
This document is confidential and is proprietary to the American Chemical Society and its authors. Do not 
copy or disclose without written permission. If you have received this item in error, notify the sender and 
delete all copies. 

Formation, Aggregation, and Deposition Dynamics of NOM-

Iron Colloids at Anoxic-Oxic Interfaces 

Journal: Environmental Science & Technology 

Manuscript ID es-2017-02356h.R1 

Manuscript Type: Article 

Date Submitted by the Author: n/a 

Complete List of Authors: Liao, Peng; Southern University of Science and Technology of China, 
School of Environmental Science & Engineering 
Li, Wenlu; Washington University in St. Louis,  

Jiang, Yi; Washington University in St. Louis, Department of Energy, 
Environmental and Chemical Engineering 
Wu, Jiewei; Washington University in St. Louis, Department of Energy, 
Environmental and Chemical Engineering 
Yuan, Songhu; China University of Geosciences, State Key Lab of 
Biogeology and Environmental Geology 
Fortner, John; Washington University in St. Louis, School of Engineering & 
Applied Sciences 
Giammar, Daniel; Environmental & Chemical Engineering, Department of 
Civil Energy; Washington University in St. Louis,   

ACS Paragon Plus Environment

Environmental Science & Technology

This document is the Accepted Manuscript version of a Published Work that appeared in final form in Environmental science and technology,  
copyright © 2017 American Chemical Society after peer review and technical editing by the publisher. To access the final edited and published 
work see https://doi.org/10.1021/acs.est.7b02356.

This is the Pre-Published Version.



1 

 

Formation, Aggregation, and Deposition Dynamics of NOM-Iron 1 

Colloids at Anoxic-Oxic Interfaces 2 

 3 

Peng Liao
†,‡,§

,
 
 Wenlu Li‡,

 
 Yi Jiang‡,

 

||, Jiewei Wu‡, Songhu Yuan
*,†, John D. Fortner

*,‡ 
  4 

and Daniel E. Giammar‡ 5 

†
State Key Laboratory of Biogeology and Environmental Geology, China University of 6 

Geosciences, 388 Lumo Road, Wuhan, 430074, P. R. China 7 

‡Department of Energy, Environmental and Chemical Engineering, Washington 8 

University in St. Louis, St. Louis, MO 9 

§
School of Environmental Science and Engineering, Southern University of Science and 10 

Technology, 1088 Xueyuan Road, Shenzhen, 518055, P. R. China
 

11 

||Department of Civil and Environmental Engineering, The Hong Kong Polytechnic 12 

University, Hung Hom, Kowloon, Hong Kong, China 13 

 14 

*Corresponding authors: 15 

Songhu Yuan John D. Fortner 

Tel: 86-27-67848629 Tel: 314-935-9293  

Fax: 86-27-67883456 Fax: 314-935-7211  

yuansonghu622@cug.edu.cn  jfortner@wustl.edu 

 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

Page 1 of 32

ACS Paragon Plus Environment

Environmental Science & Technology



2 

 

ABSTRACT The important role of natural organic matter (NOM)−Fe colloids in 23 

influencing contaminant transport, and this role can be influenced by the formation, 24 

aggregation, and particle deposition dynamics of NOM-Fe colloids. In this work, NOM-25 

Fe colloids at different C/Fe ratios were prepared by mixing different concentrations of 26 

humic acid (HA) with 10 mg/L Fe(II) under anoxic conditions. The colloids were 27 

characterized by an array of techniques and their aggregation and deposition behaviors 28 

were examined under both anoxic and oxic conditions. The colloids are composed of HA-29 

Fe(II) at anoxic conditions, while they are made up of HA-Fe(III) at oxic conditions until 30 

the C/Fe molar ratio exceeds 1.6. For C/Fe molar ratios above 1.6, the aggregation and 31 

deposition kinetics of HA-Fe(II) colloids under anoxic conditions are slower than those 32 

of HA-Fe(III) colloids under oxic conditions. Further, the aggregation of HA-Fe colloids 33 

under both anoxic and oxic conditions decreases with increasing C/Fe molar ratio from 34 

1.6 to 23.3. This study highlights the importance of the redox transformation of Fe(II) to 35 

Fe(III) and the C/Fe ratio for the formation and stability of NOM-Fe colloids that occur 36 

in subsurface environments with anoxic-oxic interfaces. 37 

 38 

INTRODUCTION 39 

Biogeochemical cycling of iron (Fe) is active at anoxic and oxic interfaces with 40 

dynamic redox conditions that can occur in groundwater, sediments, wetlands, stratified 41 

lakes, and marine environments.
1-5

 Dissolved Fe(II) is the thermodynamically stable form 42 

of Fe at anoxic conditions.
6
 The diffusion of dissolved Fe(II) from anoxic zones across 43 

interfaces and into more oxic environments can trigger the oxidation of Fe(II) to Fe(III) 44 

and the formation of Fe(III) (oxyhydr-)oxides.
7
 Considering the low solubility of Fe(III) 45 
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in oxic environments at circumneutral pH,
8
 the mobility of Fe(III) in subsurface 46 

environments can be facilitated by the formation of Fe(III)-rich colloids and Fe(III) 47 

complexes with natural ligands.
9,10

 48 

Fe can be intimately associated with natural organic matter (NOM) at anoxic-oxic 49 

