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Abstract
The possible adverse effects of engineered iron oxide nanoparticles, especially magnetite (Fe3O4 NP), on human health and 
the environment, have raised concerns about their transport and behavior in soil and water systems. Accumulating these NPs 
in the environment can substantially affect soil and water quality and the well-being of aquatic and terrestrial organisms. 
Therefore, it is essential to examine the factors that affect Fe3O4 NP transportation and behavior in soil and water systems to 
determine their possible environmental fate. In this work, experiments were conducted in aqueous and porous media using 
an environmentally relevant range of pH (5, 7, 9), ionic strength (IS) (10, 50, 100 mM), and humic acid (HA) (0.1, 1, 10 mg 
L−1) concentrations. Fe3O4 NPs exhibited severe colloidal instability at pH 7 (⁓ = pHPZC) and showed an improvement in 
apparent colloidal stability at pH 5 and 9 in aquatic and terrestrial environments. HA in the background solutions promoted 
the overall transport of Fe3O4 NPs by enhancing the colloidal stability. The increased ionic strength in aqueous media hin-
dered the transport by electron double-layer compression and electrostatic repulsion; however, in porous media, the transport 
was hindered by ionic compression. Furthermore, the transport behavior of Fe3O4 NPs was investigated in different natural 
waters such as rivers, lakes, taps, and groundwater. The interaction energy pattern in aquatic systems was estimated using the 
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory. This study showed the effects of various physical–chemical conditions 
on Fe3O4 NP transport in aqueous and porous (sand) media.
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Introduction

Iron oxide nanoparticles (Fe3O4 NPs) have remarkable char-
acteristics such as superparamagnetic capabilities, large 
surface-to-volume ratio, and biocompatibility; thus, it is the 

choice of interest for many applications (Ali et al. 2016). 
Magnetite (Fe3O4) is one of the most prevalent forms of 
iron oxide occurring in nature (Elias and Alderton 2020). 
The engineered Fe3O4 NPs are generally acceptable for 
many applications such as sensor development, pigment 
production, biomedical imaging, ferrofluid technology, 
and environmental remediation (Imran et al. 2021; Kumar 
et al. 2021). Nevertheless, the extensive use of Fe3O4 NPs 
is potentially detrimental to aquatic biota and human life. 
Fe3O4 NPs are released into the aquatic and terrestrial envi-
ronments through various anthropogenic processes. The 
fate of Fe3O4 NPs in the environment is influenced by their 
physical and chemical properties, such as size, shape, and 
crystal structure. For instance, the smaller magnetite parti-
cles can be transported further in the environment and are 
more mobile, but larger particles may settle more rapidly and 
accumulate in certain regions (Popescu et al. 2019; Vinde-
dahl et al. 2016). The surface properties may also influence 
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their fate in the environment. For instance, natural organic 
matter (NOM) may be coated on the surface of Fe3O4 NPs, 
which may impact their ability to interact with other ele-
ments of the environment (Daoush 2017). After being 
released into the environment, Fe3O4 NPs are exposed to 
multiple environmental conditions of the aquatic and terres-
trial systems, such as pH, ionic strength, flow velocity, pore 
size, and concentration of natural organic matter (NOM) 
(Goswami et al. 2017; Lei et al. 2018). These NPs may be 
deposited in porous media or transported via aqueous media 
once in the environment, potentially toxic to terrestrial and 
aquatic organisms (Naz et al. 2022; Ouyang et al. 2022; Yu 
et al. 2014). Different environmental factors, however, may 
impact the fate and toxicity of Fe3O4 NPs (Galloway et al. 
2017; Kahlon et al. 2018).

The transport of NPs in aqueous and porous media sig-
nificantly affects how they will behave in the environment 
and how they may affect the environment and human health. 
Several components, including IS and NOM, govern the 
transport in aqueous media. In contrast, transport in porous 
media is primarily determined by physical processes such as 
advection, diffusion, and retention in the pore spaces (Diby-
anshu et al. 2022, Ling et al. 2021, Meng and Yang 2019). 
Multiple research groups have previously explored the effect 
of several environmentally significant physicochemical fac-
tors on the transport and behavior of Fe3O4 NPs (Chen et al. 
2019; Fazeli Sangani et al. 2019; Wang et al. 2022). Surface 
charge and pH levels substantially impact NPs’ behavior in 
the aqueous environment. The NPs’ high surface charges 
at both high and low pH levels cause stronger electrostatic 
repulsion between them, which prevents them from aggre-
gating. However, as the pH gets closer to the point of zero 
charge (PZC) for the particles, the surface charge of the 
particle gets shielded by the water ions, which diminishes 
electrostatic repulsion and ultimately raises the probability 
of aggregation (Chekli et al. 2013). Adding NOM enhanced 
the stability of iron oxide NPs in the aqueous environment. 
The higher environmental concentration of NOM trig-
gered NP disaggregation due to the enhanced steric repul-
sion induced by the sorption of negatively charged NOM 
molecules (Baalousha 2009). The transport of Fe3O4 NPs 
in porous media presents distinctive hurdles owing to vari-
ous factors, including their dimensions, surface properties, 
interactions with the solid matrix, and the coexistence of 
additional substances. These factors intricately affect the 
stability, aggregation, and deposition of the NPs, conse-
quently shaping their fate and spatial distribution within the 
media. Li et al. investigated iron oxide’s co-transport and 
retention behavior and different-sized plastic particles in 
saturated sand media. Their findings suggest that the steric 
repulsion, variation of retention sites on sand particles, and 
the modification of Fe3O4 surface properties were the factors 
governing the transport mechanism (Li et al. 2019). Another 

