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Abstract
Nanotechnology has recently sparked considerable interest as a cleanup technique for oil remediation. Although several 
studies have been reported in this area the mechanisms of the surface processes involved in the adsorption of oil onto 
nanoparticles (NPs) are still not clearly elucidated. Here, we combine molecular dynamics (MD) simulations and 
experimental data using ATR-FTIR spectroscopy to show that polyvinylpyrrolidone (PVP) polymer interacts physically with 
magnetite cluster via van der Waals with an average binding strength of –9.2 kcal mol–1. The results indicate that the 
adsorption of crude oil onto PVP-coated magnetic NPs is thermodynamically favorable with an adsorption free energy of –
3.6 kcal mol–1. However, crude oil adsorption reduces in the presence of fulvic acid (FA), which is attributed to the ability of 
FA to partially displace PVP in seawater and form a new coating layer on the magnetite surface. Our work highlights the 
implications of molecular interactions and environmental conditions on the adsorption of crude oil onto NPs, which is critical 
for the effective design of nano-based oil remediation strategies.

Environmental significance
The limitations in traditional clean up techniques for oil remediation have inspired the application of nanotechnology for oil 
removal. However, the mechanisms of the surface processes involved in the adsorption of oil onto nanoparticles are poorly 
understood. Understanding the mechanisms governing crude oil interactions with nanoparticles is critical for developing 
effective nano-based oil remediation techniques. Here, we adopt an integrated experimental and computational approach 
to study the adsorption of crude oil onto nanoparticles under relevant environmental conditions. The results indicate that 
fulvic acid influences crude oil adsorption onto nanoparticles via an interplay of co-adsorption and intermolecular 
interactions. Our study provides important mechanistic insight for developing nano-based oil remediations and 
understanding the different surface processes involved in crude oil adsorption.

Introduction
The application of nanoparticles (NPs) for oil removal from oil spills 
and wastes has been widely studied (1, 2) due to the limitations in 
traditional clean up techniques.(3-5) Other related studies have also 
focused on the development of advanced oil sorbents capable of 
extracting oil from water.(6-8) As previously discussed, many 
synthesis methods are multistep, which makes scale up difficult and 
expensive compared to our facile and cheap hydrothermal approach 
for synthesizing polyvinylpyrrolidone (PVP)-coated magnetite 
NPs.(9) Moreover, the majority of studies involving NPs have been 
conducted under simple laboratory conditions and the behavior and 
performance of NPs under real conditions have rarely been 
investigated.(10, 11) In order to assess the practical application of 
NPs for oil remediation, studies under relevant environmental 
conditions must be explored to evaluate the effectiveness of NP-
based remediation techniques. In addition, the mechanisms of the 
surface processes involved in the adsorption of oil onto magnetic NPs 

must be elucidated under such environmentally relevant conditions. 
Atomistic simulations can provide unique insight of the molecular 
interactions between NPs and crude oil to elucidate adsorption 
mechanisms, which is critical for the effective design of nano-based 
remediation strategies. Molecular dynamics (MD) simulations have 
been extensively used to evaluate intermolecular binding and 
adsorption mechanisms between different NPs and various 
adsorbates.(12-15) MD simulations can provide microscopic-level 
description of NP-adsorbent interactions to rationalize experimental 
findings. For instance, Bürger et al. adopted MD simulations to 
establish that the adsorption of amino acids onto Fe-terminated 
magnetite-(111)-surface was energetically favorable and was 
predominately due to electrostatic interactions.(14) 

In the present study, we use Attenuated Total Reflection Fourier 
Transform Infrared (ATR-FTIR) spectroscopy and MD simulations to 
investigate the surface processes involved in using NPs for the 
successful removal of oil from the aqueous phase.(16-19) A 
combination of experimental studies and computational modeling is 
useful for probing mechanisms at different scales to improve data 
quality and depth and provide confidence in data. This approach is 
expected to provide insight on the nature and strength of PVP 
interaction with Fe3O4 cluster, as well as crude oil adsorption onto 
magnetite NPs under realistic environmental conditions.

