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Abstract: Fe/Mn (hydr)oxides are metallic compounds that exhibit significant redox activity in
environmental media and play a pivotal role in geochemical processes, thereby influencing the fate
of metals in porous media. The morphology of Fe/Mn (hydr)oxides in natural environments and
their interactions with trace metals are significantly influenced by the presence of natural organic
matter (NOM). However, there is limited understanding regarding the formation, transport, and
stability of Fe/Mn (hydr)oxides in the environment. The present study employed humic acid (HA)
as a representative NOM material to investigate the positive influence of HA on the formation of
Fe/Mn colloids. However, there remains limited comprehension regarding the formation, transport,
and stability of Fe/Mn (hydr)oxides in the natural environment. In this study, we investigated the
positive effect of natural organic matter (NOM) on the formation of Fe/Mn colloids using humic
acid (HA) as a representative NOM material. We comprehensively characterized the chemical
and physical properties of HA-Fe/Mn colloids formed under various environmentally relevant
conditions and quantitatively analyzed their subsequent aggregation and stability behaviors. The
findings suggest that the molar ratios of C to Fe/Mn (hydr)oxide play a pivotal role in influencing
the properties of HA-Fe/Mn colloids. The formation and stability of HA-Fe/Mn colloids exhibit
an upward trend with increasing initial molar ratios of C to Fe/Mn. Redox and metal—carboxylic
acid complexation reactions between HA and hydrated iron/manganese oxides play a pivotal role
in forming colloidal HA-Fe/Mn complexes. Subsequent investigations simulating porous media
environments have demonstrated that the colloidal structure resulting from the interaction between
HA and Fe/Mn facilitates their migration within surrounding porous media while also enhancing
their retention in the surface layers of these media. This study offers novel insights into the formation
and stabilization mechanisms of HA-Fe/Mn colloids, which are pivotal for comprehending the
behavior of Fe/Mn colloids and the involvement of Fe/Mn (hydr)oxides in geochemical cycling
processes within porous media.

Keywords: natural organic matter; humic acid; Fe/Mn (hydr)oxides; HA-Fe/Mn colloids; colloid
formation; stability

1. Introduction

Global concern over the accumulation of heavy metal ions (HMs) in the soil and
groundwater resulting from anthropogenic industrial activities has been the subject of
significant scholarly attention in recent decades [1-3]. Significantly, the co-occurrence of
arsenic, cadmium, and lead contamination is particularly severe in regions associated
with metal mining, smelting operations, metal processing facilities, and areas irrigated
with sewage [4-6]. Iron/manganese hydroxide and oxide mixtures (Fe/Mn (hydr)oxides)
are widely present in natural soil environments and play a significant role in various
biogeochemical processes, including adsorption and redox reactions [7]. The active surface
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hydroxyl sites and high adsorption capacity of Fe/Mn (hydr)oxides render them significant
adsorbents [8,9]. However, natural organic matter plays a pivotal role in regulating the
transport and fate of HMs within intricate geochemical cycles as crucial environmental
carriers by forming colloids with Fe/Mn (hydr)oxides.

The binding of Fe and Mn to natural organic matter (NOM) in environmental media
has been widely observed at the anoxic-aerobic interface [10-12]. This interaction between
NOM and Fe/Mn can regulate the morphology, toxicity, and transport of trace metals,
leading to the formation of colloidal Fe and Mn species [13-16]. Humic acid (HA), a typical
NOM in the soil environment, contains carboxyl and hydroxyl functional groups that prefer-
entially form stable complexes with Fe3* and Mn?* [17]. For example, Liao et al. [18] demon-
strated that the formation of colloidal HA-Fe species controls the fate and transport of
metallic chromium, while Zhang et al. [19] revealed the crucial role played by Mn(III)-HA
colloids in mediating As(IlI) fixation by Mn. The interactions between HA and Fe/Mn
(hydr)oxides are crucial in determining the formation, transport, and stabilization of HA-
Fe/Mn colloids, which play a pivotal role in influencing the fate of organic compounds
and metals within the global carbon cycle. Therefore, comprehending the underlying mech-
anism governing the interaction between HA and Fe/Mn (hydr)oxides holds significant
environmental importance.

