binding 
of MG-blocks are much weaker and no binding to M-blocks 
is observed [52]. This would explain the absence of floc-
culation in the systems PfAc and PfdeAc with  Ca2+. These 
data strongly suggest that the formation of a gel network is 
a necessary factor in the observed flocculation of NPs using 
 Ca2+ and G-block-containing alginate [25].

Trivalent cations have been found to crosslink alginate 
chains by binding to three carboxyl and hydroxyl groups 
[22, 24, 25], and their selectivity for specific block structures 
are much less [21] indicating that they are able to crosslink 
MG blocks or even M-blocks. When we replaced the diva-
lent  Ca2+ with  Ce3+, all three alginates made flocs in the 
presence of NPs and  Ce3+, again indicating that alginate 
cross-linking is necessary for flocculation. The C-2 oxygen 
has been implicated in hydrogen binding to trivalent cations 
[24], explaining why the O-2-acetylated alginate resulted 
in less flocs. A gel network was also seen by others when 
studying a mixture of alginate-coated hematite NPs and  Ca2+ 
[29].

5  Conclusion

Our study shows that alginates can be used for flocculation 
of NPs if a suitable cation is present to cross-link the algi-
nate molecules. The efficiency of flocculation is dependent 
on alginate composition and on the cation used to cross-
link alginate molecules. In addition, acetylation of alginate 
strongly affects size and geometry of the flocks.

As described above, flocculation is used in various indus-
tries including the mineral processing industry. To develop 
alginate for this application, one needs to understand floc-
culation mechanisms and flocculant behavior in various 
systems, and a wider range of NPs, cations and character-
ized alginates should be studied and compared using the 
methods described in this study. Such studies should also 
include exploring the possibilities for selective flocculation 
of different NPs or minerals.
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