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Text S1. Cleaning Methods for QCM-D Crystal Sensors:

1. QSX 303 Silicon Dioxide , and QSX 309 Aluminum Oxide

a. UV/ozone treatment for 20 minutes.

b. Immerse the sensor surface in the solution of 2% SDS for 30 min in room temperature.
c. Rinse with DDI water and dry with nitrogen gas.

d. UV/ozone treatment for 20 minutes.

Note that for crystal sensors used in coated surfaces deposition experiments, the

crystal sensors were immersed in 1% Hellmanex II instead of 2% SDS solution.

2. QSX 326 Iron Oxide
a. Sonicate the sonsor surface in methanol for 15 minutes.
b. Rinse with DDI water.

c. Dry with nitrogen gas.
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Figure S1 Representative TEM micrograph of MnO aggregates
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Text S2 Deposition kinetics of colloidal MnO2 on PLL coating environmental
surfaces

To achieve fast deposition of MnO» colloids on tested surfaces, PLL was selected to
coat on all three tested surfaces. PLL was dissolved in the desired electrolyte solutions
at the concentration of 0.1g/L. The crystal was coated by PLL by flowing 2 mL of the
electrolyte solution containing PLL across the substrate surface. The solution was
injected into the system for at least 20 min at 0.15 mL/min. During PLL deposition, Af3)
first decreased and then plateaued, indicating that the surface was completely covered
with PLL. Then, the PLL-coated surface was equilibrated with 2 mL of the background
electrolyte before the deposition of MnO; colloidal suspensions onto the PLL-coated
surface.

The representative deposition profiles ould be found in Figure S2, S3, and S4, and
the corresponding 7y were presented in Figure S5. Generally, in Figure S2, S3, and S4,
similar frequency shifts were observed when MnO> colloids deposition on selected
surfaces at NaNOs concentration of 1 mM, 7 mM, 15 mM, and 17 mM, respectively.
Our previous work had indicated that aggregation of colloidal MnO> was ignorable
when NaNOj concentration lower than 10 mM, whereas obvious aggregation could be
observed when NaNOj; concentration was higher than 15 mM.! Deposition results here
were in agreement with this observation. For all favorable deposition, the frequency
shifts obtained from QCM-D were similar at 1 mM and 7 mM NaNO3, which decreased
lightly in the presence of 15 mM NaNOs; and decreased notably when NaNOj;
concentration was higher than 15 mM, i.e., 17 mM. Data in Figure S5 revealed that 7,
values decreased dramatically after a plateau when NaNOs concentration was higher
than 10 mM for all three PLL coating surfaces. The increase in salt concentration
leading to a decrease in the magnitude of attractive electrostatic interactions between
oppositely charged colloids and PLL surface might be mainly responsible for this
decrease in the deposition under corresponding condition. MnO; colloidal aggregation
resulting in lower diffusivities at further high Na* concentrations discussed before can

also lead to this hindered deposition.
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Figure S2. Representative frequency shift (4fz) obtained by QCM-D as a function of NaNO3

concentration at pH 6.0 when colloidal MnO; was deposited on PLL coated SiO- surface.
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Figure S3. Representative frequency shift (4fz) obtained by QCM-D as a function of NaNO3

concentration at pH 6.0 when colloidal MnO; was deposited on PLL coated Fe3O4 surface.
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Figure S4. Representative frequency shift (Afs) obtained by QCM-D as a function of NaNO3

concentration at pH 6.0 when colloidal MnO; was deposited on PLL coated Al,O3 surface.
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Figure S5. Favorable deposition rates of colloidal MnO; onto PLL-coated surfaces (i.e., SiO-

surface, Fe3O4 surface, and Al,Ossurface) as function of NaNO3 concentration at pH 6.0.