In this study, we systematically investigated the interaction mechanism governing the
formation, migration, and stability of HA-Fe/Mn colloids in environmental matrices. The
reaction mechanism between HA and Fe/Mn, as well as the impact of colloid formation,
was substantiated by adjusting the molar ratios between C and Fe/Mn. Subsequently, a
series of characterization techniques were employed to further authenticate the nature of the
colloid and elucidate its formation mechanism. Furthermore, the migration behavior of HA-
Fe/Mn colloids in natural environments was elucidated at the molecular level by simulating
porous media using a quartz crystal microbalance with dissipation monitoring (QCM-D).
Finally, the enhanced stability of the formed HA-Fe/Mn colloids in environmental media
was determined. This study provides valuable insights to elucidate the binding mechanism
of HA with Fe/Mn and predicts the environmental fate of the colloidal phase formed by
HA-Fe/Mn, thus offering new perspectives on metal control strategies using Fe-Mn oxides
as environmental carriers.

2. Materials and Methods
2.1. Materials

Humic acid (HA) was purchased from Yuanye Technology and represents the typical
NOM of terrestrial origin [20,21]. The fluorescence spectra results are presented in Figure S1.
2-[4-(2-hydroxyethyl)piperazin-1-yl] ethanesulfonic acid (CgH1sN»O4S) was purchased
from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Phytic acid
(H2504, 99%), nitric acid (HNOj3, 70%), hydrochloric acid (HCl, 36%), sodium hydroxide
(NaOR), ferrous sulfate (FeSO4-7H,0), and calcium chloride (CaCl,) were commercially
available from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Magnesium
chloride (MgCl,) and sodium chloride (NaCl) were purchased from Shanghai Macklin
Biochemical Technology Co., Ltd. (Shanghai, China). Potassium permanganate (KMnOy)
was commercially obtained from Xilong Scientific Co., Ltd. (Guangzhou, China). All the
reagent solutions were prepared using ultrapure water (resistivity >18 M(Q)-cm, Milli-Q,
Millipore, Shanghai, China). The chemicals utilized in this study, with the exception of HA,
were all of analytical pure grade.

2.2. Formation and Characterization of HA-Fe/Mn

The HA suspensions, prepared with a concentration range of 0-50 mg C/L, were
initially introduced into ultrapure water. Subsequently, the HA suspensions were sup-
plemented with 10 mg/L of FeSO4 and 10 mg/L of KMnOy to achieve a mixed solu-
tion featuring a C:Fe/Mn molar ratio ranging from 0 to 21.5. The molar ratio range of
0-21.5 was selected as it encompasses the typical C/Fe-Mn molar ratios observed in sedi-
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ments [14,22,23]. The mixed solution was stirred at a speed of 400 rpm for 12 h at room
temperature to generate the desired HA-Fe/Mn colloid. All the reactions were conducted
in a glass reactor equipped with a lid and continuous stirring, which was shielded with alu-
minum foil to prevent any potential photochemical reactions. The environmentally relevant
pH for all experiments was set to 7.0 and maintained at 7.0 &= 0.1 using a 5 mM solution of
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, >99.5%) buffer, chosen for
its minimal impact on the interaction between HA and Fe/Mn (hydr)oxides [24,25]. All
the reactors contained 5 mM NaCl, which, together with the ionic strength contributed by
the HEPES, corresponds to the typical ionic strength of freshwater aquifers [26]. Due to
the significant impact of background buffer (5 mM HEPES) on the accurate determination
of the HA concentration using TOC analysis, NaOH and HCl were employed in lieu of
HEPES to maintain the suspension’s pH at 7.0 + 0.2 using a pH titrator (Orion Star T910)
for a series of experiments involving TOC measurements of the HA concentration.

In this study, the ratio of Fe to Mn ions was determined to be 3:1 based on the spatial
and temporal variability in water-soluble Fe and Mn ions in soil samples collected from
Lengshuijiang City, Hunan Province (27°74' N, 111°47’ E), as outlined in the Supplementary
Information (Text S2, Tables S1 and S2). A grid was established around the perimeter based
on satellite images, with sampling points set up at 0.5 km intervals within a 2 km radius.
Surface (0~20 cm) soil samples were collected following the Technical Specification for Soil
Environmental Tests (H] /T 166—2004). At each sampling point, five soil samples were
collected and mixed in situ using an orthogonal method to obtain approximately 1 kg of
soil samples.