study by Carstens and coworkers evaluated the effect of flow 
interruption on iron oxide of organic matter–coated goethite 
(OMCG) colloids in quartz sand media. The main reason 
for deposition during flow retardation was colloidal capture 
at sites with desirable DLVO/XDLVO interactions, which 
was encouraged by quick colloidal settling onto the solid 
matrix (Carstens et al. 2017). However, there is little knowl-
edge about the fate and transport of Fe3O4 NPs in real-world 
environmental conditions. Therefore, for determining their 
potential adverse effects on the environment and establishing 
efficient mitigation approaches, a thorough understanding of 
the transport of nanoparticles in both porous and aqueous 
media is essential. As previously mentioned, the transport 
behavior of Fe3O4 NPs under aqueous and porous media 
with diverse chemical conditions has been studied. A Fe3O4 
concentration of 50 mg L−1 was considered to evaluate max-
imum environmental impact and transport behavior. Various 
solution chemistry (including pH, IS, and NOM) crucial to 
NP suspensions’ stability, aggregation, and deposition was 
considered.

This study is the first to investigate the transport profile 
of Fe3O4 NPs in the aqueous and porous media, considering 
various environmentally relevant solution chemistry factors. 
The aggregation, transport, and deposition characteristics of 
Fe3O4 NPs in these environments were critically analyzed. It 
was hypothesized that several physicochemical factors will 
considerably influence the sedimentation and deposition 
patterns of Fe3O4 NPs, hence influencing its transport in 
aqueous and terrestrial environments. The Fe3O4 NPs were 
characterized by FT-IR, XRD, TEM, and EDAX techniques. 
In addition, the observed transport profiles were mathemati-
cally validated using the DLVO interaction energy modeling. 
Overall, this work aims to elucidate the transport of Fe3O4 
NPs in porous and aqueous media, which can provide valu-
able insights into the behavior of Fe3O4 NPs in these envi-
ronments, aiding in the development of appropriate risk 
assessment and management strategies.

Materials and methods

Materials and sample preparation

Fe3O4 NPs that were used in various biotechnological fields 
(Shukla et al. 2010) were provided by CFEES-DRDO, Tima-
rpur, Delhi, India. Humic acid standards (CAS Number 
14808–60–7) as a representative of NOM and white quartz 
sand (particle size 50–70 mesh) (CAS Number 14808–60–7) 
used in the column transport experiment were obtained from 
Sigma-Aldrich. Analytical research (AR) grade NaCl sup-
plied by SRL India Pvt. Ltd was used to prepare the back-
ground solution in the study. Glass chromatography columns 
20 × 1.5 cm (Econo-Column, Catalog No. 7371522) were 
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purchased from Bio-Rad. All tests (except the transport stud-
ies in natural waters) were performed with ultrapure Milli-Q 
water (18.2 MΩ cm at 25 °C) (Pall Corporation, Ann Arbor, 
MI, USA).

A suspension of Fe3O4 NPs (50 mg L−1) was prepared 
freshly, and the suspension was ultrasonically dispersed 
for 30 min at 40 kHz to form a homogenous suspension 
(Ding et al. 2019). In the Milli-Q water, humic acid (HA) 
stock solution (100 mg L−1) was prepared and kept on a 
rotary shaker for about 24 h. Solids were separated from the 
solution using a 0.45-µm membrane filter. A TOC analyzer 
(TOC-L, Shimadzu) was used to determine the total organic 
carbon concentration of the processed stock solution. The 
concentration (100 mg L−1) was unchanged after filtering.

Nanoparticle characterization

The surface functional groups of Fe3O4 NPs were identified 
by FT-IR (IR Affinity-1, Shimadzu, Japan). To verify the 
crystallinity and phases of the Fe3O4 NPs, XRD (Advanced 
D8, Bruker, Germany) was performed. Fe3O4 NP samples 
dried under vacuum conditions were observed through FE-
SEM (Thermo Fisher FEI Quanta 250 FEG) to characterize 
their size and surface morphologies. The absorption spec-
tra of background solutions under each test condition were 
recorded using a UV–VIS spectrophotometer (UV-2600, 
Shimadzu). A 90 Plus Particle Analyzer (Brookhaven Instru-
ments Corporation, USA) was also used to determine the 
hydrodynamic diameter and surface charge (ζ potential) of 
Fe3O4 NPs in each experimental condition.

Measurement of pHPZC

The point of zero charge (pHPZC) was investigated using the 
pH titration method (Herrera-Barros et al. 2020). A 0.01 M 
NaCl solution was prepared, and its pH was set to a range 
of 2, 4, 6, 8, and 10 (initial pH) by using NaOH/ HNO3. 
One hundred milliliters of an aqueous solution was added 
with 50 mg L−1 of Fe3O4 NPs (the resulting concentration 
is 0.216 mM), and the mixture was subsequently shaken in 
a rotary shaker for 48 h. The supernatant was decanted after 
48 h, and again, the pH of the solution was measured and 
designated as the final pH. The final pH versus the initial 
pH was plotted, and these curves’ points of convergence 
revealed pHPZC.