S5



~

<

L2 O 5mMNaNO,

<

£ -50 1 O 9mM NaNO,

= A 12 mM NaNO,

> v 13 mM NaNO,

S & 15 mM NaNO,

g 1001 < 17mMNaNO,

I > 18 mM NaNO,
O 20 mM NaNO,

-150

sio,

500

Time (s)

T
1000

Figure S6. Representative frequency shift (4f(3)) obtained by QCM-D as a function of NaNOs

concentration at pH 6.0 when colloidal MnO; was deposited on bare SiO; surface.
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Figure S7. Representative frequency shift (4f()) obtained by QCM-D as a function of NaNOs

concentration at pH 6.0 when colloidal MnO; was deposited on bare Fe;O, surface.
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Figure S8. Representative frequency shift (4f()) obtained by QCM-D as a function of NaNOs

concentration at pH 6.0 when colloidal MnO; was deposited on bare Al,Os surface.
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Text S3 Aggregation experiments of colloidal MnO:

For aggregation experiments of MnO> colloids in the absence and presence of

macromolecules, time-resolved dynamic light scattering (TR-DLS) (Nano ZS90,

Malvern, UK) operating with a He-Ne laser at a wavelength of 633 nm and a detection

angle of 90° was used to investigate the early stage increase of colloidal averaged

hydrodynamic diameter (Dh) at various NaNOs concentrations. The MnO- solution was

diluted to ImM and the concentration of HA, alginate and BSA was controlled at 5

mg/L of TOC. Detailed protocals of aggregation measurement and determination of

aggregation kinetics can be found in our previous publication.!
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Figure S9. Representaitive aggregation profiles of MnO> colloids in 15 mM NaNO:s.

Aggregation experiments were conducted at pH 6.0 and 25 °C.

Table S1. The initial aggregation rate of MnO: colloids in the presence of HA, Alginate

and BSA as a function of NaNOs.

Na concentration

Aggregation Rate (nms™)

(mM) MnO; only MnO, +HA  MnOy+Alginate  MnO,+BSA

5 0.0240.01 - - -

10 0.05+0.01 0.05+0.01 0.04+0.01 -

15 0.73+0.05 0.49+0.11 0.34+0.07 0.06+0.02
17 1.30£0.12 1.09£0.16 1.194+0.10 0.24+0.11
20 3.01+0.31 2.71+£0.24 2.38+0.25 0.41+0.16
30 5.7440.49 3.4240.41 3.3840.32 2.1040.26
50 5.2840.63 3.8140.46 3.9640.41 1.8540.19
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Table S2. Zeta potential (mV) of MnO: colloids and SiO2, Al,Os3, and Fe3O4 over a
range of ionic strength.

NaNOs concentraion (mM)

References
1 5 10 15 20
MnO:; colloids -58.72 -48.4 -35.5 -33.2 -30.9  Huangfu, X. L. etc !
SiO; -80 -66.8 -50.4 -49.1 -47.2  Thomas W. Healy 2
ALO3 40.6 454 51.4 52.06 52.73  Reyes Bahena, J. L.?
Fe;0q4 -17.7 -15 -11.7 -8.4 -5 Murat Erdemoglu 4

Text S4. Calculation of DLVO and EDLVO Interaction Energy for MnO:2 colloids
approaching Surfaces in the Absence of Macromolecules
1. DLVO Theory
To further interprete deposition Kkinetics of colloidal MnO2 on selected
environmental surfaces, classical DLVO was employed for calculating the interaction
energy when they approched to these three surfaces. The main interactions acting on a
NP include van der Waals energy (Vvow), the electrstatic energy (i.e., electric double
layer energy, VepL). The total interaction energy (Vr) and modified interaction energy
(Vr-modified) could be calculated using the following equations:®
Vr=Vvpw + VebL (S1)
where Vvpw is the van der Waals attractive energy between a particle and a surface:
Voo () = — o222 (s2)
where A123 is Hamarker constant for the deposition of a nanoparticle of composition “1”
onto a surface of composition “3” when suspended in a medium “2”; ap is particle radius.
h surface-to-surface separation distance; 4 is characteristic wavelength, 100 nm. VepL

could be calculated by:

Vepr(h) = 64meye, a, (kT /ze)?T1 T exp(—kh) (S3)
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where & is dielectric permittivity in vacuum, 8.85x101? F/m; & is relative dielectric
permittivity of solution 78.5; ks Boltzmann constant, 1.3805x10® J/K; T is absolute
temperature, T=298.15 K; ; counterion valence, z=1; e is electron charge, 1.602>101°
C; I'1, I> is dimensionless surface potential for particle or collector presented in Table
S2; k is inverse Debye length.

