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Text S1. QCM-D crystal sensor cleaning methods (referring to Cleaning &
Immobilization Protocols in User’s guides)
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.



Test S2. Characterization of the deposited films.

The atomic force microscope (AFM) and scanning electron microscopy (SEM)
techniques were applied to characterize the surface morphology and roughness of the
deposited films. The film samples need to prepare before the experiments. The silica
surfaces were first immersed in background cationic solution, and then exposed to DBC
solutions with same cation concentration for 1 h. The adsorbed layers were carefully
took out of the solutions and dried in clean air (25 °C) to harvest the samples.

AFM was performed with a multimode scanning probe microscope (Dimension
EDGE, Bruker, Germany) and the images were scanned in tapping mode using silicon
cantilevers (k =4 N/m, 8 nm nominal tip radius). No image processing except flattening
was made. The scanned image size was 25 um x25 um. All experiments were conducted
in a class-100 clean room at 25 °C. For each sample, images were acquired at multiple
sample points (typically more than four regions).

After the AFM measurements, the samples were required to be coated with gold dust
to further characterize the surface morphology using SEM. FEI Helios 650 Focused Ion
Beam (FIB) SEM was used to collect SEM images (25 °C). All images were collected
at 5 kV, 50 pA electron beam condition in a through-the-lens detector in backscatter
mode. Two kinds of SEM images (20000%, bar = 1 um and 50000%, bar = 100 nm)
were obtained to characterize the characteristic of each sample, at least 5 images were

obtained per condition.
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Fig. S1. FTIR spectra of DBC with and without heavy metals.
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Fig. S2. The zeta potential (black upper triangles) and particle size (yellow inverted
triangles) changes of DBC as a function of Pb?" concentration (a), Cu?" concentration

(b), Cd** concentration (c), and Zn>* concentration (d).
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Fig. S3. Typical aggregation kinetics of DBC at different Pb>* concentration (a), Cu?*

concentration (b), Cd*" concentration (c), and Zn** concentration (d).
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Fig. S4. Hydrodynamic diameter of DBC under NaCl solutions as a function of time.
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Fig. S5. Aggregation attachment efficiency of DBC as a function of cation

concentration.
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Fig. S6. (a). Representative frequency and dissipation shifts (from the third overtone
measurements) for the deposition of DBC on the SiO, surface under 1 mM Cu?*
solution. Data present frequency shifts, Af3), black upper triangles, and dissipation
shifts, 4D, yellow inverted triangles. (b). 4D, versus Af3 plot of the deposition of

DBC under 1 mM Cu?* solution.
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Fig. S7. (a). Representative frequency and dissipation shifts (from the third overtone

measurements) for the deposition of DBC on the SiO, surface under 1 mM Cd?*

solution. Data present frequency shifts, Af3), black upper triangles, and dissipation

shifts, 4D 3), yellow inverted triangles. (b). 4D,3) versus 4f3) plot of the deposition of

DBC under 1 mM Cd?* solution.
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Fig. S8. (a). Representative frequency and dissipation shifts (from the third overtone

measurements) for the deposition of DBC on the SiO, surface under 1 mM Zn?*

solution. Data present frequency shifts, Af3), black upper triangles, and dissipation

shifts, 4D 3), yellow inverted triangles. (b). 4D,3) versus 4f3) plot of the deposition of

DBC under 1 mM Zn?* solution.
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Fig. S9. Representative frequency and dissipation shifts (from the third overtone
measurements) for the deposition of only DBC on the SiO, surface. Data present
frequency shifts, Af3), black upper triangles, and dissipation shifts, 4D;), yellow

inverted triangles.



Text S3. Contact angle measurements and interfacial energy calculations

Contact angle measurement was determined to analyze the surface hydrophobicity
of DBC under different water chemistry, as well as the tested silica surface. The sessile
drop technique was employed to measure contact angles using a contact angle
analyzer.! For DBC samples, 60 mL of prepared DBC solution (30 mg/L) with different
water chemistry was filtered on a 0.22 pm cellulosic membrane. The formed layer was
washed twice with desired salt solutions and then placed on 1% agar plate.! Before each
measurement, the membrane was mounted on a glass slide with double faced adhesive
tape and dried using nitrogen gas. The drops of water, formamide and diiodomethane
were formed on samples surfaces applying the sessile-drop methods, and the contact
angles of the liquid drops were determined by an image analysis attachments including
video camera, monitor and image-analysis software.> 3 All the contact angles of
samples were measured at least five times to obtain means.

