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Abstract

Sodium alginate and calcium carbonate are natural materials with a high compositional
variability. The molar mass and structural composition of sodium alginate and the crystalline
structure of calcium carbonate can affect their interactions in pure water. Herein, we studied
the adsorption of sodium alginate onto calcium carbonate microparticles in pure water. The
adsorption appears to be driven by electrostatic interactions stabilized by calcium ions at the
surface of the particles and in solution due to the dissolution of calcium carbonate in pure
water. We found that the adsorption of sodium alginate is favored onto microparticles with
more calcite. We also found that the adsorption of sodium alginate polymers with low
guluronate content (~ 30 %) onto calcium carbonate particles tends to increase for polymers
with lower average molar mass and more flexible polymer chains. In contrast, polymers with
high guluronate content (~ 65 %) tend to adsorb more onto calcite when they present a lower

average molar mass polymers as well as a higher proportion of guluronate monomers.
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Abbreviations

'H-NMR Proton nuclear magnetic resonance
Alg_Mw_%G Sodium alginate_Weight average molar mass_Percentage of Guluronate blocks
Am Area per monomer of Na-Alg in the adsorbed layer
ca® Calcium ions
CaCl, Calcium chloride
CaCO; Calcium carbonate
CaCOs_calcite% Calcium carbonate_Percentage of calcite vs. vaterite
Ce Concentration of Polymer at equilibrium
Cf Concentration of sodium alginate detected in the supernatant by NPOC measurements
Ci Initial concentration of sodium alginate
Csolid Concentration of CaCO;
b Dispersity
Deuterium oxide containing 0.05 wt.% of 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid,
D,0-DSS .
sodium salt
Dsg Average diameter
EDTA Ethylenediaminetetraacetic acid
Eq. Equation
ESEM Environmental scanning electron microscopy
Fe Molar fraction of guluronate blocks
Feo Molar fraction of guluronate- guluronate diads
Faom Molar fraction of guluronate-mannuronate diads
Fu Molar fraction of mannuronate blocks
Fume Molar fraction of mannuronate-guluronate diads
Fvm Molar fraction of mannuronate-mannuronate diads
G-blocks Guluronate blocks
GG-diads Guluronate-guluronate diads
GM-diads Guluronate-mannuronate diads
HCI Hydrochloric acid
K. Langmuir constant
M-blocks Mannuronate blocks
MG-diads Mannuronate-guluronate diads
MM-diads Mannuronate-mannuronate diads
M, Number average molar mass
My Weight average molar mass
Na,CO; Sodium carbonate
Na-Alg Sodium alginate
NaCl Sodium chloride
NaNO; Sodium nitrate
NPOC Non-purgeable organic content
SgeT Specific surface area using the Brunauer-Emmett-Teller method
SEC Size exclusion chromatography
T Temperature
TGA Thermogravimetric analysis
TOC Total organic carbon
XRD X-ray diffraction
r Amount of adsorbed polymer
IMax Maximum amount of adsorbed polymer

n Ilustrative description of the sequence distribution



1. Introduction

Alginates are natural polysaccharides produced by bacteria [1] (e.g., Azotobacter) or
extracted from brown algae [2] (e.g., Laminaria hyperborea) [3-5] consisting of
B-D-mannuronate (M-blocks) and a-L-guluronate (G-blocks) that are linked by 1— 4 bonds.
These bonds intercalate between alternating structures of mannuronate-guluronate diads or
guluronate-mannuronate diads (MG-diads or GM-diads, respectively). The distribution and
ratio of each monomer in the backbone of alginate polymer chains can greatly vary depending
on the extraction source of alginate for instance [1-5]. Alginates are known to form gels with
strong physical crosslinking bonds in the presence of divalent cations such as calcium ions
[6-8]. Grant et al. [9] previously established that guluronate-guluronate diads (GG-diads) are
primarily responsible for this phenomenon. These diads are preferentially arranged in a
structure called the “egg-box™, which selectively interacts with divalent cations. More
recently, Donati et al. showed that MG-diads (or GM-diads) junctions can also play a role in
the sol-gel transition of alginates [10]. Due to their biocompatibility, biodegradability, and
interesting properties in physiological media, sodium alginate (Na-Alg) and calcium alginate
gels (Ca-Alg) have been extensively used in the pharmaceutical and food industries [3,8]. One
way to form Ca-Alg gels is to release calcium ions following the dissolution of calcium
carbonate (CaCOs) under acidic conditions in a solution containing Na-Alg [11,12].

CaCOg is one of the most abundant materials on Earth [13,14]. This inorganic material
is present in limestone [14-17], shells of living marine organisms [16,17], and can also be
easily synthesized [16]. Due to its abundance, biocompatibility, and nontoxicity, CaCO3 has
been widely investigated in academic research and is used in the food industry as an additive
[18] or in the paper industry as a pigment or filler [19,20]. It has three main anhydrous
polymorphs: calcite, aragonite, and vaterite [14,16,17]. Calcite is the most thermodynamically
stable phase of CaCO; followed in terms of stability by aragonite and vaterite phases
[14,16,17]. The latter two are metastable forms of CaCO; that can recrystallize as calcite
under specific conditions [21,22].