Transport experiments

Transport behavior of Fe3O4 NPs in aqueous media

A wide range of environmental conditions, including pH (5, 
7, 9), IS (10, 50, 100 mM), and HA (10, 50, 100 mg L−1), 
were employed to simulate and investigate the interactions 

and effects of various physiochemical factors. The aqueous 
transport of Fe3O4 NPs was emphasized based on sedimenta-
tion (Ma et al. 2018; Mondal et al. 2021). After ultrasonica-
tion, the colloidal suspension was kept on a steady platform 
to mimic the static conditions for about 5400 s. The samples 
from the surface layer were taken at an interval of 300 s (Lv 
et al. 2016). The collected suspension was measured using 
a UV–VIS spectrophotometer at 370 nm (Chaki et al. 2015). 
The sedimentation curve was analyzed by calculating the 
absorbance ratio (A/A0) as a function of time (A0 = initial 
absorbance and A = absorbance of Fe3O4 at the end of the 
sedimentation study) (Zheng et al. 2019). Additionally, after 
each experiment, the aggregation rate was determined by 
monitoring the variation in size distribution, and the stability 
of Fe3O4 suspensions was determined in terms of hydro-
dynamic size and ζ potential. The employment of varied 
parameters in combination with a comparison of particle 
stability in static conditions can significantly improve the 
overall comprehension of the transport profile of Fe3O4 NPs 
in the aqueous environment.

Transport behavior of Fe3O4 NPs in porous media

Further, the quartz sand (mesh size: 50–70) was selected for 
the porous media transport because of its uniform pore dis-
tribution, chemical stability, high porosity, and surface area 
(Tong et al. 2020). Moreover, it provides a standardized and 
consistent platform for understanding the transport behavior 
in porous media. Table S4 represents the specifications of 
the porous media. The glass chromatography columns were 
employed with a fixed bed of 20 cm height and 1.5 cm inner 
diameter (Bio-Rad, Econo-Column, Catalog No. 7371522). 
Before establishing the column, the sand was thoroughly 
washed with 0.1 M HCl, rinsed with Milli-Q water, and dried. 
The column was packed with quartz sand, which was packed 
uniformly into a 5-cm-high bed with gentle taps to ensure fine 
packing and then saturated. A peristaltic pump (Miclins PP-
30-EX) was employed throughout the study, with the flow rate 
set to 1 mL/min in a downward direction. Further, the sand 
column’s tubing factor and pore volume (PV) were calculated. 
The NP suspensions were first homogenized by probe sonica-
tion, followed by repeated introduction to the column through 
a silicon tube to obtain 4 PVs of the suspension. Furthermore, 
a background solution with a volume equal to 5 PV was used 
to rinse the column. Ultrapure water was added to the column 
till the effluents were completely free of NPs. The pH (5, 7, 
and 9), IS (10, 50, and 100 mM), and HA (0.1, 1, and 10 mg 
L−1) were considered as the variables in this transport experi-
ment. UV–VIS spectrophotometer analyzed all the PVs for the 
Fe3O4 NPs collected from the column. The calibration curves 
quantifying Fe3O4 transport were plotted using different con-
centrations obtained from the absorbance. The breakthrough 
curves (BTCs) were analyzed by calculating the concentration 
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ratio (C/C0) as a function of PV (represents the volume of the 
porous medium), in which C0 and C are the concentrations of 
the nanoparticles in influent and effluent, respectively.

Transport behavior of Fe3O4 NPs in various natural water 
systems

To investigate the transport of NPs in natural water systems, 
four different types of water, such as lake, river, tap, and 
groundwater, were used to simulate actual environmental con-
ditions. The detailed physicochemical characteristics of differ-
ent environmental water samples are represented in Table S1. 
The Fe3O4 NPs were added to each environmental water sam-
ple, serving as background solutions (50 mg L−1) for transport 
studies. The pH of the water samples remained unchanged, 
before adding the NPs. This was done to maintain the natural 
water conditions and avoid any potential pH variations that 
could introduce confounding factors. All the experiments 
were conducted in triplicate at a constant room temperature of 
25 ± 1 °C, and the data are reported as mean ± standard devia-
tion to demonstrate the repeatability of the transport results.

Theoretical consideration

DLVO interaction energy modeling

The classical DLVO theory was considered to establish the 
total interaction energy (VTotal) encountered by two particles 
approaching each other (Lu et al. 2016). It outlines the factors 
that affect the behavior and transport of NPs in the porous 
media. The stability and aggregation of the NPs are governed 
by the sum of two interactive forces, namely, the van der Waals 
force of attraction (VVDW) and electrical double-layer repulsion 
(VEDL). The following expressions are used to calculate the 
VVDW and VEDL (Ghosh et al. 2022).

where A = Hamaker constant (3.3 × 10−20 J), h = distance 
between two NPs, a1 = radius of NP 1, a2 = radius of NP 2, 
and λ = characteristic wavelength associated with the inter-
action of NPs (100 nm).
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where ε0 = permittivity of vacuum (8.854 × 10−12), 
ε = permittivity of water (78.5), ζ = zeta potential, 
κ = Debye–Huckel reciprocal length, e = electron charge, 
ni = ionic strength, zi = counterion valence, κB = Boltzmann 
constant, and T = absolute temperature.

The current study utilized the conventional DLVO theory 
to understand the surface interactions between Fe3O4 NPs 
and sand in the environment. These interactions dictate the 
mobility of NPs within the soil matrix. While strong ES 
repulsion is expected to promote the dispersion of NPs, 
VDW forces favor the aggregation and trapping of NPs in 
soil. Using Eqs. (1)–(4), the interparticle interaction poten-
tials between two Fe3O4 NPs were computed, which pro-
vides information on the transport and behavior of NPs in 
each environmental condition.

