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1. Atomic force microscopy images of ferrihydrite and hematite

Ferrithydrite Hematite

Figure S1. AFM images of a) ferrihydrite and b) hematite substrates.

2. X-ray diffraction
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Figure S2. XRD traces of hematite and ferrihydrite powders. For hematite, the strongest

peaks are indexed and for ferrihydrite, two indicative diffraction bands are present at ~34
920 and ~63 °20.



3. X-ray photoelectron spectroscopy
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Figure S3. XPS spectra of hematite, ferrihydrite and alginate powders. The photoelectron
and Auger transitions are noted above the peaks.

4. Iron (oxyhydr)oxide surface speciation

At pH>pKa for alginate (~ 3.5), the COO- ligand binds to hydrated iron and provide a
binding site for nucleation. Hematite surfaces are positively charged at pH<8 and
ferrinydrite, at pH<7.' Ferrihydrite (Feg,Ogs(OH);4*3H,0)? is the least stable iron
(oxyhydr)oxide phase and is the first phase to form. Ferrihydrite transforms to a range of
iron (oxyhydr)oxides, one of which is hematite (a-Fe,O3). Hematite is much more stable
in air and water under standard conditions than ferrihydrite and has fewer active
adsorption sites. Most of the hydroxyl groups on the {00.1} hematite face are doubly
coordinated to Fe and have little excess charge to offer in binding.34



5. Inherent properties of the EPS- and alginate — iron (oxydyr)oxide bond

The complete force spectrum spans a near equilibrium regime (yielding fs; and thus
AG,qn) and a kinetic regime, yielding x; and ko The relatively large error found for x; and
K. from fitting the complete model of Friddle et al. (2012)° is likely a result of the majority
of our force versus loading rate data falling closer to the near equilibrium regime of the
spectrum.

6. Iron (oxyhydr)oxide solubility

Equations and data used for geochemical modelling have been taken from PHREEQC,
MINTEQ and MINTEQ.v4 databases. To account for differences in equilibrium constants
(K) between the databases, we modelled iron speciation, taking all possible values of
logK reported:

PHREEQC:
Fe3* + H,O = FeOH?* + H* Log K;=-2.19

Fe3* + 2H,0 = Fe(OH),* + 2H* Log K, = -5.67
Fe3* + 3H,0 = Fe(OH)® + 3H* Log Kjs = -12.56
Fe3* + 4H,0 = Fe(OH), + 4H* Log K, =-21.6
MINTEQ:

Fe3* + H,O = FeOH?* + H* Log K;=-2.19

Fe3* + 2H,O0 = Fe(OH),* + 2H* Log K, = -5.67
Fe3* + 3H,O0 = Fe(OH)3® + 3H* Log Ks=-13.6
Fe3* + 4H,0 = Fe(OH)4; + 4H* Log K,=-21.6
MINTEQ.v4:

Fe3* + H,O = FeOH?* + H* Log K; =-2.19

Fe3* + 2H,0 = Fe(OH),* + 2H* Log K= -4.594
Fe3* + 3H,0 = Fe(OH)® + 3H* Log Kjs = -12.56
Fe3* + 4H,0 = Fe(OH)s + 4H* Log K, =-21.6



The dominant aqueous iron species, that controls iron (oxyhydr)oxide solubility at pH=5.5,
is Fe(OH),* in all three databases. Both reported constants of logK that describe the
formation of Fe(OH),* (logK, and logKs) are taken into account during calculation of
solubilities. At pH 7, geochemical speciation determined using the PHREEQC database
used Fe(OH)3:° as a dominant aqueous species but in MINTEQ and MINTEQ.v4
databases, Fe(OH),* is the dominant species, as it was for the system at pH 5.5. Hence,
at pH 7, three logK values have been included in the calculation of the solubility of
ferrihydrite and hematite: logK, and logKjs for expressing the equilibrium when Fe(OH),*
is the dominant aqueous species and logK3, for when Fe(OH);° dominates.