Vaterite, the least thermodynamically stable phase of CaCOj3, has been widely studied.
The spherical shape of vaterite microparticles, along with their larger pores, makes vaterite a
suitable material for biomedical applications, especially for controlled drug delivery [23,24].
CaCO3 can be loaded with a drug of interest through adsorption diffusion and used as a
sacrificial template to release the drug in acidic media or by using a chelating agent (e.g.,

ethylenediaminetetraacetic acid, EDTA, or citric acid) [25-27]. CaCO3 can also be used to



form hollow microcapsules of polymers with defined morphologies [28] using a
layer-by-layer technique [25-28]. For instance, Li et al. [29] prepared crosslinked
polyacrylamide-alginate  spherical hollow microparticles using spherical CaCOs;
microparticles as a template to successfully adsorb sodium alginate at the surface of the
microparticles in a solution of acrylamide monomers. More recently, Browning et al. [30]
showed that Na-Alg chains could adsorb onto the surface of calcite in pure water. The authors
concluded that the adsorption was driven by the dissolution of the calcite surface which
released calcium ions to promote interactions with Na-Alg. Interestingly, they observed that
adsorption was promoted by Na-Alg, which possesses a higher proportion of G-blocks in their
backbone. To the best of our knowledge, Browning et al. publication is the only study
reported in the literature regarding the adsorption of Na-Alg onto CaCOg in pure water.

While the adsorption of Na-Alg onto CaCOj3 in pure water could depend on the proportion
of G-blocks in the Na-Alg backbone, it could also be influenced by various compositional
factors given the substantial variability inherent to Na-Alg and to CaCO3 microparticles. In
this study, we thus aim at identifying the factors controlling the adsorption of Na-Alg onto
CaCOg; surfaces, namely the proportion of each CaCO;3; phase, the average molar mass of
Na-Alg and the distribution of GG-diads in their backbone.

2. Experimental part
2.1.  Materials

Calcium carbonate microparticles (quoted CaCO3_calcite% in this study to reflect their calcite
composition compared to vaterite) were either purchased from Sigma-Aldrich®
(CaCO3_100%), provided by L’Oréal Research (CaCO3_38%), or synthesized as described in
the literature [27] (CaCOj3_38%, CaCO3_22%, and CaCO3_3%). Sodium carbonate (Na,CO3)
and calcium chloride (CaCly), used for the synthesis of CaCO; were purchased from
Sigma-Aldrich®. Sodium alginate samples (quoted Alg_M,,_%G in this study based on their
weight average molar mass, My, and the percentage of G-blocks in their backbone) were
kindly provided by DuPont™ and were used as received. Hydrochloric acid (HCI), sodium
nitrate (NaNOj3), sodium chloride (NaCl), and deuterium oxide containing 0.05 wt %)
3-(trimethylsilyl)propionic-2,2,3,3-d4 acid and sodium salt (D,O-DSS) were purchased from
Sigma-Aldrich®. Ethylenediaminetetraacetic acid (EDTA) was purchased from VWR



Chemicals®. Ultra-pure water (resistivity = 18 MQcm) obtained from a Milli-Q® water

purification system was used to prepare the solutions.
2.2.  Methods
2.2.1. CaCO3 microparticles synthesis

Spherical CaCO3 microparticles were synthesized according to a previously reported method
[27]. Briefly, an equal volume of aqueous solutions of 0.33 mol.L™* calcium chloride (CaCl,)
and 0.33mol.L? sodium carbonate (Na,COs) were added in this order into a
round-bottom-flask and mechanically stirred for 30 min at 25 °C. The precipitate was filtered
using a 1.2 um Whatman filter (GF/C grade), rinsed several times with water and dried at
72 °C overnight. Several syntheses were conducted under the same conditions and exhibited
good reproducibility for the formation of CaCOj;_3%. CaCO3; 22% microparticles were
synthesized using the same protocol, but in a total volume of 5L (vs. 400 mL), filtration
issues during the post-treatment led to the development of more calcite microparticles. The
filtration step was slower and less efficient than that for smaller-scale synthesis. Therefore,
the reaction time was increased as well as the proportion of water in the filtrate prior drying.
These two events most likely led to the recrystallization of part of the synthesized vaterite

microparticles into more stable calcite particles [21].
2.2.2. Characterization of CaCO3; microparticles

The average size (Dsg) of the CaCO3 microparticles was determined after gold metallization
using a Quattro Environmental Scanning Electron Microscope (ESEM, ThermoFisher®) and
in water using a Mastersizer 3000 (Malvern Panalytical®). The specific surface area (Sget) of
the CaCO3z microparticles was characterized by nitrogen adsorption—desorption isotherms
using the Brunauer-Emmett-Teller (BET) method, performed using Tristar 11 plus
(Micrometrics'™). Samples with lower surface areas were characterized using krypton
adsorption-desorption isotherms instead of nitrogen and were conducted on a Belsorp-Max Il
(MicrotracBEL Corp). The crystal structure was determined by X-ray diffraction (XRD) using
a Philips X’ Pert diffractometer. The results were compared with existing databases and

Rietveld refinement was used to determine the proportion of each CaCOj3 phase in the sample.