2.3. Analytical Methods

The concentrations of Fe, Mn, and HA in soil samples from different particle size
fractions were initially determined through wet chemical analysis in this study. In this
context, colloids are explicitly defined as particulate matter with particle sizes ranging
from 10,000 Dalton (approximately 1-3 nm) to 0.45 um. Samples that pass through a
10,000—Dalton ultrafiltration membrane are classified as fractions in a truly dissolved state,
while those retained by a 0.45 um polyethersulfone filter membrane are considered particu-
late matter. The utilization of the 10,000 Dalton ultrafiltration membrane in conjunction
with the 0.45 um filtration membrane allows for precise differentiation of the authentic
dissolved state Mn and HA fractions (with diameters less than 1-3 nm), the colloidal state
(ranging from 1-3 nm to 450 nm in diameter), and the particulate state material (exceeding
450 nm in diameter) present within the samples.

The samples were acidified with a 2% HNOj3 solution, and the concentrations of Mn
and Fe in the aqueous solution were determined using an Agilent 720ES (OES) inductively
coupled plasma-optical emission spectrometer (ICP-OES) and an Agilent 7700 (MS) induc-
tively coupled plasma mass spectrometer (ICP-MS), both from the USA. The stability of the
system was evaluated using a zeta potential meter (Nano ZS, Malvern Inc., Westborough,
MA, USA) during the deposition process. The morphology of the particles formed in con-
densation was observed using transmission electron microscopy (TEM, Talos F200S, USA),
and their average size was quantified using Image]J software version 1.54j (LOCI, 1.46r,
USA). The Total Organic Carbon (TOC) was quantified using a Multi N/C 3100 Analyzer,
while major components of HA were explored by collecting Excitation-Emission Matrix
(EEM) data with a Hitachi F—7000 fluorescence spectrophotometer.

The HA-Fe/Mn and comparison samples were freeze-dried, and functional group
analysis was conducted using Fourier transform infrared spectroscopy (FTIR, Nicolet
iS50, USA). Crystallographic information was obtained through X-ray diffraction (XRD,
Rigaku RINT, Japan), while changes in chemical composition were determined by X-ray
photoelectron spectroscopy (XPS, ESCALAB Xi+, USA).
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2.4. Aggregation of HA—Fe/Mn Colloids

The aggregation kinetics of the colloidal suspensions was investigated using time-
resolved dynamic light scattering (DLS) measurements. All the light scattering experiments
were conducted at a scattering angle of 90°. A complete autocorrelation function was
recorded every 15 s, and DLS samples were aggregated for 20 min. The aggregation
kinetics of the colloids were assessed with varying Ca?* (0.5-7 mM) and Mg?* (3-20 mM)
concentrations. For each measurement, a suspension of HA-Fe/Mn colloids in CaCl,
or MgCl, electrolyte solution at a pH of 7.0 £v0.1 was prepared and quickly added to a
polystyrene cuvette and capped. After mixing for 1.5 s, the aggregation was monitored
as described above. Detailed experimental procedures and calculations are provided in
Text S3 [27,28].

2.5. Colloid Deposition Kinetics

A quartz crystal microbalance with dissipation (QCM-D, QSense Analyzer) equipped
with four flow cells was used to evaluate the deposition of HA-Fe/Mn colloids on the
silica interface. A silica surface was chosen as the model surface because it represents an
important environmental surface with properties like quartz sand. The deposition experi-
ments were conducted following the previous literature [27]. Briefly, a HEPES/NaCl/pH 7
solution was introduced into the chamber to establish a baseline until the mean normalized
third overtone tone shift no longer exceeded 0.5 Hz, stabilizing the baseline for 10 min.
Next, the HA-Fe/Mn colloidal suspensions with different C/Fe-Mn molar ratios and the
same electrolyte were injected into the sensor for 20 min. Changes in the frequency (Af) and
energy dissipation (AD) of the S5iOy —coated (5 MHz) QCM-D crystals were simultaneously
monitored. The frequency and dissipation at the third overtone were used to calculate and
plot for assessment of the deposited layer stiffness. Details of the experimental program
are described in Text S4 [29,30].