interfaces.
2,11-13

 High concentrations of both Fe(II) and Fe(III) bound to NOM have been 50 

detected in anoxic groundwater, wetlands, and pore waters of sediments as well as in 51 

oxygen-rich aquifers.
 14-16

 Molar ratios of organic carbon (C) to Fe between 1 and 30 52 

have been reported in anoxic pore water of sediments, whereby a relatively large fraction 53 

of NOM was bound to Fe.
13,14,17

 Lalonde et al.
18

 recently determined that ca 22% of 54 

organic carbon in sediments was directly associated with Fe with an average C/Fe molar 55 

ratio of 4. 56 

Evidence from field studies highlights the prevalence of NOM-Fe colloids at anoxic-57 

oxic interfaces with particle size ranging from 1−200 nm.
19-22

 Stolpe et al.
23

 found that 58 

substantial fractions of Fe in rivers were strongly bound to NOM and that these 59 

complexes were present as colloids (4−40 nm). Lapworth et al.
24

 observed abundant Fe-60 

rich nanoparticles with diameters of 10−30 nm in shallow groundwater that were 61 

associated with polydisperse NOM fractions. A recent study provided spectroscopic 62 

evidence of Fe(II)-rich colloids in association with NOM in oxygenated water.
16

 Due to 63 

nanoscale dimensions, large specific surface areas, and high redox reactivity, NOM-Fe 64 

colloids can act as geochemical vectors facilitating the transport of a suite of poorly 65 

soluble contaminants in the environment.
19,25-27

. For example, NOM-Fe colloids were 66 

recently shown to enhance U(IV) transport in a mining-impacted wetland, potentially 67 

polluting surface water.
26

 68 
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While there is a significant body of knowledge pertaining to the interactions of NOM 69 

and Fe,
2,11,13,18,25,27-30

 little is known about the properties of NOM-Fe colloids (e.g., 70 

composition, aggregation, and deposition) at anoxic-oxic interfaces. Specifically, 71 

considerable attention has been paid to the chemical reactions between NOM and Fe, 72 

especially in examining the role of NOM on the rate and mechanisms of Fe redox 73 

transformation,
28-35

 the geochemical reactivity of Fe-NOM complexes,
36-39

 and the 74 

preservation of Fe and carbon (C).
18,40

 Under anoxic conditions, the interaction of NOM 75 

with Fe(II) can form NOM-Fe(II) complexes.
38

 In comparison, under oxic conditions, 76 

NOM can promote or inhibit Fe(II) oxidation and also provide a net protective effect 77 

against aggregation and precipitation of Fe(III) (oxyhydr-)oxides, depending on the 78 

source, concentration, and redox state of NOM.
28-30,33,35

 Further, the C/Fe ratio has a 79 

marked effect on the extent of Fe(III) complexation and precipitation kinetics as well as 80 

the reactivity of NOM-Fe associations.
13,41-43 

While progress has been made in assessing 81 

reactions of Fe and NOM, the effect of these reactions on the formation and properties of 82 

resulting NOM-Fe colloids remains poorly understood - likely because researchers have 83 

used filters of 0.45 or 0.22 µm pore size to separate samples into ‘dissolved’ and 84 

‘particulate’ phases.
44

 While previous research provides insight into the colloidal 85 

behavior (e.g., aggregation and deposition) of carbon- and iron-based nanoparticles,
45-48 

86 

the structure and properties of these engineered colloids are essentially different from 87 

naturally formed NOM-Fe colloids. 88 

Building on existing knowledge of NOM-Fe reactions, the objectives of this study 89 

were to systematically investigate the formation, aggregation, and deposition behaviors of 90 

NOM-Fe colloids that form at anoxic-oxic interfaces. The central hypothesis is that a 91 
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transition from anoxic to oxic conditions and C/Fe molar ratios substantially affect the 92 

composition, aggregation, and deposition of NOM-Fe colloids. To test this, colloids were 93 

generated in batch experiments over a range of environmentally relevant C/Fe molar 94 

ratios and were fundamentally characterized with subsequent behavior(s) evaluated via 95 

aggregation and particle deposition analyses. Findings advance understanding of the 96 

stability and mobility of NOM-Fe colloids and the ability to predict the potential fate and 97 

transport of contaminants, nutrients, and trace metals associated with NOM-Fe colloids in 98 

redox transition zones. 99 

 100 

MATERIALS AND METHODS 101 

Materials. All reagents were certified analytical grade and they were used without 102 

further purification, and all solutions were prepared using ultrapure water 103 

(resistivity >18.2 MΩ·cm, Milli-Q, Millipore). Sigma-Aldrich humic acid (HA), which 104 

has been used in several previous studies,
10,49,50

 was used as a model NOM compound. A 105 

stock solution of HA was prepared by dissolving 2.5 g of HA solid in 500 mL water 106 

adjusted to pH 10.5 with NaOH in the dark. The resulting solution was filtered using 107 

several 0.45 µm nitrocellulose filters (Millipore). To emulate the reduced state of NOM 108 

present at anoxic conditions, a portion of the HA suspension was reacted for 24 h in 109 

water equilibrated with a 2−5% atmosphere of H2 in the presence of a Pd catalyst (0.5% 110 

wt on Al2O3 spheres, 1 g/L, Sigma-Aldrich).
51

 This suspension was subsequently purged 111 

with ultrapure N2 to remove excess H2 and filtered again with several 0.45 µm filters. The 112 

suspension was stored in the dark in an anoxic glovebox (95% N2 and 5% H2, Coy Lab 113 