ATR-FTIR spectroscopy was employed to probe a PVP-coated 
Fe3O4 NP film to study the interaction between PVP and Fe3O4 NPs, 
crude oil and PVP-coated NPs and investigate the stability of the 

a.Department of Civil and Environmental Engineering, University of South Carolina,
   Columbia, SC, 29208, United States
b.Center for Environmental Nanoscience and Risk (CENR), Department of 

Environmental Health Sciences, Arnold School of Public Health, University of 
South Carolina, Columbia, South Carolina 29208, United States                                
E-mail: jlead@mailbox.sc.edu; Fax: +1 (803) 777 3391; Tel: +1 (803) 777 0091

c. Department of Chemistry & Biochemistry, University of California San Diego, La 
Jolla, 92093, United States

Electronic Supplementary Information (ESI) available: ATR-FTIR spectra data on 
adsorption experiments under flowing conditions.
See DOI: 10.1039/x0xx00000x

Page 1 of 9 Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



ARTICLE Journal Name

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

coatings on Fe3O4 NPs in seawater under different environmental 
conditions. The binding of a PVP monomer onto a magnetite cluster 
in seawater was simulated to probe the nature and strength of PVP-
magnetite interactions. To effectively simulate the occurrence of 
possible chemical reactions between potential reactive points on the 
PVP and (Fe3O4)3 molecules, MD simulations coupled with umbrella 
sampling(20) were conducted to quantity the binding of the carbonyl 
oxygen in the PVP onto Fe2+ and Fe3+ atoms in the (Fe3O4)3 

cluster.(21) A mechanistic insight on crude oil interaction with PVP-
coated NPs was obtained by conducting simulations to quantify the 
binding strength of crude oil onto PVP-coated NP in the presence of 
salt and natural organic matter (NOM) (representative of 
environmental conditions, where oil remediation would occur).

Methodology
Experimental Studies
The preparation of synthetic seawater follows the EPA 
recommended seawater composition: Milli–Q water, sodium 
chloride (NaCl, Fisher Chemicals, ACS grade), sodium sulfate (Na2SO4, 
Fisher Chemicals, ACS grade), potassium chloride (KCl, Fisher 
Chemicals, ACS grade), potassium bromide (KBr, Aldrich, 99%), 
sodium tetraborate decahydrate (Na2B4O7∙10H2O, 99%+), 
magnesium chloride hexahydrate (MgCl2∙6H2O, Fisher Chemicals, 
ACS grade), calcium chloride dehydrate (CaCl2∙2H2O, MP 
Biomedicals, 99%), strontium chloride hexahydrate (SrCl2∙6H2O, 
Avantor, ACS grade), and sodium bicarbonate (NaHCO3, Fisher 
Chemicals, ACS grade). All solutions containing organic compounds 
were prepared using synthetic seawater. In this study, crude oil, a 
representative of Deepwater Horizon oil spill (reference MC 252 
surrogate oil, sample ID: A0068H, AECOM Environment) was used. 
Also, Suwannee River fulvic acid (International Humic Substances 
Society) was used to represent natural organic macromolecules 
present in ocean water.

PVP-coated magnetic NPs were synthesized using a modified 
hydrothermal method previously reported.(9) In summary, 0.18 
mmol of PVP (Mw 10 kDa, Sigma-Aldrich) was added to 6.25 ml 
ultrapure water while the solution was stirred at 80 ± 5 ºC. 1 mmol 
of FeCl2.4H2O (98%, Alfa Aesar) and 4 mmol of FeCl3•6H2O (>98%, 
BDH) were added to the solution and stirred while the temperature 
was kept constant. Next, 0.12 mmol PVP was dissolved and finally 
6.25 mL ammonium hydroxide (28-30%, BDH) was added to the 
solution dropwise at room temperature while the solution was 
stirred. The suspension was mixed for 25 min at 90± 5 ºC and the 
precipitate was washed once with deionized water and separated by 
magnetic decantation to remove impurities. The NPs were re-
dispersed in water again via sonication and stored for later use. The 
details of NPs characterization including atomic force microscopy 
(AFM), thermogravimetric analysis (TGA), Fourier transform infrared 
spectrometry (FTIR), dynamic light scattering (DLS), and X-ray 
powder diffraction (XRD) data have been published previously.(9, 22)

