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Supplementary Methods:

Synthesis of Hematite. The hematite NPs were synthesized by adding 300 mL of 

1 M KOH and 50 mL of 1 M NaHCO3 into 500 mL of preheated 0.2 M Fe(NO3)3·9H2O 

solution. The mixture was aged in the oven at 90 °C for 48 h. The resulting particles 

were separated by centrifugation at 5,000 g for 5 min and then washed by Milli-Q water 

until the conductivity of supernatant was below 15 S/m.

Determination of hydrophobicity. The hydrophobicity of the EPS and hematite 

NPs were evaluated in terms of the free energy of the interfacial interaction, ∆G. 1, 2
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where γLW is the Lifshitz–van der Waals (LW) component of the surface tension 

(mJ/m2), and γ+ and γ− are the electron-acceptor and electron-donor characteristics of 

the Lewis acid/base component of the surface tension (mJ/m2), respectively. When ∆G 

> 0, the surface is hydrophilic, otherwise it is hydrophobic. Therefore, the 

hydrophobicity of the surfaces decreases with an increase in ∆G.

The surface tension parameters (γLW, γ+, γ−) were determined through the contact 

angle measurements using three probe liquids (diiodomethane, ultrapure water and 

glycerol). The surface tension was determined based on Young’s equation:
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where θ is the contact angle of liquid l on solid s, and the γ with subscript l are 

surface tension properties of the probe liquids (Table S1). Prior to the contact angle 

measurements, hematite NPs and EPS were coated on glass slides by drying the 

aqueous NPs and EPS suspensions.3 The contact angles were measured using a 



goniometer (Drop Shape Analysis System, DSA25, Krüss GmbH, Hamburg) through 

the static sessile drop method.

EDLVO theory calculation. The EDLVO theory was applied to calculate the 

interaction energy between the hematite and EPS. This theory describes EPS interaction 

with hematite as a balance between LW force, Lewis acid/base interaction (AB) and 

electrostatic force (EL):3

     (3)𝐺𝑇𝑜𝑡(𝑑) = 𝐺𝐿𝑊(𝑑) + 𝐺𝐴𝐵(𝑑) + 𝐺𝐸𝐿(𝑑)

where GTot(d) is the interaction energy between EPS and hematite at a certain 

distance (d), and different superscripts stand for different types of forces. The model 

for sphere–plate was selected to evaluate the interaction energy between EPS and 

hematite. The van der Waals attractive interaction energy was calculated using the 

following equation:4
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where d is separation distance; a is radius of EPS; λ is the characteristic wavelength 

(usually taken as 100 nm); is the Hamaker constant for EPS and hematite in water 𝐴1𝑊2 

was calculated by using the following equation:5
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The electrostatic double layer interaction can be determined according to the 

following equation:
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 where ɛ is the permittivity of water (6.96×10-10 m-1V-2); φ is zeta potential; ĸ is 



the double-layer thickness-1 (0.328×1010×I0.5/m).
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where  is the decay length of water, taken as 0.5 nm; The distance of closest 𝜆𝐴𝐵

approach, , is taken as 0.157 nm.  is the Lewis acid/base free energy (J/m2) for 𝑑0 𝐺𝐴𝐵
𝑑0

the EPS-mineral interaction at a minimum separation distance ( ) and can be 𝑑0

determined from the surface tension parameters:
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QCM-D Measurements. The hematite NPs (0.01 g) were suspended in 10 mL 

methanol, and stirred overnight. Forty µL of suspension was dropped onto a spin coater 

at a speed 6,000 rpm and an acceleration of 100 rpm/s for 60 s. Specific QCM-D sensors 

were mounted in the flow modules and placed into the measuring chamber. Prior to the 

introduction of EPS solutions, the quartz crystal sensor was equilibrated with 0.1 M 

NaCl background solution to obtain a stable frequency and dissipation baseline. 

The elastic shear modulus and thickness of the adsorbed EPS layers were 

determined with the Voigt-based viscoelastic model 6. The thickness ( ) and density (ℎ𝑞

) of quartz crystals were 3×10-4 m and 2650 kg·m-3, respectively. The adsorbed EPS 𝜌𝑞

layer was represented by thickness ( ), density ( ), shear viscosity ( ), and elastic ℎ𝑓 𝜌𝑓 𝜂𝑓

shear modulus ( ). The shift in frequency (Δf) and dissipation (ΔD) were calculated as 𝜇𝑓

follows:
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where the subscripts , , and  refer to the crystal, film, and bulk liquid, respectively. 𝑞 𝑓 𝑙

The measured Δf and ΔD at different overtones were fitted to the model to estimate the 

elastic shear modulus and thickness of the adsorbed EPS layers.