2.2.3. Characterization of Na-Alg

The ratio of G-blocks and M-blocks in each Na-Alg sample was reported by the supplier as a
percentage range and was further characterized using a consistent method described in the
literature by Grasdalen et al. [31-34]. Briefly, Na-Alg was mildly hydrolyzed under acidic
conditions at 100 °C (pH 3) for 30 to 105 min. Hydrolyzed Na-Alg (25 mg) were dissolved in
D,0-DSS (1 mL) with EDTA (7.5 mg) and analyzed using proton nuclear magnetic resonance
spectroscopy (*H-NMR) performed on a Bruker Neo 400 operating at 400.22 MHz equipped
with an ATMA 'H-BBI probe of 5 mm heated at 80 °C. The number and weight average
molar masses (M, and M, respectively) as well as the dispersity (B =M,/M,) were
determined by size exclusion chromatography (SEC) on a Malvern Viscotek TDA 302 system
equipped with a triple detector with three OH-pak SB-806M HQ columns in series. The
mobile phase was an aqueous solution at 0.2 M NaNOs, and with a flow rate of 0.7 mL.min™",
The calibration curve was based on poly(ethylene oxide) standards from Malvern. The
residual water content was characterized by thermogravimetric analysis (TGA) using a Q600
SDT (TA Instruments).

2.2.4. Adsorption isotherms

Adsorption isotherms were obtained using a depletion method. Aqueous Na-Alg solutions
with an initial concentration of 1 g.L™ were prepared and stirred for 24 h prior to analysis.
Dry CaCOg3 microparticles (0.5 g) were introduced into centrifuge tubes with a 50 mL
capacity. Specific volumes of water and Na-Alg aqueous solution were then introduced in this
order to reach the desired Na-Alg concentration ranging from 0 to 800 mg.L * in a total
volume of 15mL. The blank solution contained only water. Preliminary experiments
performed at different equilibrium times showed no change in Na-Alg concentration in the
supernatant after 2 h, relative to 24 h. The samples were left to equilibrate on a tube rotator
for 4 h. The dispersions were subsequently centrifuged once at 6000 g for 30 min and again
for 15 min after removing and transferring the supernatant into a new centrifuge tube. The
Non-Purgeable Organic Carbon (NPOC) content of the supernatant was measured using a
calibrated TOC-L analyzer (Shimadzu). During the measurements, the solutions were
automatically acidified to 10 wt % with a 2 mol.L™* solution of HCI and purged with nitrogen
to remove traces of inorganic carbonates. The value obtained for the blank solution was first
subtracted from that obtained for the suspension supernatant to characterize the residual
concentration of Na-Alg. Replicate NPOC measurements based on two to three sample



injections were performed for each blank, suspension, and calibration solution. Each
adsorption isotherm was replicated at least twice.
The amount of adsorbed polymer, I', expressed in mg.m™, was calculated using the following

equation:

Co — Cr

r= Eq.1

Where Cq is the concentration of Na-Alg initially introduced to the sample (mg.L™), Cs is the
concentration of Na-Alg detected by NPOC measurements in the supernatant (mg.L™), and
Sger is the specific surface area of CaCO; (m2mg™), and Cgig is the concentration of

CaCOs microparticles (mg.L™).
2.2.5. Zeta potential of CaCO3 microparticles with adsorbed Na-Alg

CaCOg3 microparticles remaining in the centrifuge pellets after the removal of the supernatant
were dispersed in an aqueous solution of sodium chloride at 10° mol.L™. Zeta potential

measurements were conducted using a Zetasizer Nano series (Malvern Panalytical).

3. Results and Discussion

Na-Alg aqueous solutions containing dispersed CaCO3 microparticles exhibit a pH of 10.
At this pH, CaCO3 microparticles and Na-Alg polymer chains are negatively charged [35,36].
This raises questions regarding the nature of the interaction between Na-Alg and CaCOs in
pure water. In the present study we aim at investigating the key parameters that control such
interaction. CaCO3; microparticles with various crystalline phase compositions and Na-Alg
with different average molar masses and structural compositions were selected and thoroughly
characterized.
The characteristics of CaCO3; microparticles, such as their size, calcite/vaterite
composition, and specific surface area are summarized in Table 1. As shown in Fig. 1, CaCO3
microparticles with an increased proportion of calcite phase exhibit more

rhombohedra-shaped microparticles [14,16,17].

Table 1: Characteristics of calcium carbonate (CaCOs3) microparticles.

% Calcite Dso SgeT

CaCO, (vs. vaterite) (um) (m*.g™)

| 3 6+1 8.1



CaCO;_22% | 22 102 4.7
CaCO;_38% | 38 742 2.4
CaCO;_100% | 100 20+5 0.6

Fig. 1: Scanning electron microcopy (SEM) micrographs of the calcium carbonate microparticles
studied (CaCO4_calcite%). A) CaCO;_3%; B) CaCO;_22%; C) CaCO;_38% and D) CaCO;_100%.

The characteristics of Na-Alg polysaccharides, such as their average molar mass and
monomer composition, are listed in Table 2. All polysaccharides contained 9-15 wt %
residual water.