ATR–FTIR spectra were recorded using a horizontal ATR cell with 
an AMTIR element (Pike Technologies Inc.). The cell was placed inside 
a Nicolet iS10 FTIR spectrometer equipped with an MCT–A detector. 
The NP film was made by drying 1 mL of the as-synthesized Fe3O4 NP 
solution on an AMTIR crystal in a dry air environment overnight. 
Different solutions were then added to the cell with the NP film. A 
glass cover was placed over the flow cell followed by spectral 
collection. All spectra were collected by acquiring 1000 scans at an 
instrument resolution of 4 cm–1 in the spectral range extending from 
750 to 4000 cm–1. For solution phase spectra, 1 mL seawater was 
added on the AMTIR crystal with a NP film. A glass cover was placed 
over the flow cell and a background spectrum was immediately 

collected. Next, the seawater was carefully removed after collecting 
a background, and 1 mL of FA (10 ppm, 20 ppm or 50 ppm) was added 
onto the same film. The spectra were collected after 2-hour 
adsorption. Crude oil mainly consists of saturated and unsaturated 
hydrocarbons and is immiscible in polar solvents such as water. In 
order to promote the adsorption of crude oil on Fe3O4 NPs, a crude 
oil suspension was rotated with dispersed NPs. For the spectrum of 
a dry PVP-Fe3O4 NP film after crude oil adsorption, 10 mL PVP coated 
NP solution was centrifuged for 10 min at 10,000 rpm to separate the 
NPs from the solution. Then, 10 mL of crude oil suspension (1.7 g/L) 
was added to the NPs after removing the supernatant. The solutions 
were sonicated for 30 min and placed onto a Cole-Parmer rotator for 
48 hrs. After the adsorption, the NPs were re-dispersed in 10 mL 
Milli-Q water. 1mL of the NP solution was added onto an AMTIR 
crystal dry overnight in a dry air environment. In the case of FA–PVP–
Fe3O4 NPs, the NPs were exposed to FA solution prior to crude oil 
adsorption. For the spectrum of a dry FA-PVP-Fe3O4 NP film after 
crude oil adsorption, the NPs were separated from 10 mL of stock 
solution by centrifugation and exposed to 10 mL of 50 ppm FA for 24 
hrs. prior to crude oil adsorption. After adsorption process of FA, the 
NPs were re–dispersed in crude oil solution for 48 hrs. Afterwards, 
the NPs were centrifuged and dispersed in 10 mL Milli–Q water. 1 mL 
suspension of NPs in water was placed onto an AMTIR crystal drying 
overnight. The spectrum of dry film was collected to study crude oil 
adsorption.