The contact angles measurement of three liquids (water, dilodomathane and
formamide) aims to obtain the surface tension components and parameters of DBC and

silica surface according to the extended Young’s equation:*

(1+ cos 6)yT£l= Z(J)W‘*' \/VZVB + \/VJLFVL_)) (S1)

Tol LW _ - . + o . o
Where ¥ L , Y , YL , YL are liquid surface tension, an apolar Liftshitz-van der

Waals component, electron-donor and electron-acceptor parameters of a polar acid-

w - .+ w - o+
base component. Yp , VD, YD andV's , VS, Y's are the surface tension components
and parameters of DBC and silica surface, which can be obtained from equation (S1).
. . . . : AG, B
The interfacial free energy is a sum of van der Waals interaction energy (= D -W-5)

GAB

and Lewis acid-base interaction energy (A D-w-5):



dh AB
AG, %8t = AG Mo+ MG, 48 (s2)

The interfacial free energy generated by van der Waals interaction (AGD W S)
between DBC and silica surface can be calculated as follows:

8Gy B g=—20 ' - DO - (S3)

AB
The interfacial free energy generated by Lewis acid-base interaction (AGD W-S$) can

be written as:
AGp Yy _s
=2[ri(ro + rs = )+ s + v - i) -
(54)

Table S1. Contact angle, Surface tension components, the van der Waals interaction

Lw AB
energy (AG™), the Lewis acid-base interaction free energy (AG™) of DBC-silica and

DBC-DBC systems.

Properties Pb?* Cu?t Cd?* Zn**
Contact angle Water 67.11 64.40 63.11 62.34
O formamide 47.10 44.48 43.15 42.80
diiodomethane 64.88 65.12 66.30 66.87
Surface v 25.77 25.63 24.96 24.64
tension N
components Y 3.55 3.99 4.48 4.61
(mJ m) v 11.80 13.28 13.93 14.57
-1.62 -1.57 -1.30 -1.17
AGD W S (mJ m 2)
AG. 4B 1.16 2.60 2.80 3.49

D-W-5 (mJ m?)

AG -0.33 -0.31 -0.21 -0.17
D- W D (mJ m?2)



AG. AB -20.45 -17.16 -15.46 -14.31
D-W-D (mJ m?)

Text S4. The XDLVO interaction energy

The XDLVO theory was employed to calculate the interaction energy between DBC,

as well as DBC and silica surface.> ¢

Epwos=Ep w_s + Epw_s+ Ep_y_s
(S5)
XDLVO w AB EL
En-w-p =Ep_w_-p + Ep_w_s+ Ep_w_p (S6)
Ep fy_s==———
14h
6h 1+A_
0 (S7)
gow __ 7T
D-W-D 14h
12h(1 + —)
%o (S8)
EL T 2 (-xh)
E = 64ne e, R(—) T Ie
D-W-S§ oér (ze) 112 (59)
B
E, Bl =327 e R(—)%T2e(~ "M
D-W-D o) (510)
hy -~ h
AB AB p)
Ep w_s=2mRAAG) 'y e (S11)
hy -~ h
AB AB p)
Ep w_p=mRAAG, *y _pe (S12)
XDLVO Lw EL AB XDLVO Lw
Where Ep-w-s, Ep-w-s Ep-w-s Ep-w-s anq Ep-w-bp, Ep-w-p,

EL AB
Ep_w- D, Ep_w-p are the XDLVO interaction energy, the Liftshitz-van der Waals

interaction energy, the electrostatic interaction energy and the Lewis acid-base

interaction energy between DBC and silica surface, as well as between DBC in water.



Subscripts D, W, S stand for DBC, water and silica surface. R is the radius of DBC,

&

-10 ~27-1._ -1
0%7 is the permittivity of medium (6-95 X 10 C] m 7, kg is the Boltzmann-

constant, 7" is the absolute temperature, z is the valence of ions, e is the electron

charge, Iy is the dimensionless surface potential of DBC, r

surface potential of silica surface.” ¥

2 is the dimensionless

1
is the Debye screening length.’ Ao is the

dielectric wavelength (100 nm), h is the separation between DBC and silica surface,

A is the characteristic decay length of AB interactions in water (0.6nm),* A, and A,

is the Hamaker constant for DBC-water-silica and DBC-water-DBC systems.

2

2

(S13)

(S14)

Where /) is the minimum equilibrium cut-off distance (distance where DBC contact

the silica surface, 0.158nm), and AGp_ W S and AGp_ W D are the van der Waals

interaction energies.
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Fig. S10. The DLVO (a) and XDLVO (b) interaction energies between DBC in Pb?",

Cu?*, Cd*" and Zn?" solutions.
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Fig. S11. The DLVO (a) and XDLVO (b) interaction energies between DBC and silica

surface in Pb?*, Cu?", Cd?* and Zn2" solutions.
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Fig. S12. The deposition rate of DBC on PLL coated silica surfaces under heavy metals

of various cation concentrations.
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Fig. S13. SEM images of the deposited films. (a) Single DBC, (b) DBC with Pb?*, (c)

DBC with Cu?*, (d) DBC with Cd?*, and (¢) DBC with Zn?".
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