Products Inc., MI). To determine the HA concentration, aliquots of suspension were 114 

diluted to six different concentrations using ultrapure water and then immediately 115 
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transferred to a total organic carbon (TOC) analyzer (Shimadzu TOC-LCPH). Replicate 116 

determination of a stock HA gave an average of 1279 ± 11 mg C/L (n = 6). The stock 117 

suspension was then used to create suspensions with different working concentrations for 118 

later experiments. The concentration of Pd in the filtered HA suspension was 135 ± 4 119 

µg/L (n =2) (The detection limit was 0.2 µg/L) determined by inductively coupled plasma 120 

mass spectrometry (ICP-MS) (PerkinElmer ELAN DRC II), indicative of Pd 121 

concentration lower than 5 µg/L in the working suspensions, and consequently, the role 122 

of Pd on HA reactivity can be neglected in this study. Additional compositional 123 

information is provided in the Supporting Information (SI, Table S1). 124 

Colloid Formation. Triplicate experiments were conducted in magnetically-stirred 125 

batch reactors (60 mL) at room temperature that were shielded with aluminum foil to 126 

avoid any photochemical reactions. An environmentally relevant pH of 7.0 was set for all 127 

experiments. The pH was maintained at 7.0 ± 0.1 by 5 mM 4-(2-hydroxyethyl)-1-128 

piperazineethanesulfonic acid (HEPES, ≥ 99.5%, Sigma-Aldrich) buffer and 0.5 M 129 

NaOH when necessary. HEPES was selected because it has a minimal influence on 130 

interaction between HA and Fe.
52-55 

A suite of HA working suspension ranging from 0 to 131 

50 mg C/L was added in the HEPES buffer, and 10 mg/L Fe(II) (added as FeSO4) was 132 

then added to these suspensions to create C/Fe molar ratios of 0−23.3. All the reactors 133 

contained 5 mM NaCl, which together with the ionic strength contributed by the HEPES, 134 

corresponds to a typical ionic strength of freshwater aquifers.
56

 Because the presence of 135 

background buffer (5 mM HEPES) can significantly affect the precise determination of 136 

HA concentration based on TOC analysis, an automated pH-stat titrator (902 Titrando, 137 

Metrohm USA Inc.), instead of HEPES, was used to control the suspension pH at 7.0 ± 138 
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0.2 for an additional series of experiments to measure the HA concentration by TOC 139 

measurement. The ionic strength in this system is comparable to that in HEPES system 140 

with a relative error less than 20% (data not shown); consequently, the HA concentrations 141 

determined can approximately represent the values in HEPES systems. 142 

The experimental conditions are summarized in Table S2. The reactions were first 143 

performed in the anaerobic chamber. To ensure strictly anoxic conditions throughout the 144 

course of experiment periods, all reagents and solutions were sparged by ultrapure N2 for 145 

at least 2 h and then equilibrated with the anaerobic atmosphere in the chamber for at 146 

least 12 hours. After the anoxic equilibration stage of the experiment, a portion of the 147 

suspension was moved out from the glovebox and aerated to represent a transition to oxic 148 

conditions. Oxic experiments were performed by uncapping the reactors and exposing the 149 

samples to air for 24 h with magnetic stirring in the dark. The dissolved oxygen (DO) 150 

concentration reached 100% of saturation within 1 h as measured by a DO probe 151 

(ProODO, YSI Inc.). Control experiments were performed in parallel using 5 mg/L HA 152 

alone (no Fe(II) added initially) in the same manner as that used for the scenarios 153 

described above. Samples were collected at both the anoxic and oxic equilibrium for 154 

analysis and for later aggregation and deposition experiments. 155 

The aqueous concentrations of Fe and HA in HA-Fe samples were measured based on 156 

the following size fractionation: truly dissolved species (< 10000 Da, roughly equal to < 157 

1−3 nm), small colloids (1−3 nm to 20 nm), large colloids (20 − 200 nm), and particulate 158 

(> 200 nm). These different fractions were fractionated from samples by 10000 Da 159 

cellulose ultrafiltration membranes (EMD, Millipore), 20 nm filters (PES, Whatman), and 160 

200 nm filters (PES, Whatman). The Fe(II) concentration in each fraction was determined 161 
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by a modified 1,10-phenanthroline method at a wavelength of 510 nm using a UV-vis 162 

spectrophotometer. The total Fe concentration after filtration was assayed through 163 

reduction of Fe(III) to Fe(II) by hydroxylamine hydrochloride. Total Fe(II) and total Fe 164 

concentrations were measured after digesting the unfiltered samples in 0.9 M HCl for 24 165 

h at room temperature in the dark. For the determination of Fe(II), a desired concentration 166 

of fluoride was initially added to the sample in an attempt to completely inhibit the redox 167 

reactions between Fe and HA during acidification and to prevent the interference of 168 

Fe(III).
57

 To minimize the interference by HA, most samples (except for ultrafiltered ones) 169 

were centrifuged (14,000 g) for 2 min to remove HA and the supernatants were assayed 170 

immediately.
27 

The concentration of Fe(III) was determined as the difference between the 171 

total Fe and Fe(II) concentrations. The procedure for anoxic samples was done in the 172 

anaerobic chamber to minimize the potential oxidation of Fe(II) to Fe(III). The HA 173 

concentration in each fraction was measured by TOC. 174 

The size distributions and the zeta potential of HA-Fe suspensions were measured by 175 

dynamic light scattering (DLS) using a Zetasizer Nano (Malvern). Transmission electron 176 

microscopy (TEM, Tecnai TM Spirit) examined the morphology of HA-Fe aggregates 177 

formed under steady-state oxic conditions. Samples were prepared by depositing a drop 178 

of HA-Fe suspension (~ 20 µL) onto a 200 mesh carbon-coated copper grid (Ted Pella, 179 