Molecular Simulations
The molecular model of the NP was constructed using the Atomsk 
modeling tool.(23) Because we are interested in the NP-PVP surface 
interactions, a cut-out of a 10 nm diameter NP was used in the 
molecular dynamics simulations to reduce computational time in the 
simulations. A PVP polymer model was constructed to match the 
experimental properties by sequencing 90 PVP units to form a PVP 
polymer chain. Initially, 3 PVP polymer chains were randomly located 
in a large periodic box and equilibrated to form a PVP polymer with 
the desired density. In this study, humic acid (HA) is chosen as a 
representative NOM molecule to investigate its influence on oil 
adsorption. The HA structure is based on the Temple-Northeastern-
Birmingham (TNB) molecular model which consists of carboxyl, 
phenolic and amine functional groups.(24) The TNB HA has 
properties similar to Suwanee river NOM which was used in the 
experiments. All simulations were performed with the LAMMPS(25) 
computational package and results visualized using visual molecular 
dynamics.(26) For the simulations involving possible chemical 
reactions, a magnetite cluster with three Fe3O4 units with a PVP 
monomer was solvated in explicit water and simulated using the 
reaxFF force field(27) developed for amine iron oxide system.(28) 
The reaxFF force field has been widely used to simulate bond 
formation and breakage. For all other simulations, the consistent 
valence force field (CVFF)(29) was used to describe the interactions 
between the PVP polymer while the NP interactions were described 
using the clayFF forcefield.(30) The CVFF has been shown to be 
consistent with the clayFF force field. A PVP-NP complex was 
solvated in TIP3P water. Sodium, calcium, potassium and chloride 
ions were added to create a representative hard water and seawater 
systems. In our experiments, PVP is generally only slightly charged 
and the NPs are nearly uncharged at neutral pH, therefore, a near 
neutral pH is maintained in the simulations. The solvated systems 
were initially minimized for 10,000 steps and equilibrated at a 
constant volume for 1 ns. The system was further equilibrated at a 
constant pressure of 1bar using Berendsen’s barostat with the PVP 
atoms harmonically restrained with a force constant of 10 kcal mol–1 
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Å–1. All atoms of the NP were fixed during the simulations. A 10 ns 
production simulation was conducted under the NVT ensemble 
without restraints on the PVP atoms at constant temperature and 
volume. The Langevin thermostat was used to maintain a 
temperature of 300 K in the simulations. The long-range electrostatic 
interactions were calculated using the particle-particle mesh 
solver(31) and the cutoff distance for the short-range Lennard-Jones 
interactions was set to 10 Å. All bonds involving hydrogen atoms 
were restrained to their equilibrium value using the SHAKE 
algorithm. Periodic boundary conditions were applied in all 
directions. The velocity Verlet scheme was adopted to propagate the 
equation of motions with a time step of 2 fs. In the umbrella sampling 
simulations, a harmonic restraint of 20 kcal mol–1 Å–1 was applied to 
restrain the center-to-center distances of the PVP and the respective 
adsorbates. The intermolecular distances were varied from the 
minimum separation to distances where interactions were negligible 
in 0.1 nm increments. Umbrella sampling windows were simulated 
for 1 ns saving data at 10 ps interval for analysis.

Results and discussion
The result of the ATR-FTIR spectroscopy study is shown in Fig. 1a, 
together with the MD simulation configuration (Fig. 1b) and the 
potential of mean force (PMF) describing the strength of PVP 
interaction with (Fe3O4)3 as a function of interatomic distance (Fig. 1 
c). As indicated in the spectra, the PVP coating (black line in Fig. 1a) 
shows a broad absorption from 1200 – 1700 cm–1 associated with 
different vibrational motions. For example, the peak at 1658 cm–1 is 
assigned to the stretching mode of the C=O in PVP and multiple peaks 
from 1200 – 1600 cm–1 (labeled in the light grey area) represent 
bending modes of CH or CH2 groups.(32, 33) 

It can be observed that, the bending modes of CH or CH2H in PVP 
molecules(9, 34) in the range 1250 – 1700 cm–1 diminishes after 
exposure to seawater indicating the partial desorption of PVP in 

seawater. The amount of PVP left on the NP surface following 
exposure to seawater is estimated to be ~10 % based on the 
integrated area of the peaks in the spectral area extending from 1250 
to 1350 cm–1. This frequency of carbonyl stretching in PVP on the NP 
surface is similar to the reported values for pure PVP, indicating that 
carbonyl functional groups may interact with metal cations on NP 
surface through electrostatic attraction or hydrogen bonds with 
hydroxyl groups on NP oxide surfaces.(35) The other broad 
absorption ca. 3400 cm–1 is the stretching motion of O–H or adsorbed 
water on NPs, and the bending mode of water adsorbed on NP 
surfaces near 1638 cm–1 is overlapped with PVP carbonyl absorption. 
It can be seen that absorption at 1658 cm–1 shown in the PVP coated 
Fe3O4 film changes to ~1638 cm–1 after exposure to seawater which 
is associated with the bending mode of adsorbed water or hydroxyl 
group on NP surfaces (red curve in Fig. 1a), suggesting partial 
desorption of PVP from the NP surface. Thus, PVP is not strongly 
bound onto NP and partially desorbs from the NP surface when in 
contact with seawater. 

