
Environmental
Science
Nano

PAPER

Cite this: Environ. Sci.: Nano, 2024,

11, 578

Received 2nd June 2023,
Accepted 11th August 2023

DOI: 10.1039/d3en00358b

rsc.li/es-nano

Delineating the role of surface grafting density of
organic coatings on the colloidal stability,
transport, and sorbent behavior of engineered
nanoparticles†
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Aqueous stability and sorption affinity (towards target environmental contaminants) of engineered

nanoparticles, composed of inorganic nanoparticles and surface stabilizers, underpin their environmental

behavior and application potential for a variety of proposed technologies. However, fundamentally delineating

the role of surface coatings (in terms of surface coating density) remains outstanding for a number of particle

systems. To address this critical issue, we describe colloidal stability, transport, and sorption behavior of

engineered manganese oxide nanoparticles as a function of specific surface grafting density. We observed

higher grafting density results in higher colloidal stability due to higher steric repulsion forces. Additionally,

humic acid (HA) significantly improved the stability of NPs with lower grafting density, while showing negligible

effects in higher grafting density. Deposition behavior did not correlate with grafting density, regardless of

organic coating types. In the presence of HA, deposition behavior of negatively charged NPs was not altered,

while deposition of positively charged NPs was dependent on HA presence. Higher grafting density of CTAB

also enhanced chromate sorption capacity due to the increasing number of favorable functional groups.

Taken together, this work clearly demonstrates the critical need to fully understand NP surface coating

dynamics as they relate to fundamental material behavior and performance.

Introduction

Modification of engineered nanoparticles (NPs) surfaces with
organic surfactants has received considerable attention in
recent years.1–3 Surface functionalization of NPs not only

enhances the physicochemical and mechanical properties,
but also improves their biocompatibility.4 For example, NP
surface functionalization can improve colloidal stability of
NPs in water,5,6 preventing dissolution,7 enhance reactivity/
remediation of potentially harmful substances,8,9 and even
mitigate toxicity.10 Additionally, as the production and
applications of engineered NPs continues to increase, the
corresponding potential for environmental exposure is also
increased, furthering the need to fundamentally predict NP
behavior.

Following intentional or accidental release of engineered
NPs into the environment, their fate and transport are largely
governed by particle–particle and particle–surface interactions,
and thus, when present, surface (organic) NP coating plays a
critical role. For instance, He et al. observed that zerovalent iron
NPs coated with carboxymethyl cellulose exhibited enhanced
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Environmental significance

Nanoparticle behavior in water is governed by surface properties, including effective surface-based coatings. Here we quantitatively describe the critical role
of surface coatings with regard to grafting density of the stabilizing organic layer (i.e. number of stabilizing agents per surface area), on the aggregation,
transport, and sorption behavior of engineered nanoparticles. For these, we explore particle behavior in relevant water chemistries, including the role of
natural organic matter.
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transport behavior in a simulated aquifer due to surface-based
electrostatic stabilization (preventing the NPs aggregation and
deposition).11 Phenrat et al. showed that dispersion stability of
zerovalent iron NPs was enhanced by surface modification via
polyelecetrolytes when compared to ‘bare’ NPs.12 Li et al.
reported that silver NPs coated with Tween 80 were significantly
more stable than uncoated silver NPs.13 When considering
specific surface coating properties, the grafting density of
organic molecules on the surface is a crucial, yet often under
studied (and under reported), factor governing the magnitude
of both electrostatic and steric repulsion forces related to
aggregation and deposition behavior(s).14

Organic coatings also affect the sorption behavior of
engineered NPs via specific affinity between organic coated
NPs and target contaminants. For example, Lee et al.
demonstrated that phosphonic acid group on manganese
ferrite NPs showed highest sorption capacity for uranium
removal rather than positively charged surface coating.15 Kim
et al. showed that iron oxide NPs with positively charged
surface coatings have higher sorption capacity for arsenic
and chromium sorption compared to negatively charged
NPs.16 Huang and Keller revealed that magnetic NPs
functionalized with EDTA showed high sorption capacity for
heavy metal removal for a variety of water chemistries as well
as material regeneration.17 Among these and numerous other
studies, it is clear that surface coating density is a critical NP
design criterion,18–20 yet remains relatively understudied.