3. Results
3.1. Inhibition of Fe/Mn (Hydr)oxide Coagulation Behavior by HA

This study examined the impact of HA concentration on the structure of Fe/Mn col-
loids, and Figure 1 was generated by normalizing the data presented in Table S4. The
distribution of colloidal Fe/Mn content in the HA-Fe/Mn suspensions (1-450 nm) was
observed to increase with the initial molar ratios of carbon and Fe/Mn (hydr)oxide inter-
actions (C:Fe/Mn) under steady-state conditions. The presence of colloidal Fe/Mn forms
gradually increased from C:Fe/Mn = 0 to higher levels (Figure 1a), reaching a maximum
at a C:Fe/Mn ratio of 21.5, with percentages of 84.41% and 45.1% for Fe and Mn, respec-
tively. With the increase in HA content, the colloidal form of Fe exhibited a significantly
higher abundance compared to Mn. Commencing at C:Fe/Mn = 0, the morphological
characteristics of colloidal Fe/Mn gradually increased (Figure 1a,b), reaching their peak at
C:Fe/Mn = 21.5, with Fe and Mn proportions of 84.41% and 45.1%, respectively. Addition-
ally, it is noteworthy that the abundance of colloidal Fe surpasses that of Mn as the content
of humic acid increases. In accordance with the variation in Fe and Mn in different particle
size fractions, the presence of colloidal HA increased proportionally to an elevated molar
ratio between C and Fe/Mn (hydr)oxides (Figure 1c). Notably, a substantial amount of col-
loidal HA was obtained even at C and Fe/Mn molar ratios as low as 0.4. This phenomenon
could be attributed to ligand exchange through the complexation between HA and soluble
Fe/Mn (<1-3 nm), resulting in a reduction in the content of soluble HA [31]. Therefore, the
primary factor contributing to the formation of HA-Fe/Mn colloids was the synergistic
activation and complexation between HA and Fe/Mn.
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Figure 1. Particle size distribution of (a) Fe, (b) Mn, and (c) C in HA-Fe/Mn suspensions with varying
C/Fe-Mn molar ratios.

3.2. Mechanism of HA Binding to Fe/Mn

By conducting an in-depth analysis of the FTIR data both before and after the intro-
duction of HA, we gained comprehensive insights into the intricate mechanism underlying
organic binding to Fe/Mn (hydr)oxides, thereby enabling us to determine the chemical
properties exhibited by the HA-Fe /Mn colloids (Figure 2a). The FTIR spectra of the Fe/Mn
(hydr)oxides exhibit significant distinctions from those of HA-Fe/Mn, indicating notable
variations between the two. Prior to the reaction, a prominent adsorption band is observed
at 610 cm~! for Fe/Mn (hydr)oxides, which can be attributed to the metal peak, accompa-
nied by the corresponding M-O structure. Additionally, the peak at 1108 cm~! corresponds
to the -OH vibrational mode of Fe/Mn (hydr)oxides [32]. After being activated and com-
plexed by HA, the characteristic peaks of HA-Fe/Mn disappear, while COO- stretching
bands at 1573 and 1380 cm~! emerge, indicating the formation of metal-carboxylic acid
bonds [33,34]. Therefore, in terms of HA-Fe/Mn colloid formation, the COO- functional
group may serve as the primary binding site for HA to Fe/Mn (hydr)oxides, playing a cru-
cial role in mediating interactions between natural organic matter and Fe/Mn (hydr)oxides,
as well as HA-Fe/Mn colloids.