The composition of Na-Alg samples was characterized by *H-NMR following mild
hydrolysis of the polymer and using a consistent method developed by Grasdalen et al. [31-
34]. Three specific *H-NMR signals were identified: the first signal (I, 5.1-5.2 ppm) was
attributed to the anomeric hydrogen of guluronic acid in G-blocks, and the second signal (II,
4.7-4.9 ppm) to both the overlap of the anomeric hydrogen of mannuronic acid in M-blocks
and the fifth hydrogen of alternating MG-diads. Finally, the third signal (l11, 4.5-4.6 ppm) was
attributed to the fifth hydrogen of guluronic acid in G-blocks. The area below each signal was
then used in equations determined by Grasdalen et al. [31-34] (Eq. 2) to calculate the molar
fractions of guluronate and mannuronate blocks (Fg and Fy, respectively) and the molar
fractions of GG-diads, MG-diads, GM-diads and mannuronate-mannuronate diads
(MM-diads) (Fgg, Fmc, Fom and Fum, respectively). A parameter 1, defined as an illustrative
way of characterizing the sequence distribution, was also determined with 0 <n <1 for an
abundance of homopolymeric M-blocks and G-blocks, n =1 for a random sequence, and

1 <n < 2 for an abundance of alternating MG-diads and GM-diads.
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Eq. 2

The composition of each Na-Alg is in good agreement with the range provided by the supplier
(see Fig. S2 in the supplementary information for all *H-NMR spectra). Based on these results,
a hypothetical repartition of each monomer along the backbone of a single Na-Alg chain was
established as shown in Fig. 2. These results highlight the great variability in the composition
of natural polysaccharides, providing an opportunity to explore how it affects the adsorption

of Na-Alg onto CaCO3 microparticles.

Table 2: Characteristics of sodium alginate (Na-Alg) samples.

SEC 'H-NMR

Na-Alg % G (kgmwvél'l) (kg.'\r:lwgl'l) P Fs Fu Feo EZ‘; Fum M
Alg_39k_665 65 39 21 19 061 039 054 0.07 032 031
Alg 168k G65 | 65 168 112 1.5 057 043 050 008 034 031
Alg_l40k_G30 30 140 76 1.8 0.27 073 0.12 0.15 058 0.74
30 222 121 18 032 068 021 0.11 0.57 0.49

AIg_309k_G30 30 309 190 16 033 0.67 018 0.14 054 0.64
Alg 306k G45| 45 306 143 21 047 053 030 0.17 0.36 0.66

Alg 39k G65

Alg_168k_G65
Alg_140k_G30
Alg 222k G30
Alg_309k_G30
Alg 306k G45

Fig. 2: Hypothetical distribution of G-blocks (G spheres) and M-blocks (M squares) along the
backbone of Na-Alg chains.



3.1.  Influence of the crystalline structure of CaCO3 microparticles

The impact of the crystal phase composition of CaCO3; microparticles on the adsorption of
Na-Alg was first investigated. Adsorption isotherms were carried out with Alg_309k_G30 in
pure water and CaCOs; microparticles of varying calcite and vaterite compositions
(equilibrium pH of the dispersion around 10). As depicted in Fig. 3A, all adsorption isotherms
exhibit the same behavior that is characteristic of a Langmuir adsorption. The amount of
adsorbed Na-Alg, I', increases with polymer concentration with initial slopes ranging from
2-20mL.m?% This increase is followed by an adsorption plateau at high polymer
concentrations (maximum amount of adsorbed polymer, I'nax) [37,38]. All the experimental
adsorption isotherms were fitted to the Langmuir equation (Eg. 3). Experimental values of
I'max as well as the Langmuir constant determined from the model are reported in Table 3.
Values obtained from the fitted model are reported in the supporting information in Table S1.
ImaxKiCe

[ =-mex’ize Eq. 3
1+K,C, q

Where I" is the amount of adsorbed polymer (mg.m™), I'max is the maximum amount of
adsorbed polymer (mg.m?), K. is the Langmuir constant related to the binding-strength
coefficient characteristic of the affinity of the polymer for the solid surface (L.mg™) and Cq is
the equilibrium concentration of polymer in solution (mg.L™).
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Fig. 3: Influence of the calcite content (vs. vaterite) of CaCOs; microparticles on the adsorption of
Na-Alg. A) Adsorption isotherms of Alg_309k_G30 at 25 °C onto CaCO; microparticles. The amount
of adsorbed Na-Alg, I', was represented as a function of the equilibrium concentration of Na-Alg. The
dashed lines represent the theoretical Langmuir adsorption model fit. B) The maximum amount of
Na-Alg adsorbed in mg.m'z, I'max, 18 the average I' value at the plateau of each experimental isotherm
(the shape of the symbols is the same as that used in the isotherms). The dotted line is a guide for the
eye. When the error bars are not visible, they are within the symbol. The area per monomer
normalized by the percentage of calcite (Normalized A,) in A>.monomer * was calculated from the
I'max Values and is represented as a function of the percentage of the calcite composition in CaCO;
microparticles (empty lozenges).