While there are many reports on NP surface coatings,21

direct evaluation of NP behavior(s) as a function of surface
coating density has not been extensively investigated due to
the required synthesis precision and associated (and
incomparable) stability regimes. In this study, we examined
NP behavior as a function of carefully controlled grafting
densities, comparing colloidal stability, transport, and
sorption behavior as well as exploring the effects of natural
organic matter (NOM), as humic acid (HA). For this, we
evaluated the effect of grafting density on colloidal stability
in terms of critical coagulation concentration (CCC), as
quantified via aggregation kinetics. Sand column tests were
also performed and modeled to evaluate NP deposition
behavior as a function of grafting density and coating type,
along with the presence of HA. Lastly, sorption capacities for
chromate (as an example inorganic pollutant) are
demonstrated as a function of surface coating grafting
density.

Methods
Materials

Manganese(II) chloride tetrahydrate (MnCl2·4H2O, 99.99%),
oleic acid (OA, 90%), 1-octadecene (90%), polyethyleneglycol
(PEG, MW = 5000), cetyltrimethylammonium bromide (CTAB,
95%), hexane (98.5%), acetone (99.5%), ethanol (99.9%),
sodium chloride (NaCl, 99%), calcium chloride (CaCl2, 99%),
nitric acid (HNO3, 70%), sodium hydroxide (NaOH, 97%),
sodium bicarbonate (NaHCO3, 99.7%), potassium chloride

(KCl, 99%), potassium bromide (KBr, 99.95%), potassium
chromate (K2Cr2O7, 99%), and humic acid (HA, technical
grade) were purchased from Sigma-Aldrich. Sodium oleate
(97%) was purchased from TCI America. Nitrogen gas (N2,
99.999%, Airgas) was used to synthesize NPs.

Preparation of manganese oxide nanoparticles

Manganese oxide (MnxOy) NPs were synthesized by thermal
decomposition of manganese oleate as a MnxOy precursor at
320 °C. Detailed procedures for synthesis of manganese
oleate and MnxOy NPs were reported in previous studies.22,23

The synthesized NPs were purified over six times by
centrifuging at 7000 rpm using acetone, ethanol, and hexane.
The purified MnxOy NPs were dispersed and stored in
hexane. The resulting MnxOy NPs were phase transferred
using various surface stabilizing agents, such as OA, PEG,
and CTAB (MnxOy@OA, MnxOy@PEG, and MnxOy@CTAB).
Different concentrations of stabilizing agent were mixed with
10 mL of ultrapure water (18.2 MΩ cm, Millipore) and 0.4 mL
of MnxOy NPs in hexane solution (2.2 × 1014 NPs per liter)
through probe sonication (UP50H, Hielscher) at 80%
amplitude and full cycle for 10 min. The resulting solution
(in an opened vial) were stored under the fume hood to
remove the remaining hexane in solution for 24 h, and
subsequently the residual of surface stabilizers in the
solution was removed by ultrafiltration membrane (cellulose,
100 kDa MWCO, Millipore) under stirring, followed by
syringe filtration (0.22 μm PES, Millipore).

The grafting density on the NPs was determined using
total organic carbon (TOC, TOC-L analyzer, Shimadzu
Corporation) measurements. The number of organic
molecules per NPs was quantified by difference of TOC
values between the solution with the organic coated NPs and
supernatant without the NPs removed by ultracentrifuge
(Sorvall WX Ultra 80, Thermo Scientific) at 50 000 rpm for 2
h, with assumption of equivalent distribution for organic
molecules to the NPs. The concentration of NPs was
determined by digestion of NPs with hydrochloric acid (1 N)
under heating (80 °C) and measuring their manganese
concentration using inductively coupled plasma-optical
emission spectrometer (ICP-OES).

Critical coagulation concentration (CCC)

Aggregation kinetic of NPs was evaluated by measuring
hydrodynamic diameter (DH) of MnxOy NPs (ca. 1 mg L−1 as
Mn concentration) with different grafting densities in the
absence and presence of HA as a function of NaCl and CaCl2
concentrations for 20 min. Their DH was measured using a
Malvern Nano ZS system by Malvern Panalytical (Malvern
Zetasizer Nanoseries, Malvern, UK). All measurements were
conducted at a room temperature of 22 °C. The solution pH
was adjusted to 7.0 ± 0.2 with HNO3 and NaOH solutions.
The colloidal stability of NPs having different grafting
densities was evaluated by comparing CCC values in which
the aggregation kinetic reached to diffusion-limited regimes
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(i.e., the attachment efficiency is equal to 1). The attachment
efficiency (α) for aggregated NPs was calculated by following
equation:

α ¼ 1
W

¼ k
kfast

(1)

where W is stability ratio, k is aggregation rate constant
obtained at interested salt concentrations, and kfast is
diffusion-limited aggregation rate constant obtained under
favorable aggregation conditions.24,25

Column experiments

Column experiments were performed in water saturated
columns packed with 30–40 mesh Ottawa sand through a
glass column (Spectra/Chrom, TX) with dimensions of 15 cm
in length and 1.5 cm in inner diameter. Prior to transport
tests, the packed column was flushed with DI water and
desired background solution. Following water saturation, a
nonreactive tracer (KBr) test was performed to assess
hydrodynamic properties of the porous media, and the
resulting porosity was determined to be ca. 0.39. All
experiments were conducted at a pore-water velocity of 0.76 m
d−1, which is in the range of typical values of real groundwater
flow.26–28 For NPs transport experiments, a 5 pore volume (PV)
pulse of solution containing MnxOy NPs with different
grafting densities (1 mg L−1 as Mn concentration) under same
background electrolyte composition was introduced to the
column, followed by the injection of a NP-free background
solution. Column effluent samples were collected
continuously using fraction collector and NP concentration
was measured by ICP-OES as described above. Following each
transport experiments, the columns were sectioned into 5
increments, and retained NPs concentrations were extracted
and measured using ICP-OES to assess their spatial
distribution in the column. Detailed information about the
column experiment methods are provided in the ESI.†

The resulting data of column tests were interpreted using
clean-bed filtration theory (CFT)29 and a modified filtration
theory (MFT) approach.30 In CFT, the attachment efficiency
(α) of NPs to the sand was calculated by the following
equation:

α ¼ − 2
3

dc
1 − εð ÞLη0

ln
Ce

C0
(2)

where dc is diameter of sand [L], ε is porosity of packed
column, L is length of the column [L], η0 is single collector
efficiency, Ce is effluent concentration of NPs, and C0 is
influent concentration of NPs [M L−3]. The single collector
efficiency (η0) was numerically estimated using the empirical
equation:31

η0 = 2.4A1/3S N−0.081
R N−0.715

Pe N0.052
vdW + 0.55ASN

1.675
R N0.125

A

+ 0.22N−0.24
R N1.11

G N0.053
vdW (3)

where AS is Happel model parameter, NR is aspect ratio, NPe

is Peclet number, NvdW is van der Waals number, NA is

attraction number, and NG is gravitational number. Each
term in above equation represents the three filtration
mechanisms; diffusion, interception, and sedimentation,
respectively. In the MFT approach, a traditional mass
balance equation that accounts advection, hydrodynamic
dispersion and particle deposition was solved to simulate
NP effluent concentration and solid phase retention
profiles:

∂C
∂t þ ρb

θw

∂S
∂t ¼ Dh

∂2C
∂x2 − vp

∂C
∂x (4)

Here, C and S are the NP aqueous and solid-phase
concentrations [M L−3 and M M−1] respectively; t is time [t],
x is the distance from the column inlet [L]; vp is the average
pore-water velocity [L t−1], Dh is the hydrodynamic
dispersion coefficient for the column [L2 t−1], ρb is the bulk
density of the porous medium [M L−3], and θw is the
volumetric water content [L3 L−3].

For NP deposition, a Langmuir-type site block function
was employed to describe the rate of attachment (katt, 1/t) as
attachment sites were occupied, and a first-order detachment
term (kdet, 1/t) was included to account for nanoparticle
release:32

ρb
θw

∂S
∂t ¼ kattΨC − ρb

θw
kdetS (5)

Ψ ¼ Smax − S
Smax

(6)

Here, Smax is the maximum capacity of the solid phase for NP
deposition. eqn (4)–(6) were implemented to fit the NP
effluent breakthrough curve (BTC) data using a central-in-
space and fully implicit-in-time finite difference scheme in
MATLAB R2022b (MathWorks, Natick, MA). The fitted
parameters, including katt, kdet and Smax, are listed in Table
S2.† The NP retention profiles were then simulated using the
fitted parameters.