HA-Fe/Mn HA-Fe/Mn
Fe/Mn (hydr)oxides @ Fe/Mn (hydr)oxides
o s
5= .
- - =R
= 5| 8¢ ¢
& &l 28 1
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Figure 2. (a) FTIR results of HA-Fe/Mn and Fe/Mn (hydr)oxides and (b) XRD patterns of HA-
Fe/Mn and Fe/Mn (hydr)oxides. FTIR analyses were performed on solid samples at a fixed initial
molar C:Fe/Mn ratio of 4.3.
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The structural changes following the Introduction of HA were determined by analyz-
ing the crystal structure of the resulting HA-Fe/Mn colloids (Figure 2b). Diffraction peaks
observed in the XRD spectra of Fe/Mn prior to the introduction of HA were found at 25.6°,
30.2°,37.8°,41.8°, and 53.3°, corresponding to (012), (104), (110), (113), and (018), respec-
tively, which are consistent with the results obtained for Fe/Mn (hydr)oxides [35,36]. The
XRD results above indicate the successful synthesis of Fe/Mn (hydr)oxides. However, due
to the natural porous medium simulation in the synthesis system, the crystalline phase
structure of Fe/Mn (hydr)oxides obtained at room temperature is less apparent. However,
the introduction of HA did not result in the observation of characteristic peaks associated
with Fe/Mn (hydr)oxides, suggesting a lack of crystallinity or an amorphous nature [28].

The choice of HA-Fe/Mn (C:Fe/Mn = 4.3) was made based on the critical stability of
NOM-Fe/Mn colloids at this ratio, which was sufficient for stabilization in the medium.
The morphology and distribution of HA and HA-Fe/Mn (C:Fe/Mn = 4.3) were inves-
tigated using TEM imaging, with varying molar ratios (Figure 3a—d). The microscopic
morphological features of Fe/Mn (hydr)oxides and HA are depicted in Figure 3a and b,
respectively. These images primarily exhibit distinct fine line structures that demonstrate a
cross-linked agglomerate morphology. Microscopic morphology analysis of the HA-Fe/Mn
colloid structure and distribution revealed (Figure 3c) that the introduction of HA led to an
observable increase in cross-linking morphology, accompanied by enhanced dispersion,
which could potentially be attributed to complexation phenomena. The structure and
elemental distribution of Fe and Mn in the HA-Fe/Mn colloids were further investigated
using TEM imaging and energy-dispersive spectroscopy (EDS). By analyzing the elemental
distribution of Fe (Figure 3e) and Mn (Figure 3f), it is apparent that the formation of HA-
Fe/Mn colloids in an HA matrix is uniformly distributed. This indicates that the presence
of HA can effectively serve as a geochemical carrier for binding the elements Fe and Mn.

The Fe 2p spectra of the Fe/Mn (hydr)oxides revealed the prevalence of Fe(Ill) as
the dominant iron species (Figure 4a). In the absence of HA, the surface ratio of Fe(IlI)
to Fe(Il) on Fe/Mn (hydr)oxides was determined to be 1.46. In contrast, the ratio of
Fe(III) to Fe(II) on the HA-Fe/Mn surface is 0.82 (Figure 4c). Interestingly, the Mn 2p
spectrum of HA-Fe/Mn (Figure 4d) exhibits a higher occupancy of Mn(IV) in comparison
to that observed in Fe/Mn (hydr)oxides (Figure 4b). This observation suggests that the
introduction of HA significantly influences the redox process between Fe and Mn, resulting
in a higher proportion of Fe and Mn existing as Fe(II) and Mn(IV) [37,38]. The presence
of HA as an electron acceptor in the redox reaction of Fe/Mn (hydr)oxides influences
their crystallization process, thereby accounting for the observed limited crystallinity of
HA-Fe/Mn colloids based on XRD characterization (Figure 2b) [39,40].

(b) (c)

Figure 3. Cont.
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Figure 3. TEM patterns of (a) Fe/Mn (hydr)oxides, (b) HA, (c) HA-Fe/Mn, (d—f) TEM-EDS elemental
mapping images of HA-Fe/Mn (C:Fe/Mn = 4.3).