I, = tanh (“V1/, 6T) (S4)
where i is surface potential.

k= Gy (s5)
where Na Avogadro constant,6.022>1023; | is ionic strength.
2. Extended DLVO Interaction-Energy Calculations

In order to Dbetter understand the distinct impacts of humic acid and

biomacromolecules on the deposition behavior of the nMnO_ on environmental surfaces
at various conditions, the DLVO interaction energy calculations were modified by the
incorporation of a steric repulsive energy based on the Flory-Krigbaum theory when
MnO: colloids approached to selected surfaces in the presence of three organic matters.
The total steric interaction energy between a polymer coated colloid and an uncoated
collector surface includes two components: a repulsive osmotic energy term, V,,,, and
an elastic repulsive energy, V,.s. Vosm 1S due to the exclusion of water molecules
surrounding the polymers on the close colloid-surface approach (or compression of a
macromolecular layer on a particle contacting a nonadsorbing surface). V,,;,s arises as

the adsorbed macromolecule layers below the thickness of the unperturbed layer (1)

polymer chains are compressed and leads to the elastic repulsion. The expressions for
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Vosm and V,,,s Was given by Vincent® the interaction energy between two identical
particles with coating of uniform segment density, as:’

e = 2 (- 2) e (-1 ) <t e

kBT v

2
Yetas _ 2% gy 1255 |2 (2 1 —6ln 1 +3(1—ﬁ)2 h<l  (S7)
kpT My TP ppl a\ 2 2 :

Where v;is the volume of a solvent molecule (0.03 nm®). 8y is the Flory-Huggins

solvency parameter, which was assumed to be 0.45, 0.465 and 0.49 for HA, alginate
and BSA respectively;*1% [ is the thickness of NOM covered on the nMnO; surface and
was estimated to be 30.2 nm, 24.3 nm and 38.9 nm for HA, alginate and BSA
respectively by fitting the Ohshima’s soft particle model, which can be found in our
previous publication;!! h is colloids-to-surface separation distance; Mw is the molecular
weight of the macromolecules?, and pp Is the polymer density. ¢, is the calculated

volume fraction of polymer within the brush layer.

pp=3—mexy” (S8)
p Pp[(”ap) ‘%3]
L4, is the maximum surface concentration (Kg/m?). The theoretical specific surface
area of nMnO2 144 m?/g was used here. Based on the nMnO; surface area and the
adsorption data of to the nMnO; presented in prevous study.!! After calculation, the
L4, for HA, alginate and BSA was 6.84x107 Kg/m?, 6.68x107 Kg/m? and 1.67x10"
® Kg/m?, respectively. The volume density for HA, alginate and BSA was estimated to
be 8.74x1073, 8.48x107 and 1.06x<107?, respectively.

The total modified interaction energy (Vr-extended) Could be calculated using the

following equations:

V 1-extended= Vypw + Vepr + Vosm™ Veias (S9)
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3. Calculation of Hamaker Constants

Hamaker constants for colloidal MnO; is calculated by'3:

Az = (\/A33 - \/Azz)(\/An - \/Azz) (S10)
Where A4;;, Az, and Ass is the Hamaker constants of “1”, “2”, and “3” in vacuum,
respectively required for use in these equations. Additionally, A4;2; is the Hamaker
constant for the aggregation of two nanoparticles of composition “1” when suspended

in a medium “2”. 4;2; can be calculated by":

Arzy = (JAz — JA1r)? (S11)