Chromate sorption measurements

The phase transferred MnxOy NPs with different grafting
densities (20 mg L−1 as Mn concentration) were tested for
chromate sorption (10 mg L−1 as Cr(VI)) at pH 7. Chromate
sorption dynamics was proceeded for 24 h and the solution
pH was adjusted to 7.0 ± 0.2 twice (initially and after 4 h
during each batch sorption experiment) using HNO3 and
NaOH solutions. After mixing for 24 h (equilibrium), the NPs
were separated using ultracentrifuge at 50 000 rpm for 2 h
and remaining concentration of Cr(VI) in the supernatant was
measured by ICP-OES. All experiments were performed in
duplicate. The measured chromate sorption density (mass of
adsorbed chromate per mass of MnxOy NPs in the sample)
was compared with respect to the grafting density of NPs.
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Results and discussion
Characterization of manganese oxide nanoparticles with
different grafting densities

Monodisperse manganese oxide (MnxOy) NPs were
synthesized through thermal decomposition of manganese
oleate at 320 °C, resulting in highly crystalline NPs, stable in
various nonpolar organic solvents such as, toluene and
hexane (Fig. S1†). As reported in our previous work,23

synthesized MnxOy NPs are demonstrated to be a core shell
structure (a core particles of MnO with a thin shell of Mn3O4

particles). We selected MnxOy NPs due to our ability to
precisely control particle shape and size during synthesis and
for their antiferromagnetic property of core particle at room
temperature, thus negating potential interfering magnetic
effects.33 Synthesized MnxOy NPs (18.4 ± 1.5 nm) were then
varied by carefully controlling concentrations of surface
stabilizing agents added during the final phase transfer
stepphase transferred into water via various surface coatings
(i.e. stabilizing organic layer), including OA, CTAB, via ligand
encapsulation method (MnxOy@OA, MnxOy@CTAB),34–36 and
PEG by ligand encapsulation (MnxOy@PEG)20 to render NPs
hydrophilic and stable in aqueous media.

During the phase transfer process, the number of (surface)
organic molecules per NPs (i.e., grafting density) was precisely
varied by carefully controlling concentrations of surface
stabilizing agents added during the final phase transfer step.
The DH of those phase-transferred NPs with different grafting
densities is presented in Fig. 1. For the same surface coating,
the DH was consistent regardless of the grafting density, which
indicates that the organic molecules on the outer-most layer
were similarly oriented (e.g. no additional layering). The
average DH of organic functionalized NPs was around 25 to 31
nm for MnO@OA, 36 to 48 nm for MnO@PEG, and 27 to 41 nm
for MnO@CTAB, in a wide range of grafting density,
respectively. As shown in Fig. 1, the bilayer coating structure
with OA and CTAB showed relatively small DH compared with
PEG coating(s), which is in line with our previous studies.16,23

Zeta potential measurements of surface functionalized MnxOy

NPs (Fig. S2†) were −36 to −34 mV for MnO@OA, −11 to −28 mV
for MnO@PEG, and 16 to 41 mV for MnO@CTAB, which are
also similar to our previous studies.15,23,34

Colloidal stability

Colloidal stability of the phase-transferred NPs was evaluated
with respect to the grafting density by measuring CCC values
as a function of NaCl and CaCl2 concentrations. As shown in
Fig. 2, water stable NPs with various grafting density, were
evaluated in mono- or di-valent cationic salt solutions and
their colloidal stability was monitored and compared. For
these, the higher grafting density materials demonstrated
higher stability, as larger CCC values were observed for both
NaCl and CaCl2 solutions (Fig. 2(a–d)). Specifically, CCC
values for higher grafting density of MnxOy@OA (855 mM of
NaCl and 21.8 mM of CaCl2) and MnxOy@PEG (283 mM of
NaCl and 8.5 mM of CaCl2) were higher than those for lower
grafting density of MnxOy@OA (236 mM of NaCl and 11.2
mM of CaCl2) and MnxOy@PEG (173 mM of NaCl and 1.8
mM of CaCl2), respectively. We hypothesize that, higher
grafting densities lead to higher electrostatic and steric
repulsion forces due to higher entropic restriction and
osmotic pressure difference(s), and thus consequently
resulted in higher colloidal stability.37–39 It should be noted
that aggregation kinetics for MnxOy@CTAB were unfavorable
under high NaCl (2000 mM) and CaCl2 (1000 mM)
concentrations and therefore, stability based on CCC values
could not be compared (Fig. S3†).