Table 3: Adsorption data of Alg_309k G30 onto CaCO; microparticles with various calcite contents.

Experimental data '-angn?“'r
equation
I max An Normalized A, K

Na-Alg CaCos (mg.m?)  (A’monomer™) (AZmonomer™) (L.mg?)
1.60£0.10 20 20 0.010
CaCO;_38% 0.60 £ 0.09 53 20 0.025
Alg—309k—630 CaCO;_22% 0.40 +0.07 79 17 0.013
0.10+0.06 318 16 0.035

The theoretical adsorption model of Langmuir fits greatly the experimental dataset
(Fig. 3A and Table S1). Hence, Na-Alg is likely to be adsorbed at the surface of CaCOj3
microparticles as a monolayer reaching full surface coverage. The initial slopes of the
different isotherms suggest a favorable interaction between adsorbate and adsorbent with a
medium affinity, which is in good agreement with K_ values obtained from the Langmuir
adsorption model [39,40].

In pure water at pH 10, Na-Alg polymer chains and CaCO3; microparticles are both
negatively charged [35,36]. However, it has been reported that in addition to carbonate ions
(CO35?), calcium ions (Ca®") are also present on the surface of CaCO; microparticles [36].
These divalent cations exhibit a strong affinity for carboxylate groups and thus promote the
adsorption of negatively charged polymer chains onto the surface of CaCO3; microparticles by
ion binding. This was also reported by Browning et al. as a driving force for the adsorption of
Na-Alg onto calcite microparticles [30] and by Arumughan et al. for the adsorption of weak
polyelectrolytes, such as carboxymethylcellulose, onto like-charged surfaces [41]. This
observation provides a possible explanation for the similarity in K_ values among the

different experiments.



Ca®" ions can increase the adsorption of polyelectrolytes onto the surface of
like-charged solids [42]. In water, CaCOs; microparticles dissolve and release Ca®* and
COs” ions until reaching an equilibrium (Eq. 4).

. _ Eq. 4
CaCOy 5 Ca oy + CO g a

Since vaterite is slightly more soluble than calcite in water, one could assume that
Na-Alg would adsorb more at its surface. Interestingly, our experiments show the opposite.
The maximum amount of Na-Alg adsorbed at the surface of CaCO3; microparticles, I'max,
increases with the calcite content (Table 3, Fig. 3A and Fig. 3B). At equilibrium in water, a
15 +5 mg.L™" concentration of Ca® ions is detected for CaCO5; microparticles regardless of
the crystalline phase within a few minutes [43,44]. Therefore, in our experiments the ionic
strength of the dispersions is buffered at 1.5 + 0.3 mmol.L™. Consequently, the increase of
I'max Values with the calcite content cannot be explained by the presence of calcium ions in
solution. In the light of our results, we come to the conclusion that Na-Alg only adsorbs onto
the calcite phase of the CaCO3; microparticles. We hypothesize that this arises from the
specific attributes of the calcite phase in terms of surface ion availability, as compared to
vaterite. Furthermore, the shape of the microparticles could also play a role in creating a

distinct interface for the adsorption of Na-Alg.

In an effort to probe the conformation adopted by Na-Alg at the surface of CaCOg3
microparticles, we determined the area per monomer of Na-Alg in the adsorbed layer using
Eq. 5 assuming a monolayer adsorption. This value was also scaled by the calcite content of

the microparticles (Normalized Ay,). Our findings are summarized in Fig. 3 and in Table 3.

_ Stot CaCO; _ Mo
NaAlg monomers D aNg Eq.5

m

Where A, is the area per monomer and the area per monomer normalized by the calcite
composition in CaCO3 microparticles (Az.monomer '1) respectively, St cacos IS the total
surface of CaCO; (A%), Na-Alg molecule is the number of monomers of Na-Alg present in the
adsorbed layer, My is the average molar mass of a Na-Alg monomer (Mg ~ 191 g.mol™
assuming a value of 0.7 for the ionization degree of Na-Alg in pure water) and /T iS the

maximum amount of adsorbed Na-Alg (g.A™).

The size of a Na-Alg repeat unit is on average equal to 5 A [45,46]. Hence, whether

considering a sphere with a diameter of 5 A or a cube with sides measuring 5 A, it can be



inferred that the minimum area occupied by a Na-Alg monomer should be approximately 20-
25 A2, Interestingly, once scaled by the proportion of calcite, the value of Ay, is on average
equal to 18 + 2 A2 monomer ™ (Table 3). This value is also close to the average surface area
per calcium ions of calcite (20.8 A?) [46]. Therefore, assuming that Na-Alg adsorbs as a
monolayer at the surface of calcite two conceivable conformation emerge. The polymer can
either adsorb flat onto CaCOs;, wherein each adsorption site accommodates a Na-Alg
monomer (Fig. 4A) or adopt a more extended conformation by forming loops, tails, and trains
at the solid surface. In the latter, the number of monomers not directly bound to the solid
surface (dark green circles) is the same as the number of particle free adsorption sites

(unoccupied grey squares)(Fig. 4B).