ATR-FTIR Measurements. ATR-FTIR measurements were performed using a 

spectrometer (IFS66 v/s, Bruker, Karlsruhe, Germany) equipped with a Mercury 

Cadmium Telluride (MCT)-(MIR) liquid nitrogen-cooled detector and OPUS 5.5 

processing software.7 All spectra were collected at pH 7.0, with 256 scans over the 

1800–800 cm−1 range at a resolution of 4 cm−1 every 5 mins to monitor the adsorption 

process over time. A horizontal attenuated total reflectance flow cell with a 45° ZnSe 

ATR crystal was used and 10 internal reflections were yielded at the sample surface. 

One mL of 1 mg/mL hematite NPs suspension was evenly spread across the crystal 



surface and dried for 12 h at 37 °C.8 The coated crystal was sealed in a flow cell and 

placed on the ATR stage inside the IR spectrometer. The EPS samples (20 mg/L TOC) 

were subsequently introduced at the same flow rate for 7 h. 

2D-FTIR-COS Analysis. After smoothing and baseline correction for the IR spectra 

using Omnic 8.0 software, 2D-COS analysis was performed using 2Dshige software 

(Shigeaki Morita, Japan). In this analysis, the contact time was used as the external 

perturbation for the complexation of EPS with hematite. The calculations were carried 

out by using Origin 9.0. An analytical spectrum U (v, t) is considered to illustrate how 

the technique works. The variable v is the index variable for the FTIR spectra caused 

by the perturbation variable t. A discrete set of dynamic spectra measured at m equally 

spaced points in time t between Tmin and Tmax can be expressed as follows:

𝑈𝑗(𝑣) =  𝑦(𝑣,𝑡𝑗), 𝑗 = 1, 2, . . . , 𝑚                                                                                      (15)

A set of dynamic spectra can be represented by the following equation:

Ũ (𝑣, 𝑡) = 𝑈 (𝑣, 𝑡𝑗) – Ū (𝑣)                                                                                                 (16)

where Ū(v) represents the reference spectrum, which is generally the average 

spectrum and can be expressed as follows:
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The synchronous correlation intensity can be directly obtained from the 

following equation:
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The asynchronous correlation intensity can be obtained as follows:
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The term  corresponds to the jth column and the kth raw element of the discrete 𝑀𝑗𝑘

Hibert-Noda transformation matrix, which can be expressed by the following equation:

                                          (20)
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The intensity of a synchronous correlation spectrum represents the Φ(𝑣1,𝑣2)

simultaneous or coincidental changes of two separate spectral intensity variations 

measured at  and  during the interval between Tmin and Tmax of the externally  𝑣1  𝑣2

defined variable t. The intensity of an asynchronous spectrum  represents Φ(𝑣1,𝑣2)

sequential or successive, but not coincidental, changes of spectral intensities measured 

separately at  and . The rank order of intensity change between two bands at  𝑣1 𝑣2 𝑣1

and  can be obtained from the signs of the synchronous correlation peak  𝑣2 Φ(𝑣1,𝑣2)

and asynchronous correlation peak  based on previously established Ѱ(𝑣1,𝑣2)

principles.9-11 Briefly, for asynchronous cross peak, the sign becomes positive if the 

spectral intensities at the two bands at  and  corresponding to the coordinates of 𝑣1 𝑣2

the cross peak are either increasing or decreasing together as functions of the external 

variable t during the observation interval, otherwise, the sign becomes negative; while 

for an asynchronous cross peak, the sign becomes positive if the intensity change at 

 occurs predominantly before that at  in the sequential order of t, otherwise, the 𝑣1 𝑣2

sign becomes negative. If  and  have the same signs, the changes in Φ(𝑣1,𝑣2) Ѱ(𝑣1,𝑣2)

the spectral intensity at band  will occur prior to those at ; if they have opposite 𝑣1 𝑣2

signs, the order will be reversed. If  is zero, then the changes at  and  will Ѱ(𝑣1,𝑣2) 𝑣1 𝑣2



occur simultaneously.8-10

As the changes in spectral intensity represent the interaction of the corresponding 

IR bands and EPS functional groups, then the order in which the spectral intensity 

changes appear reflects the order in which the IR bands and thus the corresponding EPS 

functional groups interact with the hematite surface. In this way, the results obtained 

from the 2D-COS can reflect the order in which the different EPS functional groups 

interact and bind with hematite.



Supplementary Figures and Tables.

Figure S1. The TEM images (A), SEM images (B), diameter distribution (C), FTIR 

spectrum (D), XRD pattern (E), and the zeta potential (F) of hematite NPs. Zeta 

potential measurements were carried out in different concentrations of NaCl solution 

at pH 7.0.



Figure S2. SEM images of the gold sensor (A) and hematite NPs-coated gold sensor 

(B).