Inc.) followed by immediate evaporation of the remaining water at room temperature 180 

under vacuum. Solids from different reactors at the conclusion of both anoxic and oxic 181 

experiments were obtained by centrifugation followed by freeze-drying. Freeze-dried 182 

solid was used for solid analysis using X-ray photoelectron spectroscopy (XPS) with the 183 

aim of determining the surface properties of HA-Fe colloids. XPS spectra were collected 184 
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using a PHI Quantera SXM scanning X-ray microprobe with an Al mono source. The 185 

analyses were conducted at 26 eV pass energy at a 200 µm X-ray spot size. 186 

Aggregation Kinetics. Aggregation of HA-Fe colloids was examined by monitoring 187 

the Z-averaged hydrodynamic diameter using time-resolved DLS. All DLS measurements 188 

were made using a photodetector at a scattering angle of 173°. Each autocorrelation 189 

function was accumulated every 15 s and DLS samples were left to aggregate for 20−30 190 

min. Because the rapid precipitation of HA-Fe(III) suspensions formed at lower C/Fe 191 

molar ratios (< 1.6) under oxic conditions, we devote our consideration of aggregation 192 

kinetics to those at higher C/Fe molar ratios (≥ 1.6) where the steady-state suspensions 193 

were visually stable (Figure S1). The aggregation kinetics of HA-Fe colloids were 194 

evaluated in response to the addition of an electrolyte with a divalent cation (Ca
2+

 and 195 

Mg
2+

) that promoted aggregation. Ca
2+

 and Mg
2+

 were chosen because they are abundant 196 

in most natural aquifers at redox interfaces and functioned as representative divalent 197 

cations for assessing the aqueous aggregation of engineered nanoparticles.
45-47,58,59

 For 198 

each measurement, a predetermined volume of suspension in anoxic or oxic conditions at 199 

a given C/Fe molar ratios was added into a vial. After that, the vial received a certain 200 

amount of electrolyte stock solution and was capped to make the total volume of 1 mL. 201 

After 1.5 s of mixing the samples were measured immediately in the DLS chamber. For 202 

anoxic experiments, all sample preparation was conducted in the anaerobic chamber and 203 

all electrolyte solutions were deoxygenated. Control experiments with HA alone were 204 

conducted with the same methods and range of electrolytes concentration. 205 

The attachment efficiency (α) at various electrolyte concentrations was calculated by 206 

normalizing the initial aggregation rate constant obtained at a given electrolyte 207 
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concentration (k) to the rate constant obtained under diffusion-limited (nonrepulsive, fast) 208 

aggregation conditions (kfast) (eq 1).
45,46,58

 209 

α = �
����� =

�
	
�

�
��
������→


�
	
,�����

�
��
������→
,����

            (1) 210 

where N0 is the initial particle concentration, and Dh(t) is the hydrodynamic diameter of 211 

HA-Fe colloids at time t. 212 

Deposition Kinetics. A quartz crystal microbalance with dissipation (QCM-D, Q-213 

sense AB, Sweden) instrument equipped with four flow-through cells was employed to 214 

evaluate the effect of electrolyte (Ca
2+

 and Mg
2+

) concentration on the deposition of HA-215 

Fe colloids with a C/Fe molar ratio of 4.7 formed at anoxic and oxic conditions onto 216 

silica (SiO2) and poly-L-lysine (PLL) coated silica surfaces. The silica surface was 217 

chosen as model surface because it is representative of important interface in natural 218 

environments.
45

 The deposition experiments were measured by simultaneously 219 

monitoring the changes in frequency (∆f) and energy dissipation (∆D) of several 220 

overtones of a SiO2 coated (5 MHz) QCM-D crystal (QSX-303, Q-sense). Details of the 221 

experimental protocols, including sensor cleaning, deposition experiments, and pre-222 

coating of the silica sensor surface with a layer of PLL were reported previously;
45

 a 223 

description is also provided in the SI Section S1. Briefly, the HEPES/NaCl/pH 7 solution 224 

was introduced to the chamber to establish the baseline until the average normalized third 225 

overtone frequency shift ceased to drift more than 0.2 Hz in a period of 1 hour. Next, the 226 

crystal surfaces were stabilized with a corresponding electrolyte (Ca
2+

 and Mg
2+

) solution 227 

for up to 10 min. The HA-Fe colloid suspension with the same electrolytes was then 228 

injected to the sensor for 20 min. Once a stable deposition rate was achieved, the 229 
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chamber was flushed with colloid-free electrolyte solution of the same composition for 230 

10 min followed by HEPES/NaCl/pH 7 solution for up to 20 min. The flushing processes 231 

were stopped when the average normalized third overtone frequency shift were less than 232 