A) FLAT ADSORPTION B) LOOPS, TAILS & TRAINS

O Na-Alg monomer from the adsorbed layer in contact with the calcite surface
Na-Alg monomer from the adsorbed layer not in contact with the calcite surface
B Calcite surface (Na-Alg point of view)

Fig. 4: Schematic representation of the possible conformation of the Na-Alg adsorbed layer at the
surface of calcite CaCO;z; microparticles in pure water where the average area per monomer is
20 AZ.monomer . Calcite was represented as a plane surface due to the size difference between the
solid and the polymer. A) Flat adsorption of the polymer: all monomers in the adsorbed layer of
Na-Alg bind to the surface and B) Loops, tails and trains formation: a proportion of monomers present
in the adsorbed layer are not in direct contact with the calcite surface but the number of monomers that
do not bind with the surface (dark green circles) is close to the number of free adsorption sites (grey
squares).

Polyelectrolytes are more likely to adsorb in a flat conformation when interacting
strongly with a surface [48]. While our K| values suggest a favorable interaction between the
polymer and the surface, they are not characteristic of a strong interaction. We then believe

that the second scenario is more likely to occur. Additionally, weak polyelectrolytes such as



Na-Alg are prone to form loops and tails at low charge densities as would be expected for

alginate interacting with Ca** ions in pure water [30,48,49].

Zeta potential measurements provide insights regarding the adsorption of Na-Alg onto
CaCOg3 microparticles. Upon dispersing CaCO3; microparticles in salt-free aqueous solutions
of Na-Alg for four hours, the zeta potential of both CaCO;_100% and CaCOs;_38%
microparticles decreased from -8 to -40 mV (Fig. S3).

Through this experiment we have shown that the Na-Alg adsorption in pure water
depends on the crystalline phase of CaCO3z; microparticles. As a matter of fact, a better
adsorption of alginates is observed on particles with higher calcite content. This phenomenon
is likely to be driven by an electrostatic interaction due to the presence of Ca?* ions at the
surface of the particles. In the following sections, we discuss the impact of Na-Alg

composition on its adsorption onto CaCO3 microparticles in pure water.
3.1.1. Influence of Na-Alg composition

In a recent study, Browning et al. [30] showed that the adsorption of Na-Alg onto
calcite depends on the proportion of G-blocks in the backbone of the polysaccharide. Herein,
we aim at investigating the effect of the average molar mass and distribution of the different
M and G monomers of the alginates on their adsorption onto CaCO3; microparticles in an
aqueous medium. To achieve this, we conducted experiments using Na-Alg samples with
comparable proportions of G-blocks (~ 30 %). I'max Values are plotted as a function of the
average molar mass and the Fgg of Na-Alg in Fig. 5. They are determined from the
experimental dataset given in Fig. S4A and Fig. S4B where full isotherms are presented. All

informative values are summarized in Table 4.
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Fig. 5: I'max in pure water of Na-Alg with 30 % G-blocks on CaCOg particles (38 % and

100 % calcite) as a function of : A) the Na-Alg average molar mass. B) the proportion of

GG-diads (Fgg) along the backbone.



Table 4: Adsorption data of several Na-Alg with 30 % G-blocks and various average molar masses

adsorbed onto CaCO; microparticles.

Experimental data Langmuir
equation
I max An Normalized A, K.

CaCOs Na-Alg (mg.m?  (AZmonomer™) (Amonomer™) (L.mg")
Alg 300k G30  16+0.1 20 20 0.010
15+£0.2 21 21 0.002

Alg 140k G30 N/A

Alg_309k_G30 0.60 = 0.09 53 20 0.025
CaCO3;_38% 0.46 = 0.07 69 26 0.006
Alg 140k _G30 14+£0.2 23 9 0.011

As previously shown in Fig. 3 and Table 3, T'max values of a single Na-Alg onto
CaCOg3 microparticles increase with the calcite content. When considering the same CaCOj3;
microparticle, it is apparent that the adsorption of Na-Alg with the same proportion of
G-blocks is significantly increased for Alg_140k_G30 compared to the two other polymers
(Table 4 and Fig. 5). Regarding the adsorption of this polymer onto CaCO3z_100%, the
absence of an adsorption plateau suggests that the system is out of equilibrium (see Fig. S4A).
The increase in average molar mass between Alg 222k G30 and Alg_309 _G30 does not
appear to have a substantial impact on the maximum amount of adsorbed polymer. It was
previously reported that an increase in the average molar mass of the polymer is likely to
result in an increase of the I'mayx Values. In our case this trend is not evident. The distribution
of each monomer and diad along the polymer backbone could potentially account for this
deviation (Table 2 and Fig. 2). Indeed, the proportion of GG-diads can impact the interaction
of the polymer with Ca®* at the surface of CaCO5 microparticles or in solution. Additionally,
due to their structure, G-blocks are stiffer than linear M-blocks [10,30]. Hence two Na-Alg
with the same Fg can differ due to their average molar mass as well as their proportion of
diads Fge in their backbone, which can increase the rigidity of the polymer chains. As shown
in Fig. 5B, I'max decreases as Fgg increases and thus as the rigidity of the polymer chains
increases. This is in good agreement with previously reported Monte Carlo simulations on the
adsorption of weak polyelectrolytes onto oppositely charged surfaces [50-52]. We assume
that flexible polymer chains allow to bring closer G-blocks from a single Na-Alg polymer
chain or from multiple Na-Alg polymer chains to complex Ca®" ions thus promoting the
polymer adsorption onto the surface of the CaCO3 microparticles.