Results and discussion

Characterization of Fe3O4

The physicochemical properties of Fe3O4 NPs were thor-
oughly analyzed. The XRD measurements of iron oxide 
magnetic nanoparticles correspond to the reference value 
for Fe3O4 (JCPDS file number 65–3107). Fe3O4 exhibits 
well-defined Bragg reflection properties according to XRD 
examination of the particles (Fig. S1 A). The data displays 
diffraction angles of NPs at 2q = 30.103°, 35.451°, 43.088°, 
53.516°, and 62.657°, indicating a characteristic crystal 
lattice structure and the presence of well-defined atomic 
planes within the NPs, emphasizing their composition and 
arrangement.

Fig. S1B indicates that the peak at 546 cm−1 is due to Fe–O 
stretching vibration on Fe3O4 NPs. The O causes the eleva-
tion at 3364 cm−1–H stretching mode vibrations induced by 
hydroxyl groups on NPs in water. The band at 2967 cm−1 
corresponds to asymmetric CH2 stretching, indicating the 
presence of aliphatic chains on the surface, possibly from 
a surfactant used during the synthesis or stabilization pro-
cess; 2320 cm−1 corresponding to C–O bending suggests the 
presence of metal–oxygen bonds, which can be attributed to 
the oxide layer on the surface of the particles; 1625 cm−1 
corresponding to N–H stretching and bending suggests the 
presence of amino groups, which could be a result of func-
tionalization with amino silane or other amine-containing 
molecules; and 1065 cm−1 corresponding to C–H stretch-
ing vibrations indicates the presence of hydrocarbon groups, 
which could come from the surfactant or organic residues left 
over from the synthesis process. These peak values are almost 
identical to the asserted values of Nurbas et al. (2017).

The Fe3O4 NPs were concatenated into irregular forms 
with no discernible structure, as revealed by SEM images 
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(Fig. S1C). The aggregates formed by these NPs have a 
porous, sponge-like morphology. As previously noted, the 
magnetic behavior of NPs tends to stick together during sam-
ple preparation for SEM analysis (Babu and Prabu 2011). 
Therefore, the exact size of the Fe3O4 NPs was challeng-
ing to obtain. The EDAX spectrum (Fig. S1D) confirms the 
presence of Fe and O in the sample. It is worth mentioning 
here that in the current study, the tests were conducted with 
various sizes of aggregates of the Fe3O4 NPs. The proper-
ties of these aggregates may differ from truly nano-sized 
particles (1–100 nm).

The UV–VIS spectra of Fe3O4 NP dispersion were meas-
ured with the absorbance maxima (λmax) recorded at 370 nm. 
This technique assessed the concentration of Fe3O4 NP in 
each experimental condition, providing valuable insights into 
the size and stability of NPs in the solution. It is worth noting 
that a previous investigation also reported similar observations 
regarding the NP concentration (Chaki et al. 2015).

The pHPZC of Fe3O4 in Milli-Q water was confirmed to 
be 7.16, as shown in the graph (Fig. S3), which is very close 
to the value of 7.27 as determined by previous researchers 
(Pogorilyi et al. 2017).

Transport of Fe3O4 NPs in aqueous media

Effect of initial pH

The sedimentation pattern of Fe3O4 NPs as a function of the 
initial pH of the medium under static conditions is shown 
in Fig. 1. The particles gradually aggregated and settled at 
three pH values (5, 7, and 9). In particular, at pH 7, near the 
PZC of NPs (pHPZC = 7.16), the sedimentation rate of NPs 
was maximum, where the electrostatic repulsion between the 
NPs was significantly diminished (Khan et al. 2022; Thio 
et al. 2011). The relative sedimentation regimes at this par-
ticular pH are in concordance with the formation of large 
aggregates (> 1000 nm) as compared with other pH values 
(5 and 9), which resulted in smaller aggregates (< 600 nm) 
(Table S2). These measurements demonstrate the polydis-
persity in aggregate sizes under different pH conditions, 
highlighting the variation in aggregate behavior. At this pH, 
the Fe3O4 NPs had merely a low surface charge (− 7.73 mV), 
fostering their aggregation due to limited repulsive forces 
according to DLVO theory (Fig. 9A), which is in agree-
ment with the previous experimental results (Baalousha 
2009). The surface interactive forces between two Fe3O4 
NPs were the greatest at pH 9 due to the deprotonation of 
surface functional groups; however, at pH 5, the surface 
charge of the NPs is less negative, which leads to weaker 
repulsive forces and a greater propensity for aggregation. 
It should be noted that the stability of the NP increased at 
pH 9 (− 26.82 mV) (Table S2). The considerable aggrega-
tion at pH 7 can be attributed to the enhanced interaction 

between the aggregates driven by differential sedimentation 
patterns over time (Illés and Tombácz 2006). The aggregate 
sedimentation was observed by the NP size (Table S2). The 
considerable aggregation and dispersion at these pH values 
can affect the surface charge of the NPs through protonation 
and deprotonation of the surface functional groups. Accord-
ingly, solution pH is crucial in defining the transport profile 
of Fe3O4 NPs in aqueous mediums.

