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Text S1. Chemicals and materials

Crystalline Cr oxides, Cr2O3 (> 99.0%, CAS: 1308-38-9), was purchased from Shanghai Macklin 

Biochemical, Co., Ltd. Chromium hydroxide (Cr(OH)3) was obtained from Strem Chemicals, INC. 

Other chemical agents were purchased from Aladdin, Co., Ltd. Milli-Q water was used for all 

solutions. Solid samples were ground and then dissolved in solution to allow them to sediment for 24 

h. When the sedimentation was complete, the supernatants as colloids were siphoned. Such processes 

were repeated for three times and the collected supernatants were stored as colloid stock solution in 

dark. Colloid concentration was measured via freeze-drying the constant volume of stock solution and 

weighing the dried solids. Constant colloid concentration of 1000 mg L-1 was applied for following 

experiments by diluting the colloid stock solution with known concentration. X-ray diffractometer 

(XRD, Ultima IV, Rigaku, Japan) was used to identify the crystalline phases of the three Cr-containing 

colloids. Each data profile was obtained within 2θ angles between 10° and 90°. Porosity and surface 

area were tested using a surface-area pore analyzer (ASAP2460, Micromeritics, USA). Transmission 

electron microscope (TEM, Talos F200s, FEI, USA) was used to observe the morphology features of 

Cr (hydr)oxide colloids. Density of surface protonated hydroxyl groups on Cr-colloids were 

determined as previous reports. 1, 2 An acid-base titration method was used to determine the surface 

hydroxyl content of Cr (hydr)oxides. Briefly, the constant mass of Cr (hydr)oxides was first neutralized 

by NaOH solutions, then NaOH supernatant was titrated with a standard HNO3 solution after filtrating 

the solid phases. Density of surface hydroxyl groups can be calculated from the base consumption.

Sample was obtained from the topsoil in a paddy field (0-20 cm depth) at Heilong Jiang province, 

China. Samples were air-dried and stored at the room temperature in the laboratory. DOM Extraction 

method can be found in previous studies. 3, 4 Briefly, the solid suspensions (50 g soil diluted to 1000 

mL water) were shaken for more than 48 h, following centrifuged for 30 min and filtered through 0.45 

μm membrane. PPL cartridges and HPLC methanol were used to purify the extracted DOM. The 

extracted DOM sample was stored in a glass vital (in dark condition) at 4 °C and used within one week. 

Text S2. Modified Langmuir Model 

Based on the previous study, 5 the adsorption of DOM on mineral colloids followed a modified 

Langmuir model. Briefly, this model was reformulated with the incorporation of a correction factor, 

(C/Ca)h, which described the nonequilibrium desorption hysteresis: 
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                                                    eq. 

∂q
∂t

=  kfC(qmax -  q) -  kbq(
C
Ca

)h

s1

                                   eq. s2

     q =  
KqqmaxC

KqC +  (
C
Ca

)h

where C and q was the aqueous concentration (mg L-1) and solid DOM concentration (mg g-1), Ca was 

the DOM equilibrium concentration after adsorption but before desorption occurred, h was the 

hysteresis coefficient, the Kf and qmax represented the adsorption affinity and theoretical maximum 

adsorption capacity. When h=0 and 1, the adsorption processes were completely reversible and 

irreversible, respectively. In this study, the q in the model corresponded to the normalized adsorption 

quantity (Qs,N).

Text S3. Differentiating the contributions of different interactions 

Impacts of background electrolytes (e.g., 0.01 M CaCl2, 0.01 M NaCl, and 0.01 M NaCl-NaH2PO4) 

on adsorbed quantities of total organic carbon represented the contributions of binding mechanisms. 6, 

7 Although the binding forces with DOM were complex, this empirical method provided the visualized 

and semiquantitative information using batch experiments. The methods in previous studies were 

employed under same conditions with our study. It is believed the approach was referential to process 

the results in the study. Based on the adsorbed quantities of DOM with different electrolytes, the 

contributions of van der Waals force (vdW), Ca2+ bridging (CB), and ligand exchange (LE) were 

calculated as followings:

                                   eq. s3
fCB =  

Q0(CaCl2) -  Q0(NaCl)

Q(CaCl2)

                              eq. s4
fLE =  

Q0(NaCl) -  Q0(NaCl - NaH2PO4)

Q(CaCl2)

                                   eq. s5
fvdW =  

 Q0(NaCl - NaH2PO4)

Q0(CaCl2)
where fCB, fLE, and fvdW represent contributions (%) of different binding mechanisms; Q0(CaCl2), Q0 

(NaCl), and Q0 (NaCl-NaH2PO4) represented the adsorbed quantities of DOM at a certain aqueous 

DOM concentration in different electrolytes. According to the Q0 values, the fvdW, fCB, and fvdW at every 
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certain initial aqueous DOM concentration can be obtained. 