As NOM is ubiquitous and can form complexes with metal
oxides in natural water, we further investigated the colloidal
stability of water stable NPs (with a varied grafting densities) in
the presence of humic acid (HA). For these systems, HA in water
actually improves the colloidal stability of NPs with low grafting
density. In the presence of HA (1 mg L−1 TOC), phase-
transferred NPs with low grafting density showed a significant
increase in CCC value in NaCl compared to the absence of HA.
For MnxOy@OA, the CCC for lower grafting density in the
presence of HA were 1325 mM of NaCl, which was substantially
higher than 236 mM of NaCl in the absence of HA. In contrast,
higher grafting density NPs had similar or slightly higher CCC
value (994 and 855 mM of NaCl in the presence or absence of
HA, respectively). Similar results were obtained for Mnx-
Oy@PEG, where the CCC for lower grafting density showed
dramatic increase from 173 to 1372 mM of NaCl in the presence
of HA. As observed in previous studies, HA can improve

Fig. 1 Hydrodynamic diameter (DH) of the surface functionalized manganese oxide nanoparticles (MnxOy NPs) with different surface grafting
densities at pH 7.0 ± 0.2. MnxOy NPs coatings include OA, PEG, and CTAB, here as: (a) MnxOy@OA, (b) MnxOy@PEG, and (c) MnxOy@CTAB.
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colloidal stability of NPs once attached to their surface(s).40,41

Our results show that the effect of HA on the stability of NPs is
varied a function of grafting density. We hypothesize that HA
can more readily attach to NPs with lower grafting density and
effectively improve their stability due to possible (increased)
hydrophobic interactions.42 While the CCC values increased
with HA as a function of NaCl concentration, HA actually
enhanced aggregation in the presence of calcium (Ca2+) through
what is likely to be intermolecular bridging as shown by
others,40 resulting in lower CCC values (5.75 and 5.45 mM of
CaCl2 for MnxOy@OA and MnxOy@PEG, respectively). In
addition, the slopes of attachment efficiency curves in the

presence of HA are steeper than those obtained in the absence
of HA for all types of surface coating evaluated. This observation
was attributed by the adsorption of HA to NPs which can
enhance relatively aggregation kinetic sensitivity.43

In comparison to MnxOy@OA and MnxOy@PEG, positively
charged NPs (MnxOy@CTAB) with varied grafting density,
showed different behavior with regard to colloidal stability,
especially with divalent cationic salt (CaCl2) and HA (Fig. 2(f)).
The CCC of MnxOy@CTAB for higher grafting density (3.7 mM)
is lower than lower grafting density (6.3 mM) in CaCl2 with 1
mg L−1 of HA. We expected positively charged functional groups
could more readily associate with negatively charged HA due to

Fig. 2 Attachment efficiency (α) of organic coated MnxOy NPs with different grafting densities (e.g. OA/MnO:60k refers to 60k molecules of OA
per MnO of nanocrystals) as a function of NaCl and CaCl2 concentrations in the absence and presence of humic acid (HA, 1 ppm) at pH 7.0 ± 0.2;
(a and b) MnxOy@OA, (c and d) MnxOy@PEG, and (f) MnxOy@CTAB. (e) Aggregation profiles of MnxOy@CTAB NPs with different grafting densities in
the presence of humic acid (HA) under 2 M of NaCl concentration.
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the electrostatic attraction, thus resulting in lower CCC in
CaCl2. We verified that the DH of higher grafting density (129
nm) was larger than lower grafting density (94.8 nm) in the
presence of HA, indicating more HA adsorbed on MnxOy@CTAB
with higher grafting density. For a higher concentration of HA
(10 mg L−1 TOC), the CCC values of both higher and lower
grafting densities were similar (3.4 and 3.6 mM of CaCl2) as
shown in Fig. 2(f). At such high concentration of HA, NPs are
likely to be completely coated by HA regardless of grafting
density, thus identical CCC values. Aggregation kinetics for
MnxOy@CTAB in 2000 mM of NaCl in the presence of HA is
presented in Fig. 2(e). Here, the aggregation rate increased with
increase of grafting density in the same concentration of HA,
which are consistent with results obtained from aggregation
kinetics as a function of CaCl2.

Transport behavior in water saturated porous media

We performed column studies in a water-saturated porous
medium to evaluate the transport behavior of MnxOy NPs

with different grafting densities. Breakthrough curves (BTCs)
of effluent concentration normalized by the influent
concentration (C/C0) for MnxOy NPs transport through water
saturated columns are presented in Fig. 3. For comparison,
representative BTCs for non-reactive (control) tracer were
obtained, with C/C0 reaching 1.0. In addition, tracer BTC
shapes were consistent for all columns, with steep increase
and decrease of C/C0, indicating ideal equilibrium transport
behavior.30,44 In contrast to tracer transport, BTCs for organic
coated MnxOy NPs never reached C/C0 = 1, indicative of
favorable particle-collector interactions. NP breakthrough
then showed gradually decreasing concentration after
maximum relative concentration (C/C0) in all types of surface
stabilizers. This observation indicates that significant portion
of the NPs were retained irreversibly in the column and the
retained NPs were slowly released from the sand, which is
likely due to secondary minimum interactions between NPs
and sand.45 To capture NP release behavior, measured BTCs
were fit using the MFT method with a first-order detachment
term. The tailing behavior observed in the experimental BTCs