Fig. 1   Sedimentation profiles of Fe3O4 NPs in aqueous media with 
different pH (5, 7, and 9) conditions without IS and HA concentra-
tions. The concentration of Fe3O4 NPs was 50 mg L−1. Error bars 
indicate the standard deviation of triplicates

Fig. 2   Sedimentation profiles of Fe3O4 NPs in aqueous media with 
different IS (10, 50, 100 mM) conditions at pH 7 and absence of HA. 
The concentration of Fe3O4 NPs was 50 mg L-1. Error bars indicate 
the standard deviation of triplicates
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Effect of ionic strength

Figure 2 represents the sedimentation regimes of Fe3O4 NPs 
with different (IS) concentrations at pH 7. The sedimentation 
of NPs increased significantly as the solution IS increased 
from 10 to 100 mM. The enhanced aggregation due to the 
higher ionic strength led to increased sedimentation since 
there was less repulsive force between the NPs. The value of 
A/A0 abruptly decreased as the IS of the background solution 
progressed from 10 to 100 mM. This was supported by the 
concurrent increase in the aggregate size (Table S2), indicating 
the destabilized Fe3O4 NPs in the suspension (Sodnikar et al. 
2021). It must be noted that at a low IS (10 mM), the effective 
diameter of the aggregates was 1123 nm (under static condi-
tions), which then increased to 1957 at high IS (100 nm) con-
ditions. As the concentration of ions in the solution is raised, 
the EDL compression and the electrostatic repulsion among 
the NPs diminish, resulting in lower colloidal particle stability 
during transport (Ben-Moshe et al. 2010; Wang et al. 2008). 
Another plausible explanation is that the Na+ ions at lower 
IS penetrated the static electric double layer and resulted in a 
higher screening of surface charge, and the charge neutraliza-
tion promoted aggregation of Fe3O4 NPs. This is evident from 
the surface charge potential of Fe3O4 NPs, which is − 12.16 
mV (Table S3). Therefore, the transport behavior of Fe3O4 
NPs gets hindered as IS increases.

Effect of humic acid

The effects of HA on the transport behavior of Fe3O4 NPs 
were investigated at constant pH 7 (Fig. 3). HA induced 

steric stabilization due to the adsorption of negatively 
charged carboxylic and phenolic functional groups on the 
NP surface. As a result, the aquatic transport was enhanced, 
as marked by a higher A/A0 ratio (Yang et al. 2009). The 
FT-IR spectrum analysis (Fig. S4) of the humic acid inter-
acted Fe3O4 shows peaks at 1580 cm−1 and 1730 cm−1, 
which corresponds to the C = O bond stretching and the pres-
ence of the COOH group, respectively (Fatema et al. 2015). 
All these functional groups confirm the adsorption of HA 
on the surface of Fe3O4. Different environmentally relevant 
concentrations of HA (0.1, 1.0, 10.0 mg L−1) were employed 
in this study, and a steady A/A0 ratio was acquired as the con-
centration of HA increased from 0.1 mg L−1 to 10 mg L−1, 
indicating stable Fe3O4 suspension (Fig. 3). Under these cir-
cumstances, Fe3O4 NPs diffused in the background solution, 
and the aggregation was limited. The impact of transport 
enhancement of the Fe3O4 NPs was more prominent at the 
maximum HA concentration (10 mg L−1). The influence of 
adsorption of relatively more HA onto the surface of Fe3O4 
increased the negative charge on the NPs, which enhanced 
the A/A0 ratio. The improved zeta potential value (− 33.25) 
(Table S2) indicates the presence of steric repulsion due to 
the adsorbed HA and the formation of a macromolecular 
layer around the Fe3O4 NPs (Tombácz et al. 2004). Similar 
impacts of HA on the sedimentation behavior of Fe3O4 NPs 
were observed in other studies (Amal et al. 1992; Baalousha 
2009; Verrall et al. 1999). Thus, the adsorption of HA onto 
Fe3O4 NPs can enhance their stability and promote their 
transport in aqueous environments through surface coating, 
density, or charge neutralization (Hou et al. 2017; Zhang 
et al. 2015).

Fig. 3   Sedimentation profiles of Fe3O4 NPs in aqueous media with 
different HA concentrations (0.1, 1, 10 mg L−1) at pH 7 and absence 
of IS. The concentration of Fe3O4 NPs was 50 mg L−1. Error bars 
indicate the standard deviation of triplicates

Fig. 4   Sedimentation profiles of Fe3O4 NPs in different natural waters 
(river, lake, tap, groundwater). The concentration of Fe3O4 NPs was 
50 mg L−1. Error bars indicate the standard deviation of triplicates
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Transport behavior of Fe3O4 in various environmental water 
systems

The impact of different natural water solution chemistry was 
explored to gain a practical understanding of the transport 
behavior of Fe3O4 NPs in the aqueous system. Under all tested 
conditions, the A/A0 ratio of Fe3O4 NPs slightly declined in 
the river and lake water. In contrast, a significant drop in the 
A/A0 ratio was observed in both tap and groundwater (Fig. 4). 
The reasonably high stability of Fe3O4 NP suspension in river 
water and lake water was exhibited by the apparent zeta poten-
tial values of − 23.45 and − 17.87, respectively. The transport 
of NPs in river and lake water is quite complex because of 
the interplay between surface coating characteristics, pres-
ence and absence of NOM, and turbulent forces. Owing to 
the enhanced adsorption of various dissolved organic matter 
(DOM) from these natural waters onto the surface of Fe3O4 
NPs, the thickness of the interfacial layer surrounding the NPs 
was greater than the Debye length, resulting in the van der 
Waals force of attraction being less prevalent than electro-
static repulsion among NPs. As a result, the stability of Fe3O4 
NPs when suspended in these natural waters was confirmed, 
consistent with previous studies (Wang et al. 2008). The tap 
and ground water demonstrated exceptionally high sedimenta-
tion regimes, indicating low colloidal stability of the Fe3O4 
dispersion. Tap water is characterized by a lower concentra-
tion of dissolved ions and organic carbon than other natural 
waters due to the typical ion composition in municipal water 
supplies, where the overall ion concentration is kept at lower 
levels. Fe3O4 NPs, in the presence of tap water, exhibited 
enhanced sedimentation due to the formation of large aggre-
gates when the pH of the tap water was nearly close to its PZC 

(7.16). It implied that the absence of surface charge among 
Fe3O4 NPs enhanced the aggregate formation consequently, 
and lower A/A0 ratios were observed. Groundwater, among 
all the studied natural waters, exhibited the greatest sedi-
mentation over time with the formation of large aggregates 
of > 1900 nm. High concentrations of divalent ions (Mg2+ and 
Ca2+) and lower concentrations of NOM in the groundwater 
enhanced the aggregation of Fe3O4 NPs (Conway et al. 2015; 
Lanphere et al. 2014).