Mn 2
Fe 2p nep

o | FedD: FeD=146 2 | Mn@m:Maavi=1.97

s 2 Mn(I1T)
£ Fe(IIT) g

2 Fe(Il) € £
g g Mn(IV)
E N K E \

720 715 710 705 660 655 650 645 640 635

Binding energy (eV) Binding energy (eV)
(a) (b)
Fe 2p Mn 2p
Mn(IIT):Mn (AV)=0.54

- Fe(III) - Mn(IIT)
3 | Feam:Fean-o.s2 ] Ma(v)

> Fe(l e -

g ) 5 S

g £

= =

720 15 710 660 655 650 645 640 635

Binding energy (eV)

(c)

Binding energy (eV)

(d)

Figure 4. XPS spectroscopy. (a) Fe 2p and (b) Mn 2p spectra of Fe/Mn (hydr)oxide and (c) Fen2p and
(d) Mn 2p spectra of HA-Fe/Mn. The solid samples were analyzed by XPS at a fixed initial molar
C:Fe/Mn ratio of 4.3.
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3.3. Microscopic Migration Mechanisms of HA—Fe/Mn Colloids

To investigate the migration behavior of the HA-Fe/Mn colloids, we utilized Ca?",
Mg?*, and silica sensors to simulate the actual colloid migration environment. The in
situ adsorption process of the HA-Fe/Mn colloids onto silica sensors was continuously
monitored in real time using QCM-D (Figure 5). Based on the temporal trend in the
normalized frequency shift, it was observed that HA-Fe /Mn colloids with lower C:Fe/Mn
molar ratios (concentrations below 5 mg C/L) exhibited a significant decrease in sensor
frequency and reached surface saturation (equilibrium) rapidly. This was attributed to
the larger particle size and higher surface potential of the HA-Fe/Mn colloids with lower
C:Fe/Mn molar ratios compared to those with higher C:Fe/Mn molar ratios. At relatively
high C:Fe/Mn molar ratios (concentrations exceeding 5 mg C/L), the deposition frequency
of HA-Fe/Mn colloids on the sensors was found to be low, potentially due to electrostatic
repulsion, which hinders the attachment of negatively charged HA-Fe/Mn colloids onto
the negatively charged sensor surface in a near-neutral environment (pH 7). As a result, the
deposition of HA-Fe/Mn on silica decreased as the C:Fe/Mn molar ratio increased due to
the presence of natural organic matter. The results of this study confirm that the migratory
properties of Fe/Mn (hydr)oxide colloids at the quartz interface are significantly enhanced
when the concentration of HA exceeds 5 mg C/L, providing information on the migration
of these particles in porous media where no significant attachment occurs.
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Figure 5. Normalized frequency shifts at the third overtone of (a) HA-Fe/Mn colloids deposited
on the silica surface under pH 7 conditions and (b) attachment efficiency of HA-Fe/Mn colloids
deposited on the silica surface. (c) The deposition adhesion efficiency of HA-Fe/Mn colloids on the
silica surface in the presence of Ca%* and Mg2+. IAD(3)/Af(3) | for (d) the deposition of HA-Fe/Mn
colloids on the silica surface in the presence of Ca®* and Mg?*.
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The deposition rates were investigated under realistic migration conditions, simulating
the presence of calcium and magnesium cations. It was observed that the deposition rate
of HA-Fe/Mn was higher in the presence of Ca>* compared to Mg?* (Figure 5¢c). The
deposition rate of Ca?* ions exceeded that of Mg?* ions, primarily attributed to their
enhanced capacity for complex formation with the COO- layer within the colloid, thereby
accelerating HA-Fe/Mn deposition. According to the Sauerbrey equation, the hardness
assessment of the deposited layer was determined by calculating the slope value of energy
dissipation and frequency (| AD(3)/Af(3) ), where higher values indicate lower compaction
and lower values indicate greater hardness of the deposited layers (Figure 5d). This finding
further supports our previous observation that under identical concentration conditions,
the presence of Ca?* and Mg?* promotes the formation of a more compact deposition layer,
facilitating the retention of HA-Fe/Mn colloids on porous media surfaces and enhancing
their effectiveness in removing a wide range of heavy metals.