This observation is consistent with the results of the simulations 
which suggest a physical interaction between PVP and the (Fe3O4)3 

cluster. As shown in the PMF above, PVP-O interacts favorably with 
Fe2+ and Fe3+ atoms at a minimum interatomic separation of 0.15 nm 
with corresponding binding energies of –9.5 and –8.9 kcal mol–1, 
respectively. A negative PMF value indicates attraction while a 
positive PMF represents repulsion relative to the free energy at a 
separation of 1.0 nm. As the interatomic distance increases, the PMF 
becomes flat indicating negligible interaction between Fe and PVP-O 
atoms. Although the computed PVP-(Fe3O4)3 interactions are 
significant, experimental bond dissociation energies for Fe and PVP-
O are on the order of 97.3 kcal mol–1(36), which is significantly 

stronger than the resulting binding energies from the above PMFs. 
The weak binding of PVP onto (Fe3O4)3 cluster suggests that 
interactions between (Fe3O4)3

 and PVP atoms are mainly  physical, 

Fig. 1. (a) PVP Coating Stability. Baseline corrected ATR-FTIR spectra of a thin film of PVP-coated Fe3O4 NPs before (black) and after (red) 
exposure to seawater for 4 hrs. (b) PVP-Fe3O4 complex in water; PVP and (Fe3O4)3 are shown in CPK model and water molecules shown as lines 
(c) PMF describing the free energy of binding of PVP-O onto Fe atoms. 
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mostly due to van der Waals interactions.(12) Thus, both 
experimental and simulation results indicate a weak binding of PVP 
onto (Fe3O4)3 cluster in seawater suggesting that PVP is physically 
sorbed onto (Fe3O4)3 in solution through multiple points of 
attachment. 

Recent experimental studies have shown that PVP-coated NPs 
can be used to achieve nearly 100 % oil removal from water.(9, 22, 
37) Here, we used nonane as a representative hydrocarbon to 
simulate crude oil adsorption onto PVP-coated NPs. Although crude 
oil consists of chemically complex compounds, simulating nonane 
can provide insight on the nature of molecular interactions involved 
in adsorption to obtain preliminary data to study more complex 
mixtures. An initial molecular configuration of the system was built 
by randomly locating nonane molecule on the surface of a PVP-
coated NP as shown in Fig. 2a. We first simulated nonane interaction 
with both uncoated and PVP-coated NPs to evaluate binding 
mechanisms and binding contributions from the different 
adsorbents. The resulting PMF is shown in Fig. 2b as a function of the 
separation distance between PVP and oil. Due to the hydrophilic 
nature of the surface of the pristine NP, oil interaction with the 
uncoated NP is less favorable with a binding energy of only –1.0 kcal 

mol–1. However, in the case of the of PVP-coated NP, there is an 
increased oil interaction, thus, the presence of the PVP coating 
significantly increased oil binding from –1.0 to –3.6 kcal mol–1. The 
increased adsorption is attributed to the fact that oil sorption is likely 
driven by hydrophobic effect, with hydrophobic moieties of the PVP 
coating allowing preferential sorption of hydrocarbons from the oil-
water mixture onto the PVP-coated NPs.(38) It should be noted that 
the binding of oil onto the PVP-coated NPs is primarily driven by 
weak, physical Van der Waals interactions, with multiple points of 
contact.

  We also performed further experiments and simulations to 
investigate the effect of NOM on the adsorption of oil onto PVP–
coated NPs. In our experiments, Suwannee River FA (SRFA) is chosen 
as a representative model of NOM with reasonable abundance in 
aqueous environments.(39) FA has a complex macromolecular 
structure with conjugated aromatic rings and polar functional groups 
(e.g. phenol, amide and carboxylic acid groups).(40) The interaction 
of FA and PVP–Fe3O4 NPs was investigated via ATR–FTIR by adding 1 
mL synthetic seawater solutions containing various concentrations of 
FA at pH 7.9 on a PVP–Fe3O4 NP film after 2 hours adsorption. Fig. 3a 
shows ATR–FTIR spectra of adsorbed FA on these NP films. As 
indicated in the figure, the two negative peaks observed in the 
spectra at 1290 and 1652 cm–1

 
is due to the partial desorption of PVP. 