0.2 Hz over a time period of 10 min. 233 

 234 

RESULTS AND DISCUSSION 235 

Colloid Formation. The HA-Fe colloids formed under anoxic and oxic conditions 236 

were first characterized by determining the distributions of Fe and C at different size 237 

fractions. Under anoxic conditions, Fe remained primarily as Fe(II) regardless of the C/Fe 238 

molar ratio (Figure 1a). When the initial C/Fe molar ratio increased from 0 to 23.3, truly 239 

dissolved Fe(II) (<1−3 nm) decreased from 98.6% to 13.8% accompanied by the increase 240 

in colloidal Fe(II) (Figure 1a). The formation of anoxic HA-Fe(II) colloids was likely due 241 

to the coagulation of HA particles. When suspensions are exposed to oxic conditions, all 242 

Fe is present as Fe(III) (Figure 1b), due to the oxidation of truly dissolved and colloidal 243 

Fe(II) by dissolved oxygen.
30,33

 While HA treated by Pd/H2 was recently shown to be 244 

capable of limiting Fe(II) oxidation under oxic conditions for several hours (e.g., 4 h) by 245 

acting as a redox buffer and complexant,
60

 it does not prevent Fe(II) oxidation over the 246 

longer 24-h time of our study. Total Fe analysis of HA-Fe suspension after ultrafiltration 247 

(10000 Da) suggests that truly dissolved Fe (< 1−3 nm) is negligible and Fe in suspension 248 

is retained by filtration in either the colloidal (1−3 nm to 200 nm) or particulate (> 200 249 

nm) forms (Figure 1b). When the C/Fe molar ratio is less than 1.6, all Fe(III) is in the 250 

particulate fraction. As expected from the literature, the dominant iron oxides formed at 251 

C/Fe ratio of 0 was lepidocrocite, a well-known product of Fe(II) oxidation by oxygen at 252 

neutral conditions.
53,61,62

 Solids produced in the presence of HA have been observed to be 253 
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a mixture of lepidocrocite and ferrihydrite.
52 

A substantial fraction of Fe(III) is colloidal 254 

once the C/Fe molar ratios ≥ 1.6 (Figure 1b). As discussed by others, hydroxyl and 255 

carboxylic groups in HA (surface) can act to stabilize Fe(III), lowering aggregation or 256 

precipitation propensities, by forming stable complexes.
9,38,47,63

 The extensive 257 

aggregation of Fe(III) particles occurring at low C/Fe molar ratios (< 1.6) in contrast to 258 

the near complete stabilization of Fe(III) occurring at higher molar ratios (≥ 1.6) suggest 259 

that such stabilizing effect(s) depends on C/Fe ratio.
64

 For these systems, the observed 260 

threshold C/Fe molar ratio is between 1.4 and 1.6 for the complete stabilization of Fe(III) 261 

colloids.
 

262 

Regarding the distribution of HA, the concentration in truly dissolved and colloidal 263 

fractions at all C/Fe molar ratios under anoxic conditions are statistically comparable to 264 

those in control experiments with HA alone, which has approximately 90% of HA 265 

occurring in colloidal forms, with less than 10% in the soluble fraction (Figures 1c and 266 

S2a). In comparison, under oxic conditions at the lower C/Fe molar ratios (<1.6), all HA 267 

is associated with particulate fractions by means of adsorption or co-precipitation with 268 

Fe(III) (oxyhydr-)oxides (Figure 1d). This is in contrast to control results in the absence 269 

of Fe(II) whereby a higher fraction of HA exists in colloidal forms (Figure S2b). A 270 

significant proportion of colloidal HA did not appear until the C/Fe molar ratios reached 271 

1.6 (Figure 1d), which is consistent with observations for Fe(III) (Figure 1b). A recent 272 

study on the interaction(s) of HA with Fe demonstrated that a portion of HA was not 273 

directly bound to Fe at higher C/Fe molar ratios (e.g., ≥ 4.5).
13

 This implies that free HA 274 

in suspension (i.e. not complexed with HA-Fe colloids) is present in equilibrium with the 275 

surfaces of HA-Fe colloids under both anoxic and oxic conditions. 276 
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The HA-Fe colloids were further characterized. Z-averaged hydrodynamic diameters 277 

of HA-Fe(II) suspensions for anoxic steady-state conditions are in the range of 150−420 278 

nm, irrespective of initial C/Fe molar ratios. Under oxic steady-state conditions, Z-279 

averaged hydrodynamic diameter of HA-Fe(III) suspensions are close to 5000 nm at 280 

lower C/Fe ratios, while they are much smaller (130−180 nm) at higher ratios (Figure 2a). 281 

Control experiments with HA alone show insignificant change in hydrodynamic diameter 282 

for both anoxic and oxic at equilibrium conditions over a range of HA concentrations 283 

(Figure S3a). These findings are consistent with the size partitioning results described 284 

above (Figure 1). The zeta potentials of HA-Fe suspensions for all steady-state conditions 285 

become increasingly negative as C/Fe molar ratios increased (Figure 2b), while no 286 

significant change in the zeta potential of HA alone is observed at any concentration 287 

tested (Figure S3b). Anoxic conditions lead to an overall more negative charge of HA-Fe 288 

suspension than oxic conditions (Figure 2b), which is attributed to the less extent of 289 

complexation between carboxyl groups and Fe(II) under anoxic conditions.
2
 290 

TEM images of HA-Fe suspensions formed under oxic conditions support DLS 291 

observations, indicating that the change in C/Fe molar ratios affected the size and 292 

morphology of HA-Fe colloids (Figure 3). At lower C/Fe molar ratios, most HA was 293 

either adsorbed to Fe(III) oxides surfaces (panel a) or co-precipitated with Fe(III) oxides 294 