Solubility for nanoparticles is strongly affected by particle size. This dependence is
observed as a solubility product (Ks,) that changes with particle size. Ky, for 2-line
ferrinydrite ranges between 3.4 and 4.0 and for 6-line ferrihydrite, between 3.0 and 3.4.6
Considering that K, is inversely proportional to particle size (in the nanometer range) and
assuming the relationship to be linear, we tentatively ascribed K,,=4.0 for 2 nm ferrihydrite
particles and Ky,=3 for 7 nm ferrihydrite.? K, for nanohematite was derived using the
approximation of Trolard and Tardy (1987):7

0.025
K. =-3886+—
Sp d

: (S1)

where d represents particle size (um). The values for K, for a range of particle sizes for
ferrihydrite and hematite, with corresponding solubility data are presented in Table S1.



Table S1. Particle sizes, solubility products (Ks,), solubilities (c.,) and interfacial free energies
(yco) for ferrinydrite and hematite for the 3 databases.

MINTEQ.V4
FHY HEM
pHS.5 pHS.5
Size (mm) Ksp log(Ceq) YcL (mJ/m’) Ksp log(Ceq) YcL (mJim%)
2 400 600 146 861 148 62
3 380 629 150 445 565 138
4 3.60 649 153 236 773 176
5 340 6.60 157 L1 887 197
6 320 689 161 028 081 214
7 3.00 7.09 164 031 1041 25
8 280 729 168 076 -10.86 233
9 260 749 172 111 1120 240
10 240 769 175 139 1148 245
15 272 21231 260
20 264 1273 267
30 3.05 -13.15 275
MINTEQ
FHY HEM
pHS.5 pHS.5
Size (nm) Ksp log(Ceq) YcL (mJ/m’) Ksp log(Ceq) YCL (mnJ/m’)
2 400 717 166 861 256 81
3 380 737 169 445 672 158
4 3.60 757 173 236 281 196
5 3.40 T 177 L11 -10.06 219
6 320 197 180 028 -10.89 234
7 3.00 £17 184 031 1149 245
8 2.80 837 188 076 -11.93 253
9 260 857 191 L1l 1228 250
10 240 877 195 130 12.56 264
15 i . -1339 280
20 264 1381 287
30 305 1423 205
PHREEQC
FHY HEM
pHS.5 pHS.5
Size (nm) Ksp log(Ceq) YcL (md/md) Ksp log(Ceq) YcL (ml/md)
2 400 717 166 8.61 256 81
3 3.80 137 169 445 £72 158
4 360 157 173 236 881 196
5 340 77 177 111 -10.06 219
6 320 797 180 028 1089 234
v 3.00 217 184 031 1149 245
8 280 837 188 076 1193 253
9 260 857 191 11 1228 259
10 240 77 195 -139 1256 264
15 2m 1339 280
20 264 1381 287
30 -3.05 1423 295




7. Interfacial free energy calculations

We derived y¢; for ferrihydrite and hematite at pH 5.5 for particles from 2 to 10 nm
diameter (Table S1). For each pH and particle size, we calculated three different values
of yc. arising from three different databases and took the midrange as an estimate in
order to show general trends in change in interfacial energy. The relationships between
Ksp, particle size and y¢,; are shown in Fig. S4.
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Figure S4. A) Interfacial free energy for the solid-liquid interface (yc.) as a function of
solubility product (Ks). The relationship is linear as a consequence of Sohnel’s linear
approximation between logarithm of the solubility and the y¢, 8 B) yc. as a function of the
particle size. For ferrihydrite particles, the relationship is essentially linear. For hematite,
the relationship follows the Trolard and Tardy approximation.” The error bars correspond
to £10 mJ/m2, which is the mean standard error for the midrange values obtained from
the 3 databases.

Applying Equation S2 and using c., for 2 different grain sizes of ferrihydrite and hematite
gives the YcL used in the current study (Table S2). At the pH of this study (5.5), grain size

does not have a significant effect on the outcome of the energy barrier ((VCL) from Table
S2 vs. data in Table S1).