The peaks at 1390 and 1570 cm–1 correspond to FA carboxylate 
symmetric and asymmetric stretching, respectively. Humic acid (HA) 
and FA have been reported to strongly bind onto metal oxide surface 
regardless of pre-coated molecules.(40, 41) These two types of NOM 
are able to chemically bind to metal oxide surfaces, via their 
multifunctional groups e.g. carboxylate and phenol.(40-42) A 
previous study shows FA strongly adsorbs on metal oxide surfaces, 
resulting in an irreversible adsorption onto metal oxide surface.(43) 
Our ATR-FTIR results confirm that FA is able to adsorb onto the PVP-
coated Fe3O4 NPs and the intensity does not show notable decrease 
after flowing seawater onto the FA adsorbed Fe3O4 NP film for 30 min 
(Fig. S1 in supporting information). The simulation results indicate a 
favorable interaction between PVP coating and the simulated HA 
molecule in seawater (Fig. 3b). As indicated in Fig. 3c, HA strongly 

Fig. 2. (a) PVP-coated NP with oil in water; NP is shown in VDW model, PVP is 
shown in licorice model, oil is shown in blue licorice model, Na+, K+ and Cl− 
ions are shown as spheres and water molecules shown as red dots  (b) PMF 
describing the binding free energy of crude oil adsorption onto pristine NP 
and PVP-coated NP.

Fig. 3. (a) ATR-FTIR spectra of various concentrations of fulvic acid in seawater on PVP- Fe3O4 NP films. The spectra show that absorptions 
associated with FA carboxylate groups (at 1390 and 1570 cm–1) increase with increasing FA concentrations labeled with blue dash lines. 
Simultaneously, PVP desorbs from the surface as shown by the negative features at 1290 and 1652 cm–1 labeled with red dash lines. (b) PVP-
coated NP-NOM complex in water (c) PMF describing the binding free energy of NOM adsorption onto PVP-coated NP.
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binds onto the PVP-coated NP surface with a free binding energy of 
–14.0 kcal mol–1. Although the nature of this interaction is physical, 
with increased HA concentration, HA adsorption onto PVP-coated NP 
can become irreversible and be classified as a pseudo-chemical 
interaction. 
The favorable interaction between HA and the PVP-coated NP 
indicates a strong affinity for the adsorption of HA onto Fe3O4 NPs as 
observed in the experiments.

The splitting of symmetric and asymmetric stretching of a 
carboxylate suggests the binding coordination of carboxylate onto 
the NP surface. The magnitude of splitting in this case around 180 
cm–1 in the spectra normally indicates a carboxylate is binding to a 
surface through a bridging mode in which a carboxylate group binds 
with two adjacent metal ions on the surface.(44, 45) We observed 
that negative desorption peaks of PVP and positive adsorption peaks 
border appear in the spectra when FA solution is placed on the PVP-
Fe3O4 NP film. Thus, it is possible that FA adsorbs onto NPs 
simultaneously with the partial desorption of PVP from the iron oxide 
surface in seawater and that this behavior is dependent on solution 
conditions.

Our recent study indicates that FA can act as a competitive phase 
for either PVP or oil and reduce oil interaction with NPs.(22) To 
further probe the effect of this mechanism on oil adsorption, HA 
interaction with oil, PVP monomer and PVP-coated NP were 
simulated to quantify the binding strength for the different cases. As 
presented in Fig. 4b, the interaction of HA with oil (snapshot shown 
in Fig. 4a) is slightly stronger (–5.1 kcal mol–1) than the interaction 
with PVP (–3.5 kcal mol–1) in the aqueous phase. The stronger binding 
between HA and oil suggest that the formation of HA-oil complexes 
is likely, which can lead to increased aqueous solubility of oil. The 
increased oil solubility will likely drive oil away from the surface of 
the PVP-coated NP to reduce oil removal from the aqueous phase.