(panel b). Much smaller sheet-like HA-Fe(III) particles, with an average diameter of ~10 295 

nm, were observed at C/Fe molar ratio of 4.7 (panel c). The sheet-like morphology 296 

becomes larger (10-60 nm in diameter) as the initial C/Fe molar ratio was increased to 297 

22.3 (panel d). Inspection of micrographs at higher magnification reveals the presence of 298 

free HA structure with C/Fe molar ratio of 22.3 (the insert in d), but less so for C/Fe ratio 299 
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of 4.7. This suggests that the large HA-Fe(III) particles occurring for higher C/Fe molar 300 

ratio(s) are likely due to the presence of larger free HA that was not complexed with 301 

Fe(III) in the HA-Fe(III) suspensions. The enrichment of HA on the surface is also 302 

supported by the substantially higher surface C/Fe molar ratios detected by XPS than the 303 

colloidal and total C/Fe molar ratios (Table S3). Previous research also reported that the 304 

surfaces of HA-Fe complexes were relatively enriched with HA.
2,65,66

 305 

Colloid Aggregation. The aggregation behavior of HA-Fe colloids, under both 306 

anoxic and oxic conditions, in CaCl2 and MgCl2 solutions clearly shows a reaction-307 

limited regime (α < 1, unfavorable) at lower electrolyte concentrations and a diffusion-308 

limited regime (α = 1, favorable) for higher electrolyte concentrations (Figure 4), 309 

indicating that the aggregation of HA-Fe colloids follows classical Derjaguin-Landau-310 

Verwey-Overbeek (DLVO) theory.
67,68 

This also agrees well with previous observations 311 

of the aggregation of iron- and carbon-based nanoparticles.
45,46,69-71

 When electrolyte 312 

concentration was lower than the critical coagulation concentration (CCC), the particle-313 

particle attachment efficiency increased with increasing Ca
2+

 and Mg
2+

 concentration due 314 

to the suppression of electrostatic repulsion forces between HA-Fe colloids that 315 

accelerated aggregation. At a higher electrolyte concentration (> CCC), the repulsive 316 

energy barrier was effectively eliminated between particles and aggregation rates are 317 

independent of ionic strength, resulting in a constant α of 1.
46,72,73

 In other words, CCC 318 

values represent the minimum electrolyte concentration required to completely 319 

destabilize colloids as determined by the intersection of extrapolated lines through 320 

reaction-limited and diffusion-limited regimes.
45

 Higher CCC values generally suggest 321 
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that colloids are less susceptible to aggregation and thus have higher degree of stability 322 

relative to particles with a lower CCC values under similar conditions.
45,46,72,73

 323 

The aggregation of HA-Fe colloids is highly dependent on the C/Fe molar ratios 324 

(Figure 4). Regardless of anoxic and oxic conditions, CCC values for both CaCl2 and 325 

MgCl2 solutions increased with increasing C/Fe molar ratio (Figure 4c,f). For example, 326 

the CCC of HA-Fe colloids in CaCl2 solutions under oxic conditions noticeably increases 327 

from 2.5 to 4.6 mM and then further increases to 5.1 mM as the C/Fe molar ratio 328 

increased from 1.6 to 4.7 and to 23.3, respectively (Figure 4c). This indicates that HA-Fe 329 

colloids formed at higher C/Fe molar ratios are less vulnerable to aggregation (i.e. 330 

relatively more stable). A regression analysis on CCC values versus the percentage of 331 

colloidal Fe (ratio of Fe in the colloidal fraction to total Fe in HA-Fe suspensions) are 332 

linearly correlated (R
2
 > 0.98) with higher colloidal Fe concentration leading to higher 333 

CCC values (Figure S4). As colloidal Fe concentration was modulated by the C/Fe molar 334 

ratio or HA concentration (i.e. constant 10 mg/L Fe concentration in this study), the 335 

aggregation of HA-Fe colloids depends on the HA concentration. Previous studies have 336 

observed that adsorbed HA can stabilize iron-bearing nanoparticles against aggregation 337 

and transformation.
43,47,64,74-76

 These results imply that lower aggregation propensity of 338 

HA-Fe colloids formed at higher C/Fe molar ratios may also be due to free HA adsorbed 339 

on the surfaces of colloids, enhancing electrostatic and/or steric repulsion interactions. 340 

Additional insight into these colloidal-based phenomena is possible through zeta 341 

potential measurements (Figure 5). The zeta potential for both CaCl2 and MgCl2 solutions 342 

become more negative with increasing C/Fe molar ratios (Figure 5), indicating that the 343 

electrostatic repulsion between HA-Fe particles increases with increasing C/Fe molar 344 
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ratios.
47,67 

A linear correlation between the CCC values and zeta potential values is 345 

observed (R
2
 > 0.7, Figure S5); the higher absolute zeta potential values led to lower 346 

aggregation tendencies. The zeta potential of HA-Fe colloids did not vary significantly 347 

once the C/Fe molar ratios were above 4.7 (Figure 5). This implies that electrostatic 348 

repulsion is not the only reason for suspension stabilization as steric hindrance may also 349 

play an appreciable role, as observed by others.
46,47,71,72,77-79 

Further, zeta potential 350 

decreased when Ca
2+

/Mg
2+

 ion concentration(s) increased due to charge screening effects 351 

and the extent of such decrease in the presence of Ca
2+

 was greater compared to that of 352 

Mg
2+

 (Figure S6a,b). This can be attributed to the stronger bridging effects of Ca
2+

 353 

compared to Mg
2+

,
47

 resulting in lower aggregation resistance, as reflected by the lower 354 

CCC values (Figure 4c,f). Comparison of the zeta potential in the presence of 355 