Table S2. YcL, in mJ/m2.

Yeu | 3nm 6nm
Ferrihydrite | 159 170




Hematite | 148 224

8. Plausible ranges for a and h

We expect a and h to vary in a natural system. We present the values for the interfacial
free energy, y, obtained for relevant combinations of a and h (Table 2), to account for a
likely range of values. The area of interaction assumed for a saccharide ring length is
0.483 nm.° We assume that the area of interaction is localized over the carboxyl, giving
Imono = 0.675 nm based on the length of the carboxyl group (0.192 nm). The estimated
matrix of plausible ranges of interaction areas are given in Table S3; a range from 0.1 to
0.5 nm2.

Table S3. Plausible areas of interaction (nm?2) based on unit length (nm) for Lmono

Length in nm | 0.192 048 0.675
Sacchwide 0675 | 013 032 046
Saccharide 0483 | 009 023 033

unit

R-C-O 0.192 0.04  0.09 0.13

9. Pair distribution function (PDF)

For all samples, there were peaks in the Q[S(Q)-1] and the PDFs at the positions
expected for ~2 nm ferrihydrite (Figures S5 and S6).%"" However, the presence of
alginate during ferrihydrite synthesis resulted in subtle differences, consistent with
difference in the size of the coherent scattering domains (CSDs). For the material formed
in the presence of alginate, the Q[S(Q)-1] shows slightly decreased intensity for several
peaks in the Q range 5-12 A-! (marked with * in Figure S5), where the ferrinydrite pattern
is particularly sensitive to changes in the size of CSDs."" Moreover, the third peak of the
PDFs, which mostly represents atomic pairs of edge sharing Fe-Fe, is markedly lower in
intensity and peak intensity decays more extensively as the interatomic distance
increases (Figure S5). All of these features are consistent with changes observed when
the ferrihydrite CSDs become smaller.?2 To quantify the changes in CSD size, the
measured patterns were fitted with the software PDFgui, which can refine a size based
form factor for spherical CSDs. Fits with a single ferrihydrite component, with spherical
coherent scattering domains, resulted in calculated patterns that underfit the peaks at
higher r values (Figure S7; Table S4). Refits with two ferrihydrite components, that were
only allowed to differ in scale and CSD size, resulted in better fit to higher r peaks but
significant discrepancies remained. These misfits could reflect surface relaxation or
coherent scattering domains with anisotropic morphology or a distribution of sizes.
Nevertheless, we could conclude that the fitting consistently yielded slightly smaller CSDs
for the alginate-ferrihydrite complex (~5% smaller diameter; Table S4).

9



Q[S(Q)-1]
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Figure S5. The reduced scattering structure function Q[S(Q)-1] for ferrihydrite (FHY)
formed with and without alginate (PS). The functions have been offset for clarity and stars
mark peaks where intensity differs for the two types of materials.
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Figure S6. PDFs for ferrihydrite (FHY') formed with and without alginate (PS). The patterns
have been normalized to have the same intensity for the Fe-O peak at ~2 A.
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Figure S7. PDFqui fits to the data obtained for ferrihydrite (FHY') formed with and without
alginate (PS). Green lines represent fits obtained with a single ferrihydrite component,
and red lines, fits with two ferrihydrite components. Inserts show the higher r oscillations
at increased resolution.
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Table S4. Results of fitting with PDFgui.

Component1 Component2 Average Unit cell (A) Occupancy Usiso (A2)

Sample  Scale Size (A) Scale Size (A) Size (A) 02 a c Fel Fe2 Fe3 Fe O RW

One component fitting

Fhyd 1 1 13.6 3.32 594 9.05 0.86 0.69 0.92 0.014 0.005 0.21
Fhyd 2 1 13.7 3.02 595 9.06 0.82 0.56 1.01 0.014 0.005 0.22
Fhyd 3 1 13.3 3.02 596 9.06 0.81 0.42 1.05 0.013 0.006 0.22