Text S4. FT-ICR-MS measurement and data processing

Solid phase extraction using the Varian Bond Elute PPL cartridges (1 g per 6 mL) 8, 9 was employed 

to exclude the impact of inorganic ions and concentrate these DOM samples. The cartridges were 

rinsed with methanol and then used to extract the acidified samples (~50 mL with pH of 2). The 

cartridges were then rinsed using constant volumes of 0.01 M HCl and further dried in a N2 

atmosphere. After extracting the cartridges by methanol, the eluted solutions were dried and 

redissolved in methanol solution (methanol to water with 50:50, v/v) for FT-ICR-MS measurements. 

Equal mass concentration of the samples (~25 mg C L-1) was used to reduce the concentration-induced 

differences in ionization efficiency. Extracted DOM samples were tested using a Bruker SolariX FT-

ICR-MS (15.0 T super-conducting magnet and ESI ion source) as the procedures in previous studies. 
1, 9 Flow rate of syringe infusion reached 120 μL h−1 and ESI voltage was set to be -3.8 kV. Samples 

were analyzed with negative ionization mode and ion accumulation time of 0.2 s. The mass error of an 

internal calibration kept less than 0.5 ppm. Bruker Data Analysis software was employed to explore 

the chemical formula assignments. 

Three selection criteria are used herein: 1) signal-to-noise ratio (S/N) should be greater than 4; 2) 

elemental combinations are within range of C5-80H10-200O0-40N0-2S0-2; and 3) the mass error between 

measured and calculated mass should be less than 500 ppb. van Krevelen diagram was established 

when H/C< 2.0 and O/C< 1.2. Parameters including H/C and O/C ratio, double bond equivalence 

(DBE), aromaticity index (AI), nominal oxidation state of carbon (NOSC) per molecule, and FIO/C 

were calculated. 11-13 Kendrick mass defect (KMD) analysis was employed to separate the assigned 

compounds as different homologous series group (e.g., -COO and -CH2), 14 while the parameter of I 

was used to distinguish the relative adsorption affinity of multiple formulas. 15, 16 The DBE and AI 

were determined as: 

                              eq. s6
DBE =  1 +  

2C -  H +  N
2

                           eq. s7
AI =  

1 +  C -  0.5 ×  O -  0.5 ×  H -  S
C -  0.5 ×  O -  N -  S

Nominal oxidation state of carbon (NOSC), could be used to reflect the oxidation state or sequestering 

degree of carbon and determined as:
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                    eq. s8
NOSC =  4 -  

4 ×  C +  H -  2 ×  O -  3 ×  N -  2 ×  S +  5 ×  P
C

Furthermore, the number-averaged values of Cw, Hw, Ow, H/Cw, DBEw for assigned compounds 

were calculated. 

Kendrick mass defect (KMD) analysis 16 was used to represent different homologous series of 

assigned compounds. These homologous series only differed in the number of a specific group but 

owned the same KMD of formulas. Kendrick mass of a specific compound was converted using 

IUPAC mass, while Kendrick mass defect (KMD) was determined as:

                  eq. s9
Kendrick mass =  Observed mass ×  

nominal mass 
exact mass

 

     eq. s10Kendrick mass defect (KMD) =  nominal mass -  Kendrck mass

where the IUPAC mass of -CH2 and -COO group was assigned to be 14.01565 and 43.9898 Da, 

respectively. 15 

Based AI and H/C values, the compositions of DOM were classified into four categories: Group 1: 

condensed aromatics with polycyclic structures (AI > 0.67), Group 2: non-condensed vascular plant-

derived polyphenols (0.67 ≥AI >0.5), Group 3: highly unsaturated and phenolic compounds (0.5 ≥AI, 

H/C< 1.5), and Group 4: less pronounced aliphatic compounds (2.0 ≥H/C ≥ 1.5).

The parameter I was used to describe the adsorption affinities of assigned compounds in 

homologous series. 15, 16 This approach provided the information about the extent of adsorption 

fractionation, rather than the adsorption quantity. In brief, parameter I could be determined by the ratio 

of the normalized peak intensity of compound ions in residual DOM after adsorption to those in 

original DOM. When the response intensities of assigned compounds rely on their concentrations and 

ionization efficiencies, the total quantity of a specific compound in DOM affected the normalized 

intensity in mass spectrum. It is defined that the assigned compounds with I value lower than 0.5 are 

highly well adsorbed, while those with values of I higher than 0.9 are not or poorly adsorbed. The 

compounds not existing in residual DOM after adsorption were regarded as quantitatively adsorbed 

groups (I = 0).