Ca
2+

/Mg
2+

/Na
+
 (Figure 5) and Na

+
 (Figure 2b) shows that a relatively low concentration 356 

of Ca
2+

/Mg
2+

 can significantly decrease the absolute value of the zeta potential of HA-Fe 357 

colloids (e.g., from − ~ 50 mV in 5 mM NaCl background solution to – 15~25 mV in 1 358 

mM Ca
2+

/Mg
2+ 

and 5 mM Na
+ 

solutions), which is attributed to divalent cations more 359 

effectively neutralizing surface charge than monovalent cations.
45-47 

360 

For a given C/Fe molar ratio, HA-Fe colloids formed under anoxic conditions are 361 

more stable against aggregation than those formed under oxic conditions, especially for 362 

lower C/Fe molar ratios (Figure 4). The CCC values of Ca
2+

 and Mg
2+

 for anoxic HA-363 

Fe(II) colloids were always higher than those for oxic HA-Fe(III) colloids and such 364 

difference was more pronounced when the C/Fe molar ratio was 1.6 (Figure 4c,f). 365 

Enhanced stability of anoxic HA-Fe(II) colloids might be related to the presence of free 366 

COO- group in HA (i.e. did not form bonds with Fe(II)) in anoxic conditions due to the 367 
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lower propensity of Fe(II) to associate with HA.
2,80

 This gives rise to considerably more 368 

negative zeta potential of anoxic HA-Fe colloids in both Ca
2+

 and Mg
2+

 solutions than for 369 

oxic HA-Fe colloids (Figures 5 and S6c,d). Higher stability of anoxic HA-Fe(II) colloids 370 

may also be, in part, due to their lower density relative to oxic HA-Fe(III) colloids, 371 

particularly at low C/Fe molar ratios. It is worth mentioning that a large fraction of truly 372 

dissolved Fe(II) existed in anoxic HA-Fe(II) colloids, which may increase the ionic 373 

strength of colloids and thus potentially decrease their stability. By removing truly 374 

dissolved Fe(II) in HA-Fe(II) colloids (C/Fe molar ratio of 1.6) using ultrafiltration in 375 

anoxic conditions, we compared the aggregation of anoxic HA-Fe(II) colloids with and 376 

without truly dissolved Fe(II). The CCC values for both cases are comparable (Figure S7), 377 

indicating minimal effect of truly dissolved Fe(II) with regard to stability. 378 

Colloid Deposition. Experiments with HA alone showed no deposition onto silica 379 

sensor surfaces in the absence of Ca
2+

/Mg
2+

 (Figure S8) due to repulsive electrostatic 380 

interactions between HA and silica. The deposition of HA onto positively charged PLL 381 

coated surfaces without Ca
2+

/Mg
2+

 increased linearly with HA concentration (R
2
 = 0.977, 382 

Figure S9) suggesting that normalized deposition of HA-Fe colloids is independent of 383 

HA concentration and can be monitored from the rate of frequency shift in QCM-D, as 384 

predicted by the Sauerbrey relationship.
81

 385 

Deposition attachment efficiency (αD) of HA-Fe colloids formed under oxic 386 

conditions is higher than that for colloids formed under anoxic conditions for both Ca
2+

 387 

and Mg
2+

 solutions (Figure 6a,b). This difference in deposition efficiency is similar to the 388 

trend for aggregation behaviors (Figure 4); the higher the aggregation of HA-Fe colloids, 389 

the higher the extent of HA-Fe colloids deposition onto silica surfaces. Enhanced 390 
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deposition for oxic conditions can be explained by the lower aggregation of the originally 391 

formed colloids at anoxic conditions than at oxic conditions (Figure 4). The αD of HA-Fe 392 

colloids in the presence of Ca
2+

 is slightly higher (1−1.4 times) than in the presence of 393 

Mg
2+

 for the same concentrations, due to the higher complexation and related bridging 394 

effects of Ca
2+

 ions with COO- groups of HA-Fe colloids.
47,82,83

 395 

The deposited layer stiffness was also assessed in terms of the slope of D to f 396 

(|∆D(3)/∆f(3)|), which is used to estimate the induced energy dissipation per coupled mass 397 

change.
45,84-86

 High |∆D(3)/∆f(3)| values indicate relatively loose deposits, while low 398 

|∆D(3)/∆f(3)| values indicate relatively rigid deposition layers.
45,82,87

 Regardless of 399 

favorable or unfavorable deposition conditions, |∆D(3)/∆f(3)| values obtained in oxic 400 

conditions are higher (2.6−4.2 times) than the values obtained in anoxic conditions 401 