Average 13.5+0.4

Alg Fhyd 1 1 12.6 3.16 597 9.03 0.80 0.52 1.01 0.017 0.005 0.21
Alg Fhyd 2 1 12.7 3.14 597 9.03 0.76 0.53 0.98 0.017 0.005 0.21
Alg Fhyd 3 1 124 3.13 597 9.04 0.82 0.55 1.00 0.018 0.004 0.21

Average 12.6+0.3

Two component fitting
Fhyd 1 0.75 10.2 0.25 20.8 12.8 3.32 595 9.04 0.98 0.73 0.94 0.013 0.004 0.20
Fhyd 2 0.74 9.83 0.26 21.0 12.7 291 595 9.06 0.94 0.59 0.97 0.014 0.004 0.20
Fhyd 3 0.74 9.91 0.26 20.2 12.6 3.30 596 9.05 0.98 0.73 0.91 0.013 0.003 0.20

Average 12.7+0.3

AigFhyd1 077 982 023 193 12.0 317 598 9.04 0.91 050 1.04 0.017 0.003 0.20
AigFhyd2 076 986 024 194 121 311 598 9.04 090 051 1.01 0.018 0.003 0.19
Alg Fhyd3 0.76 9.78 0.24 18.62 11.9 3.13 5.98 9.03 0.87 0.47 1.02 0.017 0.004 0.20
Average 12.0+0.2
Retrieved values for the relative scale, CSD diameter (A), averaged dimensions,

correlated atomic movement (J,), unit cell dimensions, occupancy, isotropic atomic
displacement parameters (U;s,) and goodness of fit (RW). Fhyd- ferrihydrite, Alg- alginate.

12



10. Cryogenic X-ray photoelectron spectroscopy (cryoXPS)

Figures S8 and S9 show high resolution spectra of ferrihydrite and hematite O 1s regions.
The spectra were acquired for suspensions made with only MiliQ water (Fig. S8a and
S9a) and for suspensions made with 0.1% alginate solution (Fig. S8b and S9b). The
analyses acquired under cryogenic conditions were called “vitrified” and those acquired
at ambient temperature at the same sample but after it was dried in the XPS analysis
chamber under high-vacuum (order of magnitude ~10® Torr) were called “room
temperature.

The peak at 530 + 0.1 eV was attributed to photoemissions from structural oxygens from
ferrihydrite and hematite, the peak at at 531.3 + 0.1 eV to interface hydroxyl groups and
533.1 + 0.2 eV to water."> The contribution from both hydroxyl and water peaks is
considered as interfacial water. The interfacial water content was calculated by
subtracting the total area of O 1s photoemission of the sample acquired at room
temperature from the total area of O 1s photoemission of the sample acquired at
cryogenic condition. By doing this, we avoided the contribution from the oxygen in the
alginate structure that would otherwise undoubtedly result in higher O content in alginate
containing suspensions.
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Figure S8. High-resolution XPS spectra of O 1s region for a) pure ferrihydrite and b) alginate-
ferrinydrite complex. O?%- structural oxygen from ferrihydrite, OH- - hydroxyl in the ferrihydrite-
solution interface region and H,O- bulk and interfacial water
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Figure S9. High-resolution XPS spectra of O 1s region for a) pure hematite and b)
alginate-hematite complex. O?%- structural oxygen from hematite, OH- - hydroxyl groups
in the hematite-solution interface region and H,O- interfacial water

11. Persistence length

The persistence length of polymers depends on the molecular weight,'> polymer
composition,'+-16 linearity or the degree of polymer branching,'”'® the polymer
concentration in the studied solution,’® the background electrolyte’ and its ionic
strength.4.19-21 Alginate is not an exception.'#1522 Reported values of persistence length
for alginate range from 0.5 nm to 30 nm, with the values higher than 10 nm being
exclusively derived from measurements where the intrinsic viscosity is measured at low
polymer concentration (and often higher molecular weight, e.g.'%) which has been shown
to significantly increase the persistence length.