Text S5. DLS and QCM-D experiments 

Changes in hydrodynamic diameter (Dh) of adsorbed Cr (hydr)oxides was tested using Time-resolved 
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dynamic light scattering (DLS, Zetasizer Nano). First, 1 mL Cr (hydr)oxide colloid suspension was 

first sonicated for 15 min and the colloids were mixed with DOM stock solution in the DLS cuvette to 

obtain desired DOM loading. The corvettes were immediately transferred into DLS cells and the 

continual changes in the average Dh were monitored at each 30s.

Deposition experiments were conducted using Quartz Crystal Microbalance with Dissipation 

(QCM-D) system (Q-Sense Explorer, Biolin Scientific AB, Sweden). Before deposition experiments, 

the crystal sensors (SiO2, QSX 303) were preconditioned as followings: 1) UV/ozone treatment for 10 

minutes; 2) immersing the sensor surfaces in the 2% Sodium Dodecyl Sulfate (SDS) solution for 30 

min; 3) keeping wet surface and rinsing with Milli-Q water; 4) dried with nitrogen gas; 5) another 10–

minute UV/ozone treatment. Flow rate into the flow chamber was controlled at 0.1 mL min-1 using a 

peristaltic pump (REGLO Digital ISM 596, ISMATEC, Switzerland). Prior to injecting samples, DI 

water was used as background fluid to stabilize the system until normalized third overtone frequency 

shift (Δf3) was less than 0.3 Hz in 10 min. The Cr (hydr)oxide suspensions with or without DOM were 

injected into the chamber to obtain the Δf curve. In particular, the Cr (hydr)oxide samples were first 

mixed with DOM solution with a constant loading (mg C L-1). Then the suspensions including the 

colloids and DOM were further injected into QCM-D system. With the deposition of Cr (hydr)oxide 

suspensions with or without DOM colloids on surfaces, the increased mass of the crystal sensor leads 

to a negative shift in the overtone frequencies (Δfn). The direct relationship between the deposition 

mass (Δm) and the shift in frequencies could be described by the Sauerbrey equation. Ratios of ΔD to 

Δf were calculated to present the dissipated energy. 17

                                       eq. s11
Δm =  - C ×

Δfn
n

where n (1, 3, 5, 7···) is the overtone number and C is the crystal constant (17.7 ng Hz–1 cm–2). Overtone 

number 3 was used in this study. Since the deposited mass of Cr (hydr)oxide suspensions with or 

without DOM onto collector surfaces is linearly related to the frequency change, the deposition rates 

can be indicated by the rates of frequency shift. Normalized frequency shifts monitored by QCM-D at 

the third overtone during early stage (∼1−3 min) were used to calculate the initial deposition rates (rD) 

which was quantified as following: 18-19

                                   eq. s12
rD =  

dΔfn
dt
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Text S6. DLVO interaction

Nanoscale roughness has been demonstrated to significantly influence the prediction of interaction 

energy profiles of spherical colloids. 20-22 If pillars of nanoscale roughness are uniformly distributed 

on the smooth collector surface, the total interaction energy can be determined as: 22, 23

                     eq. s13       hfhhfh SrrSr  1

where  [L, where L denotes units of length] and fr [-]are the height of pillars in the zone and the rh

roughness density, respectively, and h [L] is the separation distance. The interaction energy of Φs 

[ML2/T2, where M and T denote units of mass and time] for a spherical colloid and collector system 

was calculated as the sum of electrostatic, van der Waals, and Born repulsion interaction energies: 

                     eq. s14Φ𝑠(ℎ) = Φ𝐸𝐷𝐿
𝑠 (ℎ) + Φ𝑉𝐷𝑊

𝑠 (ℎ) + Φ𝐵𝑜𝑟𝑛
𝑠 (ℎ)

where  [ML2/T2],  [ML2/T2] and  [ML2/T2] are the electrostatic, van der Waals, and EDL
s Φ𝑉𝐷𝑊

𝑠 Φ𝐵𝑜𝑟𝑛
𝑠

Born interaction energies on the smooth surface, respectively. The value of  was determined EDL
s

using the constant surface potential interaction expression of Hogg et al. 24 for a sphere-plate 

interaction as:

     eq. s15   
     2 2

0 1 2

1 exp
Φ 2 ln 1 exp 2

1 exp
EDL
s c

h
h r h

h


   


                 

where  (dimensionless) is the dielectric constant of the medium, 0 [T4/M·L·A, where A 1 2ln 

denotes ampere] is the permittivity in a vacuum, rc [L] is the radius of a colloid, h is the distance 

between colloid and quartz surface,  is the zeta potential of the colloid,  is the zeta potential of 1 2

the collector, and κ [L−1] is the Debye-Hϋckel parameter, which can be calculated as follows: 25 

                               eq. s16
2 2

0

0

j j

B

e n z
K T


 