Transport of Fe3O4 NPs in porous media

Effect of initial pH

The breakthrough curves of Fe3O4 NP suspension were shown 
in Fig. 5 at various initial pH levels (5, 7, and 9). The Fe3O4 
NPs readily flow out of the column at pH values such as pH 
5 and 9, where repulsive force arises due to the higher charge 
content between NPs and sand. The BTC of Fe3O4 suspen-
sion exhibited a rapid increase between pH 5 and 9 before pla-
teauing; particularly, at pH 9, the proportional concentration 
in the column effluent almost reaches unity. This was due to 
the colloid deposition force inhibited by electrostatic repul-
sion on the sand surface. Conversely, lower repulsive forces at 
pH 7 (= PZC), where sand particles and colloids were mildly 
charged, enable colloidal Fe3O4 to adhere to the surface of the 
sand. Due to this, the effluent concentration remained stable 
without any significant increase. In the BTCs for pH 5 and 9 
suspensions, a slight rise was seen at PV 12 due to the leaching 
of Fe3O4 from the porous media (maximum for pH 9). This 
suggested that Fe3O4 NPs and sand could bind reversibly. The 
transport recovery rates of Fe3O4 NPs at pH 5 and 9 were 94% 

Fig. 5   The Breakthrough curve of Fe3O4 NPs in porous media with 
different pH (5, 7, and 9) conditions without IS and HA concentra-
tions. The concentration of Fe3O4 NPs was 50 mg L−1. Error bars 
indicate the standard deviation of triplicates

Fig. 6   The breakthrough curve of Fe3O4 NPs in porous media with 
different IS (10, 50, 100 mM) conditions at pH 7 and absence of HA. 
The concentration of Fe3O4 NPs was 50 mg L−1. Error bars indicate 
the standard deviation of triplicates
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and 96%, respectively, demonstrating a high transport rate and 
low deposition in sand. The MPs were forced apart because 
of the significant electrostatic double-layer (EDL) repulsion 
among the Fe3O4–sand particles and served as the crucial con-
trolling factor. Due to these unfavorable circumstances, Fe3O4 
NPs were restricted from attaching to the sand surface, resulting 
in improved mobility at pH 5 and 9. In contrast, the transport 
recovery rate was 3% for pH 7 suspension, suggesting high 
deposition of Fe3O4. Additionally, the C/C0 value dropped to 
almost zero when the influent pH reached 7. This is due to the 
substantially larger Fe3O4 aggregate size (> 1000 nm), which 
led to severe straining and the blocking effect of the column 
near the inlet (Phenrat et al. 2009). The overall interaction 
energy across Fe3O4 and sand grains at pH 7 is attributed to the 
van der Waals attraction force according to the DLVO interac-
tion profile depicted in Fig. 9. The deposited Fe3O4 NPs were 
most likely at the primary energy minima, indicating a sig-
nificant interaction between the NPs and quartz sand. In addi-
tion, the restricted release of deposited Fe3O4 NPs exceeding 
2 PVs supports the theory that the Fe3O4 NPs are accumulated 
at primary energy minima under favorable environmental pH, 
preventing the particles from releasing during subsequent DI 
water flushing. Overall, the repulsive charges on the NPs and 
sand surface were accountable for the increased mobility of 
Fe3O4 NPs at these pH levels.

Effect of ionic strength

The porous media transport profile of Fe3O4 NPs dispersed 
in solutions of varying concentrations of monovalent ions 
(Na+) (10, 50, and 100 mM) at pH 7 is shown in Fig. 6. The 
C/C0 ratio decreased as the ionic intensity of the influent 
increased. The maximum amount of Fe3O4 was eluted at 
IS of 10 mM, followed by 50 and 100 mM at PV 5 with 
transport recoveries of 72%, 52%, and 25%, respectively, 
demonstrating high retent, ion, and low propensity of Fe3O4 
NPs. When the IS rises, the electrostatic double layers 
around the sand and Fe3O4 NPs become more compressed, 
reducing the repulsive forces between them (Franchi 2000, 
Nowack and Stone 1999). The apparent zeta potential 
results corroborate with these evaluations as it decreases 
from − 12.16 to − 4.26 mV. However, the effluent profiles in 
Fig. 6 show that increasing IS decreased the mobility and 
increased retention of Fe3O4 NPs, as in the column effluent. 
For all tests, the BTCs at PV 12 slightly increased due to 
the remobilization of Fe3O4 NPs in the quartz sand under 
these experimental conditions. The DLVO hypothesis makes 
idealized assertions and ignores the complexity of the Fe3O4 
NP-sand system. The surface charge and other properties 
of NPs could change due to increased IS and altering their 
interaction with the soil matrix. In addition, other factors 
could interact with the effect of IS, further confounding the 
transport dynamics of Fe3O4 NPs, such as unique surface 

chemistry, surface roughness, and other forces like capillary 
and hydrodynamic interactions (Phenrat et al. 2010; Xu et al. 
2020). The DLVO theory might not adequately account for 
these changes, which would cause a discrepancy between 
the expected interaction profile and the actual transport 
behavior.