(Figure 6c,d), suggesting that the deposited colloids from oxic conditions on both silica 402 

and PLL-coated surfaces are more dissipative and, thus looser, than the deposits of 403 

colloids formed under anoxic conditions. Under non-repulsive conditions, the |∆D(3)/∆f(3)| 404 

values for PLL coated surfaces are lower than the values on silica surfaces (Figure 6c,d), 405 

indicating that the deposition layers of HA-Fe colloids on favorable surfaces are more 406 

rigid (compact structure) than on unfavorable surfaces, which is likely due, in part, to the 407 

fact that HA-Fe colloids deposition on PLL-coated surfaces was mainly at the primary 408 

energy minimum while deposition of HA-Fe colloids on silica surfaces was controlled by 409 

the secondary energy minima.
82,88 

For both surfaces, an increase in Ca
2+

/Mg
2+

 410 

concentrations resulted in higher |∆D(3)/∆f(3)| values (Figure 6c,d), indicating that the 411 

deposition layer becomes more loosely attached to silica and PLL-coated surfaces with 412 

increasing ionic strength as a result of the formation/deposition of larger 413 
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aggregates.
82,86,87

 |∆D(3)/∆f(3)| values of HA-Fe colloids on both surfaces in the presence 414 

of Ca
2+

 are notably higher than in the presence of Mg
2+ 

(Figure 6c,d), which suggests that 415 

the deposited HA-Fe colloids layers in Ca
2+

 conditions are softer and more dissipative, 416 

which is consistent with other studies.
45,82 

417 

  418 

Environmental Implications. This study fundamentally expands our knowledge of HA 419 

interactions with Fe by providing new information on the formation and stability of 420 

NOM-Fe colloids, which are formed at anoxic-oxic interfaces. Such insight is valuable 421 

for deeper understanding of critical biogeochemical cycling aspects of C and Fe and the 422 

transport of colloid-associated contaminants, nutrients, and trace metals at redox sensitive 423 

interfaces, which are ubiquitous in the environment. Under conditions described, the 424 

stability of colloidal Fe depends on the C/Fe molar ratios. Organic-rich systems are thus 425 

likely to enhance the mobility of colloidal Fe. Findings from this study may also be 426 

extended to biotic systems in which HA-Fe(III) colloids can be formed during the bio-427 

oxidation of aqueous Fe(II) in the presence of HA.
89-91 

Colloids with enhanced stability 428 

may also have an impact on the fate and transport of contaminants, especially in the 429 

context of higher C/Fe molar ratios – resulting in more stable colloids, which are thus 430 

more mobile. As HA-Fe(II) colloids formed under anoxic conditions are reducing,
38,60

 it 431 

is also reasonable to anticipate that they are capable of reducing redox active 432 

contaminants (e.g., Cr(VI) and U(VI)). While reduced contaminants (e.g., Cr(III) and 433 

U(IV)) are generally considered to be less mobile under oxic conditions, their mobility, in 434 

association with stable HA-Fe colloids, would be relatively enhanced. We certainly 435 

realize that natural environments are more complicated than systems presented, based on 436 
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the presence of different types of NOM and periodic oscillation of redox conditions, and 437 

further research is required to extend the framework developed here to assess the redox 438 

properties, (extended) structures, and stability of NOM-Fe colloids in actual subsurface 439 

environments. 440 

 441 
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 709 

 710 
 711 

Figure 1. Percentage of (a,b) Fe and (c,d) HA concentrations in different size fractions at 712 

(a,c) anoxic and (b,d) oxic steady-state conditions as a function of initial C/Fe molar 713 

ratios. The percentage in y-axis means the concentration of Fe and HA in a certain size 714 

fraction to the total concentration of Fe and HA in the suspension. Please note that all Fe 715 

in the anoxic samples was Fe(II) and all Fe in the oxidized samples was Fe(III). Error 716 

bars represent standard deviations of triplicate measurements. 717 
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 719 
Figure 2. (a) Z-averaged hydrodynamic diameter and (b) zeta potential of colloids and 720 

larger particles in HA-Fe suspension at anoxic and oxic steady-state conditions as a 721 

function of initial C/Fe molar ratios. Error bars represent standard deviations of triplicate 722 

measurements. 723 
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 725 
 726 

Figure 3. TEM observation of different initial C/Fe molar ratios suspension at oxic 727 

steady-state conditions. (a) C/Fe = 0.5; (b) C/Fe = 1.4; (c) C/Fe = 4.7; (d) C/Fe = 23.3. 728 

The insert in panel d represents the high magnification of micrograph. 729 
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 735 
 736 

Figure 4. Attachment efficiency of HA-Fe colloids formed at (a, d) anoxic and (b, e) oxic 737 

conditions for different C/Fe molar ratios as a function of concentrations of (a, b) Ca
2+

 738 

and (d, e) Mg
2+

 at pH 7. The corresponding critical coagulation concentration (CCC), 739 

which was summarized in panels c and f, was derived by intersection of extrapolations 740 

through reaction-limited and diffusion-limited regimes as an index of particle stability. 741 
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 742 
 743 

Figure 5. Zeta potentials of different C/Fe molar ratios of HA-Fe colloids formed at (a, c) 744 

anoxic and (b, d) oxic conditions respectively over a range of (a, b) Ca
2+

 and (c, d) Mg
2+

 745 

concentrations at pH 7. Each data point shows the mean of 10 measurements of duplicate 746 

samples. Error bars represent standard deviations. 747 
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 748 
Figure 6. Deposition attachment efficiency of HA-Fe colloids formed at anoxic and oxic 749 

conditions in the presence of (a) Ca
2+

 and (b) Mg
2+

 onto silica surfaces. |∆D(3)/∆f(3)| of 750 

HA-Fe colloids deposition in the presence of (c) Ca
2+

 and (d) Mg
2+

 onto silica and PLL 751 

surfaces. 752 
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