3.4. Aggregation and Stability of HA—Fe/Mn Colloids

The stability of the HA-Fe/Mn colloids (Figure 6a—d) was assessed by analyzing
the growth data on their hydrodynamic diameters, while attachment efficiencies were
determined for various concentrations of divalent electrolytes (Figure 6e-h). The molar
ratio between carbon and Fe/Mn (hydr)oxides was investigated in CaCl, and MgCl, elec-
trolyte solutions to elucidate the mechanism of HA-Fe/Mn aggregation behavior. The
Der—jaguin—-Landau—Verwey—-Overbeek (DLVO) theory predicts the stability of colloids
by quantitatively assessing the balance between the repulsive and attractive forces act-
ing on particles. If the repulsive force exceeds the attractive force, colloidal particles will
remain dispersed; conversely, if a dominant attractive force prevails, particle aggregation oc-
curs [41,42]. The experimental results show that the observed behavior of a reaction-limited
mechanism (x < 1) at lower electrolyte concentrations and a diffusion-limited mechanism
(o« = 1) at higher electrolyte concentrations suggests that the aggregation dynamics of
HA-Fe/Mn colloids align with the DLVO theory. The HA-Fe/Mn colloids formed at high
concentrations and Fe/Mn (hydr)oxide molar ratios (21.5) exhibit reduced tendencies to
aggregate and demonstrate remarkable stability (Figure 6f). This can be attributed to the
increased presence of negatively charged HA groups, resulting in enhanced interparticle
repulsion and consequently a stronger dispersion stability compared to colloids formed at
lower C:Fe/Mn molar ratios (4.3).

The critical condensation concentration (CCC) value was determined according to
the intersection of reaction-limited aggregation and diffusion-limited aggregation, which
represents the minimum electrolyte strength required for complete destabilization of the
colloid [43]. The CCC values of HA-Fe/Mn in the CaCl, electrolyte solution are shown in
Figure 6g, which were measured as 3.7 mM (C:Fe/Mn = 4.3) and 7.7 mM (C:Fe/Mn = 21.5),
respectively. Similarly, the CCC values of HA-Fe/Mn in the MgCl, electrolyte solution
were determined to be 7.3 mM and 14.7 mM, respectively (Figure 6f). The CCC value of HA-
Fe/Mn was observed to increase with the molar ratio between C and Fe/Mn, indicating
that a higher content of HA contributed to enhancing the stability of HA-Fe/Mn and
effectively counteracted the complexation/bridging effect induced by divalent cations in
subsurface environments.
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Figure 6. Representative time-resolved aggregation curves of HA-Fe/Mn colloids at different mo-
ments in (a,c) Ca?* environment and (b,d) Mg2+ environment. Adhesion efficiency of HA-Fe/Mn col-
loids with different C:Fe/Mn molar ratios as a function of (e) Ca?* and (g) Mg?* concentrations. The
corresponding critical coagulation concentrations (CCCs) were derived through cross-extrapolation
under reaction-limited and diffusion-limited conditions, summarized in (f,h), as indicators of particle
water stability.
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4. Conclusions

In this study, we present findings on the formation and stability of HA-Fe/Mn colloids
in porous media systems. To elucidate the mechanism underlying the interaction between
humic acid and Fe/Mn (hydr)oxides, we investigated its impact on the morphological
transformation of Fe/Mn (hydr)oxides. It was demonstrated that the molar ratio of carbon
to Fe/Mn plays a crucial role in determining the properties of HA-Fe/Mn colloids. Higher
initial molar ratios of carbon to Fe/Mn tend to enhance the formation and stability of
HA-Fe/Mn colloids. Meanwhile, the redox reaction between HA and Fe/Mn (hydr) oxides
induces a change in the valence states of Fe and Mn, which affects the structural features
of the nanoparticles. The carboxyl functional groups on the surface of HA form a metal-
carboxyl bonding structure, facilitating colloid formation. Furthermore, we quantitatively
investigated the nanoscale migration behavior of HA-Fe/Mn in simulated porous media.
The reaction between HA and Fe/Mn (hydr)oxides results in colloid structure formation,
enabling their migration within porous media under ambient conditions while also pro-
moting their retention within surface layers. This research provides valuable insights into
important aspects related to the biogeochemical cycling of HA and Fe/Mn, as well as
transport mechanisms for colloid-associated contaminants, nutrients, and trace metals in
porous media.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/environments11070136/s1. Figure S1: 3D fluorescence spectrum
of HA; Table S1: Summary of Batch HA-Fe/Mn Colloid Formation Experiments; Table S2: The
main physicochemical properties; Table S3: Range distribution of fluorescence area integrals for HA;
Table S4: Particle size distribution of HA-Fe/Mn suspensions.
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