Table S3. Hamaker constant used for DLVO energy calculation

Hamaker

System Value (<102, J) References
constant
Huangfu, X. L. etc
1 A2 nMnO,-water-nMnO, 7.84 "
Israelachvili, J. N.
2 A2 water 3.70 1
Ass quartz 8.86 Bergstrom, L. 13
Asz AL O3 14.50 (IKK), 15.20 (SNP) Bergstrom, L. 13
Azl Fe3O4-water-Fe;04 3.3 Faure B. etc '°
6 dss FesOs 43 Faure B. etc !¢
Faure B. etc '°
7 Aj2s nMnO»-water-SiO» 2.94 This study
8 Az nMnQO,-water- Al,O3 5.27 This study
9 Aj2s nMnO;-water- Fe3O4 5.09 This study
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Figure S10. DLVO interaction energy profiles for MnO- colloids approaching silica surface as

function of 1 mM, 5 mM, 10 mM, 15 mM, and 20 mM NaNOs at pH 6.0.
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Figure S11. DLVO interaction energy profiles for MnO. colloids approaching magnetite

surface as function of 1 mM, 5 mM, 10 mM, 15 mM, and 20 mM NaNQO; at pH 6.0.
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Figure S12. DLVO interaction energy profiles for MnO; colloids approaching alumina surface

as function of 1 mM, 5 mM, 10 mM, 15 mM, and 20 mM NaNO:s at pH 6.0.
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Figure S13. Extended DLVO interaction energy profiles for MnO2 colloids
approaching silica surface in the presence of (a) HA, (b) alginate and (c) BSA as

function of 1 mM, 5 mM, 10 mM, 15 mM, and 20 mM NaNOs at pH 6.0.
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Figure S14. Extended DLVO interaction energy profiles for MnO2 colloids
approaching magnetite surface in the presence of (a) HA, (b) alginate and (c) BSA as

function of 1 mM, 5 mM, 10 mM, 15 mM, and 20 mM NaNOs at pH 6.0.
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Figure S15. Extended DLVO interaction energy profiles for MnO: colloids
approaching alumina surface in the presence of (a) HA, (b) alginate and (c) BSA as

function of 1 mM, 5 mM, 10 mM, 15 mM, and 20 mM NaNOs at pH 6.0.
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Table S4. Deposition rate of BSA, MnO: colloids, and MnO- colloids+BSA onto silica,
magnetite and alumina surface, i.e., |regsal, |FfMno2 colloids] and |rfmno2 colloids+Bsal,
respectively.

Surface Na Deposition Rate (Hz/min)
Type  concentration
(mM) [rs, BSA| [rs, MNO2 | [rs, MNO2 + BSA|  |rigsalt |rr, MNO2 |
5 4.302 0.528 2.442 4.830
10 4122 4.704 48.177 8.826
SiO; 15 3.324 42.756 116.094 46.08
20 1.02 0.834 39.213 1.854
50 0.564 - 3.126 -
5 2.268 14.388 28.986 16.656
10 1.488 185.112 172.122 186.6
FesOq 15 1.32 101.736 208.65 103.056
20 1.134 3.444 181.23 4.578
50 0.99 - 4.65 -
5 4.302 200.706 172.122 205.008
10 3.517 109.982 208.65 113.994
Al;O3 15 1.338 31.236 194.55 32.574
20 1.068 1.594 117.924 2.662
50 0.684 - 2.358 -

|rr,ssa| refers to the deposition rate of BSA macromolecule onto three surfaces.

|rs,MnO: colloias| refers to the deposition rate of MnO; colloids onto three surfaces without background
macromolecules.

|rs, MnO2+Bsa| refers to the deposition rate of MnO, colloids in the presence of BSA.

|rs,Bsa|+ |rrMno. | refers to the the sum of |rsgsa| and |rs, MnO, colloids|-

Table S5. EPM of MnO: colloids in the presence of HA, Alginate and BSA as a
function of NaNO:s.

Na EPM( 103m2V-is)
concentration
MnO; only MnO; +HA MnO,+Alginate MnO,+BSA
(mM)

5 -3.26+0.36 -3.48+0.37 -3.07+0.31 -2.14+0.19
10 -2.68+0.33 -2.83+0.35 -2.59+0.28 -2.08+0.23
15 -2.46+0.31 -2.71£0.29 -2.50+0.27 -2.01+£0.39
20 -2.31+0.25 -2.68+0.31 -2.42+0.24 -1.96+0.19
30 -2.19+0.22 -2.57+£0.28 -2.29+0.23 -1.85+0.17
50 -2.14+0.31 -2.53+0.27 -2.15+£0.19 -1.71+0.16
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