Effect of humic acid concentrations

The effect of natural organic matter on colloidal nanopar-
ticles is a critical consideration in evaluating their fate 
and transport behavior (Hotze et al. 2010). Figure 7 shows 
the BTCs of Fe3O4 dispersed at pH 7 with various con-
centrations of HA (0.1, 1, and 10 mg L−1). Under all test 
conditions, a high C/C0 ratio (⁓ > 0.9) and comparatively 
high breakthrough time (up to 6 PVs) were observed for 
10 mg L−1 HA concentration, demonstrating low reten-
tion and significant mobility of Fe3O4 in the column. A 
high rate of elution of Fe3O4 NPs was observed in 10 
mg L−1, proceeded by 1 and 0.1 mg L−1 at PV1, and the 
respective transport recovery rates from the column efflu-
ent were 96%, 86%, and 84%. The ions of Fe3O4 from 
porous media may have caused a slight peak at PV 12 
for all HA concentrations. A comparative reduction in 
the hydrodynamic size of Fe3O4 was noted as the HA 
concentration increased (Table S2). This agrees with the 
previous results (Wang et al. 2020). In addition to pre-
venting aggregation, HA adsorption onto the surface of 
Fe3O4 NPs aids in the dispersion of the colloidal particles 
in the solution. However, HA had a negligible effect on 
the zeta potential (Table S2) and DLVO energy profiles 

Fig. 7   The breakthrough curve of Fe3O4 NPs in porous media with 
different HA concentrations (0.1, 1, 10 mg L−1) at pH 7 and absence 
of IS. The concentration of Fe3O4 NPs was 50 mg L−1. Error bars 
indicate the standard deviation of triplicates
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(Fig. 9C), indicating the influence of other dominating 
colloidal interactions. The likely mechanism is that the 
thermodynamic interaction between sand particles and 
organic matter–Fe3O4 NP complexation could overcome 
the interaction energy barrier and inhibit their retention 
in the porous media, thus inducing electrostatic stabil-
ity in the dispersion. Gu et al. proposed that the promi-
nent interplay between iron oxide and NOM is the ligand 
exchange and electrostatic interactions among the surface 
hydroxyl groups of Fe3O4 and the carboxyl or hydroxyl 
groups in natural organic matter of most systems (Gu 
et  al. 1994). The interaction between Fe3O4 NPs and 
NOM in the porous media could potentially affect the 
colloidal transport of Fe3O4 NPs.

Transport behavior of Fe3O4 NPs in various natural water 
systems

Figure 8 indicates the porous media transport of Fe3O4 NPs 
in different environmental water systems. For various envi-
ronmental water samples, the breakthrough was achieved at 
PV 1 for river and lake waters and PV 2 for groundwater. No 
breakthrough point was defined in tap water, indicating high 
retention. A strong C/C0 ratio of 0.97 was observed in river 
water, indicating an increased mobility of NPs. This sug-
gests that the high concentration of dissolved ions in river 
water reduces NP retention. Conversely, a lower C/C0 ratio 
of 0.48 was observed in the presence of lake water, indicat-
ing reduced mobility of NPs. This can be attributed to the 
lower concentration of dissolved ions in lake water, which 
promotes NP retention. Fe3O4 in the presence of ground and 
tap water exhibited a C/C0 ratio of 0.12 and 0.08, respec-
tively, which signifies a very high deposition of nanopar-
ticles in the column. The transport recovery rate of Fe3O4 
NPs from the column outlet was 98%, 52%, 15%, and 7% for 
river, lake, ground, and tap water, respectively. River water 
has the highest mobility, followed by lake and groundwater. 
Tap water shows the least transport behavior in porous media 
with high retention in sand columns among the tested water 
samples, which follows the same trend as the transport in 
aqueous media.

The considerable abundance of organic matter in river 
and lake water was confirmed by total organic carbon meas-
urements (Table S1) adsorbed to the surface of Fe3O4, which 
repels negatively charged sand particles and hinders particle 
retention (Phenrat et al. 2008). Thus, the presence of NOM 
augmented the transport and stability of Fe3O4 colloids 
through electrostatic and steric interactions. As per the liter-
ature studies, the quantity and dispersion of surface hydroxyl 
groups on iron oxide particle suspension make them sensi-
tive to the adsorption of organic matter and ions (Gu et al. 

Fig. 8   The breakthrough  curve of Fe3O4 NPs in different natural 
waters (river, lake, tap, groundwater) through porous media. The 
concentration of Fe3O4 NPs was 50 mg L−1. Error bars indicate the 
standard deviation of triplicates

Fig. 9    The DLVO energy profiles of Fe3O4 NPs under various conditions A with different pH values (5, 7, and 9), B with different IS (10, 50, and 
100 mM), C with different HA concentrations (0.1, 1, and 10 mg L−1), and D in different environmental waters (river, lake, tap, and groundwater)
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1994; Sun et al. 2023). Thus, dispersing the Fe3O4 in river 
and lake water plausibly exposed these surface hydroxyl 
groups to the humic acid, and monovalent ions in the water 
systems minimized the EDL compression and enhanced the 
electrostatic repulsion among Fe3O4 NPs according to the 
DLVO interactive energy profiles (Fig. 9D). The interac-
tive force between the Fe3O4 NPs and NOM overcomes the 
energy barrier between the NP and sand, thus enhancing 
their transport. The high particle retention in tap water and 
groundwater is due to the potential aggregation and strain-
ing effects of Fe3O4. The pH of the tap water (7.7 ⁓ = PZC) 
can influence the changes in the electrostatic interactions, 
affecting the retention behavior of Fe3O4 NPs in porous 
media. Due to the high ionic strength of the groundwater 
(Table S1), they could be adsorbed onto porous media and 
inhibit the transportability of Fe3O4. Understanding the pos-
sible behavior and transport of Fe3O4 NPs in these natural 
environmental conditions aids in estimating the risk levels 
of exposure scenarios.