Conversely, for Na-Alg with 65 % of G-blocks, the adsorption onto the surface of
CaCOg3 microparticles increases for the most locally rigid polymer, Alg_39k_G65 (Table 5).
However, in both Na-Alg, most G-blocks are already in a preferential conformation to interact
with Ca?* ions (high Fgg, Table 2 and Fig. 2). For Na-Alg with high guluronate content, we
can reasonably assume that the adsorption is promoted by the lower average molar mass as
well as the slightly higher proportion of G-blocks for Alg_39k _G65 compared to
Alg_168k_G65 (0.61 vs 0.57). It is worth noting that the I'max values for CaCO3;_100% and
Na-Alg with 65 % G-blocks are in the tenth of milligram per square meter range (Table 5).
The values for a monolayer coverage are usually closer to one to two milligrams per square
meter [50]. The high I'nax values obtained with these polymers could be due to interactions
between the adsorbed layer of Na-Alg and free polymer chains that are not bound to the
surface (inter-chain interactions). This phenomenon could also occur during the adsorption of
Alg_140k_G30 onto CaCO3_100% as no plateau is reached, which is inconsistent with
Langmuir’s theory of adsorption (Fig. S4A).

Consequently, it appears that for Na-Alg with a low proportion of G-blocks, both the
average molar mass and the proportion of GG-diads and hence, the stiffness of the polymer
chain impact their adsorption onto CaCO3 microparticles in water. However, for Na-Alg with
a high proportion of G-blocks, thus composed essentially of homopolymeric regions, multiple
GG-diads are in a preferential conformation to complex Ca?* ions. Therefore, we assume that
the proportion of G-blocks will have a stronger impact on their adsorption onto the surface of

CaCOg3 microparticles in water.

Table 5: Adsorption data of several Na-Alg with 65 % G-blocks and various average molar masses
(39K and 168K) adsorbed onto CaCOs microparticles (38% and 100% calcite).

Experimental data Langmuir
equation
Iimax An Normalized A, K.
CaCOs Na-Alg (mg.m?  (A’monomer™) (AZmonomer™) (L.mg")
9.3+£20 3 3 0.010
115+1.0 3 3 0.015
09x04 35 13 0.027
0

CaCO;_38% 16405 20 8 0.035




As previously, we determined the normalized An, of the adsorbed layer for all adsorption
experiments (Table 4 and Table 5). Similar to Alg_309k_G30, A, values determined for
Alg_222k_G30 are close to 20 A%2.monomer™ and the two conformation previously proposed
in Fig. 4 can thus again apply. However, some of the calculated An, values fall significantly
below 20 A2, monomer™, suggesting that the surface available for the polymer is insufficient
to accommodate a Na-Alg monomer. Hence, the polymer chain conformation is probably
more extended in a direction perpendicular to the particle surface, resulting in the formation
of loops, tails and trains (Fig. 6).

LOOPS TAILS & TRAINS

CaCOQ, calcite CaCO, calcite

O Na-Alg monomer from the adsorbed layer in contact with the calcite surface

. Na-Alg monomer from the adsorbed layer not in contact with the calcite surface

. Calcite surface (Na-Alg point of view)

Fig. 6: Schematic representation of the possible conformation of the Na-Alg adsorbed layer at the
surface of calcite CaCO; microparticles in pure water when the area per monomer is below
20 AZ.monomer . In both representations there is more Na-Alg monomers in the monolayer than
adsorption sites on calcite particles. On the left all adsorption sites are occupied by a Na-Alg
monomer while on the right they are not. Calcite is represented as a plane surface due to the size

difference between the solid and the polymer.

3.1.2. Influence of G-block proportion

Herein, we focus on the impact of the proportion of G-blocks in the backbone of
Na-Alg by performing adsorption isotherms with 300 kg.mol™ Na-Alg (see Fig. S5 for full
isotherms). All informative values are summarized in Table 6.



Table 6: Adsorption data of two Na-Alg with an average molar mass close to 300 kg.mol™ and various
G-blocks adsorbed onto CaCO; microparticles (38% and 100% calcite).

Experimental data Langmuir
equation
I max An Normalized A, K¢
CaCO; Na-Alg (mg.m?  (A>monomer™)  (A2monomer™)  (L.mg?)
Alg 306k G45  0.90+0.1 35 35 0.034
Alg 309k G30  1.60+0.1 20 20 0.010
Alg 306k G45  0.57+0.1 56 21 0.030
0 _ _

CaC0;_38% | Ajq 300k G30  0.60+0.1 53 20 0.025

Consistent with the previous results, I'nax Values determined for the adsorption of the
same Na-Alg onto CaCO; microparticles increases with the calcite content. Interestingly, I'max
slightly increases for Alg_309k_G30, which has less G-blocks (Fg =0.33 vs. 0.47) and
GG-diads (Fgg =0.18 vs. 0.30) along its backbone. As it was observed for Na-Alg with a low
G-blocks proportion, the rigidity of the polymer chain has a stronger impact than the

proportion of G-blocks.