We used alginate with a molecular weight between 75-200 kDa, where at least 50% of
monomeric units were mannuronate. The Lp values obtained from our worm-like chain
fits yield the values shown in Fig. S10A for alginate and S10B for EPS. The histogram of
Lp prior to filtering the data are presented in Fig. S10C. The values above 4x10° m show
a poor fit and using an extended worm-like chain fit or freely jointed chain models did not
improve the fit statistics for those curves. Hence, considering the low molecular weight of
the alginate used in this study and the high density of the polymers of the tip, the curves
with Lp values between 1-4 nm are considered to approximate single polymer events.
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Figure S10. Distribution of used values for persistence length for A) alginate and B)
EPS. C) Distribution of persistence length values pre-filtering (i.e. all obtained force
curves that were fitted to the worm-like chain model). The bimodality for A and B is
expected because of the complex system we are measuring. First of all, the position of
the COO- group from the biopolymers that is bound to the short linker molecules will
vary across the polymer brush, secondly, we are likely to have several types of
interactions (H-bonding and electrostatic) between the polymers and the mineral
surface and third, because of the polymer brush we will have polymer-polymer
interactions going on as well (H-bonding, Van der Waals, steric and electrostatic forces
) leaving a weaker charge to interact with the iron oxide..
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Figure S11. Histograms of the distribution of A-C) loading rate and D-F) rupture force for
points in the equilibrium regime for each experimental data set (row). G-1) The chosen
point in the DFS plot is important for determining the f,4 value.
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12. XPS of alginate coated MSCT tips

We used XPS to ensure that the MSCT tips were successfully functionalized. The
spectrum shows elements attributed to the underlying tip (Si), trimethoxysilylpropyl-
diethylenetriamine linker (Si, N, O, C), EDAC linker (C, N) and alginate (C, O) (Figure S12a).
Comparison between the high-resolution spectra of C 1s region (Figure S12b) of the
alginate powder (red line) and the alginate coated tip (black line) shows a) that the C-H
peak (285 eV) is more intense in alginate coated MSCT spectra than in pure alginate
which is expected considering that both linkers contain C-H bonds and b) that there are
carboxyl (~288 eV) and hydroxyl (~286.5 eV) groups present on the tip’s surface. b)
suggests that the alginate is part of the SAM because carboxyl and hydroxyl groups are
present in alginate but not in compounds that link tip surface to alginate. The absence of
the Na KLL line from the O 1s region of the alginate coated MSCT tip indicates that the
alginate was solubilized prior to its linking in the SAM (Figure S12c). Because of strong
contribution of O from the trimethoxysilylpropyl-diethylenetriamine linker, we were not able
to fully decompose the O 1s peak to look into the behavior of alginate’s carboxyl and
hydroxyl groups within the SAM. However, the carboxyl and hydroxyl environments in the
alginate powder and alginate within the SAM must be similar or else we would observe a
significant change in the C 1s region. Finally, Figure S12d and S12e confirm that both
trimethoxysilylpropyl-diethylenetriamine and EDAC linkers are part of the SAM.
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Figure S12. XPS spectra of alginate coated MSCT tip (black line) and alginate powder
(red line). A) wide spectrum of alginate coated MSCT tip. Comparison of high-resolution
spectra of alginate coated MSCT tips and alginate powder for b) C 1s region and c) O
1s region. High-resolution spectra of alginate coated MSCT tip for d) Si 2p showing
strong contribution from Si-O-C environment and weak from underlying elemental Si
substrate, and e€) N 1s region showing only N-C binding environment. The peak
assignment was taken from the literature.?3-2°



13. Approximating free energy per unit length with equilibrium force

As briefly discussed in the main manuscript, in the near equilibrium pulling, vy is related to
the external load, f, by26:2

kgT ~ r4msinh (F
y= In
b ( F )

where b is the Kuhn length of the polymer and

b
F=tb
kT

is a dimensionless force. For large values of 26
4msinh (F)
)

In ~In(4n)+F-In(F)=F

and, therefore, we arrive at the approximation,

y=f
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