DLVO interaction energy interpretation

The DLVO interaction energies of Fe3O4 NPs were calculated 
to determine the mechanism underlying NP’s subsequent sedi-
mentation and deposition in the porous media. Figure 9A shows 
the effect of different pHs on the total interaction energy of 
Fe3O4 NPs. According to the DLVO theory, Fe3O4 NPs have a 
negative interaction energy pattern at pH 7, and as the separa-
tion gap between the two Fe3O4 NPs increased, it approached 
zero. The existence of significant van der Waals force among 
Fe3O4 NPs, as suggested by the absence of an energy barrier 
(Фmax) and larger primary minimum value (Фmin) (− 1.437E-
15), led to the considerable sedimentation and deposition in the 
aqueous matrix. A positive interaction energy profile was found 
at pH 5 and 9, and the Фmin decreased dramatically, suggesting 
that van der Waals’s attractive force was diminishing. As the 
overall NP interaction energy was repulsive, the Fe3O4 NPs 
exhibited enhanced stability at pH 5 and 9. As a result, Fe3O4 
NPs disseminated in suspensions of pH 5 and 9 had greater 
sedimentation and deposition ratios as compared to those dis-
persed in solutions of pH 7.

Fe3O4 NPs dispersed in the aqueous matrix at 10, 50, and 
100 mM ionic concentrations exhibited a negative interac-
tion energy profile. Figure 9B shows the impact of various 
IS on the total interaction energy of Fe3O4 NPs. The Фmin 
increased gradually with the rise in the ion concentration in 
solution from 10 to 100 mM. The higher Φmin values support 
the observed colloidal instability under all test conditions. 
According to the findings, adding higher salt concentration 
enhanced the van der Waals forces among Fe3O4 NPs owing 
to EDL compression. Consequently, an increased aggrega-
tion, sedimentation, and deposition rate was observed in the 

aqueous matrix. Therefore, the A/A0 ratios increased remark-
ably with a rise in the IS from 10 to 100 mM.

Figure 9C depicted a positive interaction energy pattern 
when Fe3O4 NPs dispersed in a background solution containing 
humic acid at varying concentrations (0.1, 1, and 10 mg L−1). 
The Φmin tended to decrease, and an increment in maximum 
energy barriers (Φmax) was observed with rising concentra-
tions of HA. According to the DLVO interaction energy profile, 
the presence of HA at various concentrations augmented the 
electrostatic and steric repulsion among NPs due to its sur-
face adsorption. As a result, a higher energy barrier prevented 
Fe3O4 aggregation and retention in the aqueous environment, 
thereby increasing the stability and transportability of Fe3O4 
NPs, which correlates to the high absorbance values.

Fe3O4 NPs were suspended in various natural waters 
(river, lake, tap, and groundwater) (Fig. 9D). A positive 
interaction energy profile was obtained between the NPs 
when suspended in the river and lake water systems. In con-
trast, the overall interaction energy of Fe3O4 NPs suspended 
in ground and tap water was negative. When suspended in 
lake and river water, the decreased Фmin of Fe3O4 NPs indi-
cated the presence of strong stearic repulsion among NPs 
due to the adsorption of NOM on the nanoparticle surface. 
The increased steric repulsion due to increased Φmax between 
NPs contributed to its stability in the presence of lake and 
river water. In tap and groundwater, the increased Фmin of 
Fe3O4 NPs suggested that the van der Waals attraction force 
was dominant among NPs due to EDL compression. As a 
result, aggregation, sedimentation, and deposition of Fe3O4 
NPs were observed in lake and river water under a porous 
matrix, which corresponded to lower absorbance ratios.

Conclusion

The findings of this study demonstrated that the transport pro-
files of Fe3O4 NPs in aquatic and porous media are controlled 
by various solution chemistry factors. The results showed that 
Fe3O4 NPs behave distinctly under different pH, IS, and HA 
conditions. The interactive forces on the surface of Fe3O4 
NPs, electron double-layer repulsion, and electrostatic and 
steric interactions were the major phenomena responsible 
for the transport of Fe3O4 NPs. An abrupt change in the sur-
face chemistry may cause aggregation or trigger the release 
of previously adsorbed NPs into the water. Aggregation and 
sedimentation can cause the NPs to settle in the bottom sedi-
ments, reducing their mobility and potential exposure to biota. 
Furthermore, if Fe3O4 NPs dissolve, Fe ions can be released, 
sometimes leading to potential ecological risks. It is important 
to note that the surface modification of NPs can significantly 
alter their interactions with the environment and biota, which 
can further impact their toxicity and uptake. Analyzing the 
complete transport phenomena of Fe3O4 NPs is essential to 
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predict their environmental risks. These trends, however, may 
be disguised by the existence of several other physicochemi-
cal processes occurring in the environment. Thus, additional 
research is necessary to delineate conceptual models and to 
systematically evaluate all potential interaction concepts for 
predicting the fate and transport of NPs.
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