4. Conclusion and perspectives

This work aims at probing the adsorption in water of sodium alginate onto the surface of
calcium carbonate microparticles by varying their average molar mass as well as the
composition and distribution of the M and G-blocks. The interaction between the two
materials arises from an electrostatic interaction driven by the presence of calcium ions at the
surface of calcium carbonate microparticles, which interact with the guluronate residues of
sodium alginate in water. We showed that sodium alginate adsorbs better onto calcium
carbonate microparticles with a higher calcite content for reasons that require further
investigations. Focusing on sodium alginate, we show that the polymer-solid interaction is
strongly dependent on the distribution of guluronate and mannuronate residues in the sodium
alginate backbone. Adsorption increases for low guluronate content polymers as the local
stiffness of the polymer chains decreases (more mannuronate diads). For high guluronate
content, adsorption increases with the proportion of guluronate blocks. We explain our
findings by the ability of the more flexible polymer chains to adopt an extended conformation
instead of a flat one, resulting in the formation of loops, tails and trains and by more favorable
interactions between guluronate residues and calcium ions. To complement our study and gain

a deeper understanding of this intricate interaction, the modeling of calcium carbonate



polymorph surfaces could provide insights into the increased affinity of sodium alginate for
the calcite phase. Additionally, confirming the conformation adopted by sodium alginate
chains upon adsorption onto the surfaces of calcium carbonate microparticles could provide
further clarification about this phenomenon. In conclusion, to limit the influence of the
average molar mass, we may also adjust the proportion of each repeating unit along Na-Alg
backbone of same length. Indeed, we could employ a C5-epimerase to catalyze the conversion
of mannuronate into guluronate monomers to sweep the M/G ratio [30,41,53-55].
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Fig. S1: XRD spectra of calcium carbonate (CaCOs) microparticles studied in this article.
Characteristic peaks of calcite (c) and vaterite (v) are identified.
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Fig. S2: 'H-NMR spectra of mildly hydrolyzed sodium alginate (Na-Alg) performed at 80 °C with the
different peaks of interest: 1) 5.1-5.2 ppm, anomeric hydrogen of guluronic acid; I1) 4.7-4.9 ppm,
overlap of the anomeric hydrogen of mannuronic acid and of the H-5 of alternating MG-diblocks and,

~—

I11) 4.5-4.6 ppm, H-5 of guluronic acid in G-blocks.

Table S1: Values of the theoretical adsorption model of Langmuir.

Experimental data

Values from Langmuir equation

_ [ max [ imax 2_fi KL
CaCOs Na-Alg (mg.m?) (mg.m?) re-fit (L.mg™h
Alg_306k_G45 0.90 £ 0.1 0.99 0.93 0.034
Alg_309k_G30 1.60 + 0.10 2.03 0.99 0.010
15+0.2 2.79 0.91 0.002
0
CaC0;_100% | Alg 140k G30 N/A N/A
Alg_168k_G65 9.3+2.0 12.47 0.98 0.010
Alg_39k G65 115+ 1.0 13.47 0.95 0.015
Alg_306k_G45 057+0.1 0.62 0.93 0.030
Alg_309k_G30 0.60 £ 0.1 0.66 0.94 0.025
0.46  0.07 0.63 0.91 0.006
0
CaC0;_38% | Alg 140k G30 14+02 171 0.96 0.011
Alg_168k_G65 0.9 + 0.4 0.76 0.54 0.027
Alg_39k G65 16+05 1.37 1.00 0.035
Alg_309k_G30 0.40 + 0.07 0.49 0.93 0.013
0 _ _
CaC0O;_22% | Alg 140k G30 1.18 +0.07 221 0.96 0.002
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Fig. S3: Zeta potential of calcium carbonate (CaCOs) microparticles (CaCO;_100% in green and
CaC0;_38% in purple) after 4 hours in contact with agueous solutions of sodium alginate (Na-Alg).
Solid particles were dispersed in 10° mol.L™* NaCl agueous solutions at 20 °C before measurements.
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Fig. S4: Influence of sodium alginate (Na-Alg) average molar mass on their adsorption onto CaCO;.
A-D) adsorption isotherms of Na-Alg onto CaCO; microparticles. Red for Alg_140k_G30, green
Alg_309k_G30, purple Alg 222k G30, blue Alg_39k G65 and yellow Alg 168k G65. Rounds
represent CaCO;_100% (A and C) and triangles represent CaCO;_38% (B and D). Lines represent the
Langmuir isotherm fit.
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Fig. S5: Influence of the proportion of G-blocks in the backbone of Na-Alg with a molar mass of
approximately 300 kg.mol™ on their adsorption onto CaCOs. Adsorption isotherms of Na-Alg onto
CaCO; microparticles: green Alg 309k G30 and grey Alg 306k G45. Rounds represent
CaC0;_100% and triangles represent CaCO;_38%. Lines represent the Langmuir isotherm fit.