The dry films of crude oil adsorbed NPs were investigated via 
ATR-FTIR spectra shown in Fig. 5. The three peaks observed in the 
2800 to 3000 cm–1 range are associated with C–H stretching 
vibrations, while the two peaks at 1381 and 1464 cm–1 are associated 
with CH2 and CH3 deformation modes.(46) As observed in Fig. 5, a 
comparison of the spectrum for the crude oil suspension in seawater 
(indicated in blue) with the other two spectra following adsorption 
indicates an increase in absorbance but no changes in  frequency. 
This suggests that crude oil interacts with NPs mainly via hydrophobic 
interactions and the adsorption behavior is influenced by the 
presence of FA. It is evident that coatings on NPs favors adsorption 
of crude oil. However, the spectrum following adsorption of crude oil 
on FA–PVP–Fe3O4 NPs shows slightly lower absorbance than the one 
on PVP–Fe3O4 NPs, indicating that the presence of FA may reduce the 

adsorption of oil in agreement with previous results.(9, 22) The 
favorable interaction between FA and PVP–Fe3O4 NPs makes FA a 
strong competitive adsorbate to potentially block oil adsorption onto 
NPs. It is possible that FA is more favorable to competitively adsorb 
onto the active sites than oil molecules inhibiting oil adsorption onto 

the NPs. Our recent work has shown that natural filtered waters 
behave differently compared to environmentally relevant waters 
with extracted NOM of apparently identical composition. This is 
attributed to the complexity of unperturbed NOM compared to that 
of extracted NOM(47). 

The different surface processes involved in the adsorption of oil 
onto PVP-coated Fe3O4 NPs are presented in the schematic shown in 
Fig. 6. As illustrated, the PVP coating on Fe3O4 NP is not stable in 
seawater and consequently, desorbs partially from the surface of the 
Fe3O4 NP. Thus, PVP partially desorbs from the surface in the 
presence of salt and FA, forming a new layer. In the presence of FA, 
FA molecules are able to partially displace PVP and form a new 
coating layer on the NP surface. It is worth noting that some PVP 
molecules may not be directly displaced by FA but through 
intermolecular interaction with FA due to steric effect on some sites. 
This results in co-adsorption and intermolecular interaction, which 
enables crude oil to be readily adsorbed onto the new surface 
through intermolecular interaction with FA. Moreover, as observed 
in our previous study(9), the crude oil covered NPs would further 
aggregate by forming micron sized globules in the presence of ions, 
which can result in increased crude oil adsorption. These 
mechanisms are currently being investigated via molecular dynamics 
simulations. Future studies will also consider the use of a more 
complex crude oil model and a slightly charged PVP-coated NP 
surface to capture the different types of interactions involved in 
crude oil adsorption. 

Conclusion

Fig. 5. Crude oil adsorption on PVP-Fe3O4 NPs in absence and presence of FA. 
ATR–FTIR spectra in the region extending from 1200 to 1610 and 2775 to 
3000 cm–1 of ~1.7 g/L crude oil solution (blue), a dry NP film after adsorption 
of crude oil on PVP–Fe3O4 NPs (red), and a dry NP film after adsorption of 
crude oil on FA –PVP–Fe3O4 NPs. These spectra show that FA does not impact 
crude oil adsorption on the NP surface.

Fig. 4. (a) NOM-oil complex in water; NOM is shown in licorice model, oil is 
shown in blue licorice model and TIP3P water molecules shown as points (b) 
PMF describing the binding free energy of NOM interaction with crude oil and 
PVP.
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The results of an integrated experimental and MD simulations 
study have shown favorable adsorption of crude oil onto PVP-coated 
magnetic NPs in the presence of NOM. The results indicate that PVP 
is physically sorbed onto the surface of (Fe3O4)3 cluster through 
multiple points of attachment via van der Waals interactions. In the 
presence of FA, the PVP coating on the magnetic NPs is partially 
displaced, resulting in the formation of a new coating layer, which 
consequently reduces oil adsorption. The reduced oil adsorption is 
attributed to reduced non-polar hydrophobic interactions between 
oil molecules and the magnetic NPs surface. Thus, the presence of FA 
influences crude oil adsorption onto NPs via an interplay of co-
adsorption and intermolecular interactions.
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PVP coatings on magnetic NPs are partially displaced in the presence of fulvic acid, which reduces crude oil 
adsorption onto the magnetite.
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