Figure S3. UV–vis absorption spectra of LB-EPS and TB-EPS.



Figure S4. Profiles for the EDLVO simulations of the Lifshitz–van der Waals (LW) 

force, Lewis acid/base interaction (AB) and electrostatic force (EL), and total 

interaction energy between LB-EPS (A) and TB-EPS (B) with hematite NPs.



Figure S5. ATR-FTIR spectra (0-0.5 and 0.5-7 h) as a function of time during the LB-

EPS and TB-EPS adsorption processes on hematite surface, respectively.



Table S1. Surface tension parameters of probe liquids used for contact angle 

measurements.12

 
Surface tension parameters (mJ m-2)

 
γLW γ+ γ- 

γTot

H
2
O 21.8 25.5 25.5 72.8

CH
3
NO 39.0 2.3 39.6 58.0

CH
2
I
2

50.8 0 0 50.8



Table S2. EEM Fluorescence spectra parameters of original LB-EPS and TB-EPS samples.

 

EPS      Peak A
Ex/Em (nm)    Intensity 
(AU)

 Peak B
Ex/Em (nm)   Intensity 
(AU)

 Peak C
Ex/Em (nm)   Intensity 

(AU)

Peak D
Ex/Em (nm)   Intensity (AU)

LB-EPS
TB-EPS

225/310      1756.3
225/325      1532.4

275/315       1115.8
275/330         965.7

440/355      23.3
420/355      27.5

-
355/530       15.1



Table S3. Liquid-solid contact angles and hydrophobicity of EPS and hematite NPs

 Contact angles (degree)
Surface tension parameters (mJ m-2)

 H
2
O CH

3
NO CH

2
I
2 γLW γ+ γ-

ΔG

(mJ m-2)

Hematite 17.5±0.7 11.0±1.7 13.2±1.4 49.3 0.2 56.7 34.6
LB-EPS 18.1±1.2 26.7±3.2 68.1±4.8 23.8 0.6 84.6 70.8
TB-EPS 31.7±3.6 23.8±1.9 58.9±3.2 28.9 3.61 42.9 17.9



Table S4. FTIR vibrational frequencies and assignments for EPS 8, 13, 14.

Wavenumber (cm-1)  functional group assignment

1656-1668

 

1546-1552

 

1454-1482

1395-1411

1150-1160

1084-1094

1068-1078

stretching C=O in amides (Amide Ⅰ band) bending -NH and 

-NH2 of amine

N-H bending and C-N stretching in amides (Amide Ⅱ band); 

bending -NH and -NH2 of amines

bending of CH2/CH3

υs (COO−)

V(P-O) of phosphoryl surface complexes

νs(PO2
−) of monodentate surface complexes

C-OH, C-O-C, and C-C vibrations of polysaccharides 



Table S5. Signs of each cross-peak in the synchronous and asynchronous correlation 

contour maps of LB-EPS adsorption on hematite for 0-0.5 h.

Wavenumber (cm−1) 1662 1546 1407 1150 1078

1662

1546

1407

1150

1078

+ +(-)

+

+(-)

+(-)

+

+(-)

+(-)

+(-)

+(+)

+(+)

+(+)

+(+)

+



Table S6. Signs of each cross-peak in the synchronous and asynchronous correlation 

contour maps of LB-EPS adsorption on hematite for 0.5-7 h.

Wavenumber (cm−1) 1664 1548 1407 1150 1078

1664

1548

1407

1150

1078

+ +(-)

+

+(+)

+(+)

+

+(+)

+(+)

+(-)

+(+)

+(+)

+(+)

+(+)

+



Table S7. Signs of each cross-peak in the synchronous and asynchronous correlation 

contour maps of TB-EPS adsorption on hematite for 0-0.5 h.

Wavenumber (cm−1) 1656 1546 1454 1395 1068

1656

1546

1454

1395

1068

+ +(-)

+

+(-)

+(-)

+

+(-)

+(-)

+(-)

+(-)

+(-)

+(-)

+(+)

+



Table S8. Signs of each cross-peak in the synchronous and asynchronous correlation 

contour maps of TB-EPS adsorption on hematite for 0.5-7 h.

Wavenumber (cm−1) 1668 1552 1411 1154 1076

1668

1552

1411

1154

1076

+ +(-)

+

+(+)

+(+)

+

+(+)

+(+)

+(+)

+(+)

+(+)

+(+)

+(+)

+



Table S9. EEM Fluorescence spectra parameters of unadsorbed LB-EPS and TB-EPS 

in the effluent from FTIR flow cells.

EPS           Peak A
Ex/Em (nm) Intensity (AU)

Peak B
Ex/Em(nm) Intensity (AU)

LB-EPS
TB-EPS

225/310          126.3
225/310          556.3

275/315         46.8
275/305         315.4
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