 

where NA is the Avogadro number (6.02×1023 mol-1), e is the charge of the electron (-1.60×10-19 C), nj0 

is the number concentration of ions in the bulk solution, zj is the ion valence of the background 

electrolyte, KB is the Boltzmann constant (1.38×1023 J/K), T is the absolute temperature (298 K). The 
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value of  for a sphere-plate interaction was determined using expression by Gregory as: 26 VDW
s

                        eq. s17 
1

132 14Φ 1
6

VDW c
s

A r hh
h 


     

where [ML2/T2] is the Hamaker constant, and [T] is a characteristic wavelength that was taken 132A 

as 100 nm. 27 The value of  was calculated from Ruckenstein and Prieve as: 28Φ𝐵𝑜𝑟𝑛
𝑠

                      eq. s18
Φ𝐵𝑜𝑟𝑛

𝑠 (ℎ) =
𝐴123𝜎6

𝑐

7560 [ 8𝑟𝑐 + ℎ

(2𝑟𝑐 + 7)7
+

6𝑟𝑐 ‒ ℎ

ℎ7 ]

The collision diameter, , was taken as 0.26 nm in order to achieve a primary minimum depth at 𝜎𝑐

0.157 nm, a commonly accepted distance of the closest approach. 29 Interactions between two 

colloids in suspension can be determined as follows: 26, 30

  eq. s19   
     2 21 2

0 1 2 1 2
1 2

1 exp
Φ 2 ln 1 exp 2

1 exp
s s

s s
E

s s s
s

DL

s

ha ah h
a a h


     



                 

                      eq. s20 
1

132 1 2

1 2)

14Φ 1
6 (

VDW s s
s

s s

A a a hh
h a a 





     

where as1 [L] and as2 [L] represent the radius of the two colloids  and  represent the zeta 1s 2s

potential of the two kinds of colloids. Here, h represents the distance between two colloids. The 

calculation of the Hamaker constant A132 is provided below.
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Figure S1. Adsorption kinetics of DOM on the Cr(OH)3 and Cr2O3 within 72 hours. 
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Figure S2. van Krevelen diagrams for original DOM detected using FT-ICR-MS. The blue spots that 

not overlapped with the red spots represented the differences. Duplicated measurements were less than 

10% difference of assigned formulas. 
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Figure S3. X-ray diffraction patterns of (a) Cr2O3 and (b) Cr(OH)3. 
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Figure S4. (a) N2 adsorption/desorption curves at 77 K and (b) pore distributions of Cr(OH)3 and 

Cr2O3. 
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Figure S5. (a) Determination of surface reactive hydroxyl group contents (mol g–1) on Cr(OH)3 and 

Cr2O3. 
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Figure S6 Adsorption isotherms of DOM on (a) Cr(OH)3 and (b) Cr2O3 under different background 

electrolytes (i.e., 0.1 M CaCl2, 0.1 M NaCl, and 0.01 M NaCl-NaH2PO4). The Q0 (mg C g-1) of DOM 

was used to determine the contributions of different binding mechanisms. Dashed line represented the 

fitting data using modified Langmuir model. 
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Figure S7 (a-c) FT–ICR–MS mass spectrum of detected formulas in original DOM or remaining DOM 

in the presence of Cr(OH)3 and Cr2O3. The changes in relative abundance (%) of molecules as a 

function of (d) O/C and (e) H/C in the original DOM or remaining DOM in the presence of Cr(OH)3 
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Figure S8 Kendrick mass defect of -COO homologous series that exhibited the affinities more than 

0.5. The homologous series along the horizontal lines represented the mass difference of carboxylates. 



19

0

25

50

75

100

 0 hour
 6 hours
 12 hours

With Cr2O3

1000 2000 3000 4000
0

25

50

75

100

Wavenumber (cm-1)

With Cr(OH)3

(a)

(b)

(c)

(d)

Figure S9 FTIR spectra of DOM in the presence of (a) Cr2O3 and (b) Cr(OH)3. TEM images of (c) 

Cr2O3 and (b) Cr(OH)3 in the presence of DOM. 
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Figure S10 The dynamic changes in hydrodynamic diameters (nm) of (a) Cr(OH)3 and (b) Cr2O3 under 

different DOM loadings (mg C L-1). Schematic representation of corona formation of Cr (hydr)oxides 

and its impacts on the colloidal stabilities. The organic compound formulas were only shown to 

illustration.
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Figure S11 DLVO calculation profiles of Cr (hydr)oxide colloids with SDOM: (a-b) colloid-surface, 

(c-d) colloid-colloid. 
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Figure S12 Deposition kinetics of Cr (hydr)oxide colloids with or without DOM detected in a QCM-

D system.
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D system as a function of DOM loadings (mg C L-1).
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