Fig. 3 Experimental and fitted breakthrough curves (BTCs) of MnxOy NPs with different grafting densities in water saturated columns packed with
30–40 mesh Ottawa sand in the absence and presence of HA; (a and b) MnxOy@OA, (c and d) MnxOy@PEG, and (e and f) MnxOy@CTAB. All column
experiments were performed at 0.76 m d−1 of a pore-water velocity and pH 7.0 ± 0.2.
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was successfully reproduced by the fitted curves. The fitted
detachment rates for all investigated conditions were two
orders of magnitude smaller than the attachment rates (Table
S2†), indicating minimal NP release compared to attachment.

The C/C0 of NPs with higher grafting density was similar
or slightly higher than that of lower grafting density in the
absence of HA. Whether the grafting density of the
engineered NPs was high or low, all phase transferred NP
samples were highly colloidally stable at the low electrolyte
concentrations used in the column experiments (1 mM of
KCl). In addition, the steric repulsion force for the bare sand
could be lower than steric effects in aggregation of NPs,
resulting in relatively less impact of grafting density on their
deposition behavior. These results are similar to previous
reports; the attachment efficiency of NPs to HA coated silica
surface is lower than that of NPs to bare silica surface due to
additional steric stabilization of HA on the silica surface.41

Batch reactor experiments were also conducted as a function
of grafting density of the engineered NPs to provide the
supporting evidence regarding deposition behavior on sand
(Table S1†). Similar or higher C/C0 was achieved in higher
grafting density and MnxOy@CTAB showed highest C/C0,
followed by MnxOy@OA and MnxOy@PEG, which is
consistent with their colloidal stabilities (and previously
discussed results). The attachment efficiency (α) and single
collector efficiency (η0) of NPs to the sand calculated using
eqn (2) and (3) are presented in Table 1. The resulting
attachment efficiencies (α) were 0.0115 for MnxOy@OA,
0.0227 for MnxOy@PEG, and 0.0127 for MnxOy@CTAB,
respectively. The MFT fitted parameters (katt, kdet and Smax)
for three MnxOy nanoparticles at two grafting density were
also similar (Table S2†). For example, the fitted attachment
rates for MnxOy@OA, MnxOy@PEG, and MnxOy@CTAB were
1.20–1.38, 1.79–1.82, 1.43–1.46 h−1 at low and high grafting
densities, respectively, indicating the surface coating density
did not strongly influence the rate of NP attachment.

We observed negligible effects of HA on the C/C0 for Mnx-
Oy@OA and MnxOy@PEG. Both negatively charged NPs likely

have sufficient electrostatic repulsion forces, with respect to
HA, for low electrolyte concentration. This is supported by
identical DH regardless of HA for MnxOy@OA and Mnx-
Oy@PEG as shown in Table 1. The MFT fitted Smax in the
absence and presence of HA for MnxOy@OA and Mnx-
Oy@PEG were also similar (∼1.5 μg g−1 sand), indicating the
minimal effect of HA on the attachment of negatively charged
MnxOy. In comparison, for positively charged MnxOy@CTAB,
the C/C0 significantly decreased in the presence of HA as also
shown in Table 1 from 0.380 and 0.214 to 0.134 and 0.093 for
higher and lower grafting densities, respectively. This result
is consistent with the results of aggregation behavior in
which HA adsorbs to the positively charged MnxOy@CTAB
and these larger aggregates were more likely to interact with
a particle collector. We verified that the DH of MnxOy@CTAB
NPs significantly increased with HA due to adsorption from
37.8 and 40.9 to 129 and 94.8 nm, respectively. Attachment
efficiencies (α) of MnxOy@CTAB to the soil media were also
increased from 0.0127 and 0.0214 to 0.077 and 0.0647 for
higher and lower grafting densities in the presence of HA,
respectively (Table 1). The greater attachment in the presence
of HA was also observed for MFT fitted katt values, which
increased from 1.43 h−1 to 3.2 h−1. For all organic coatings,
the BTCs shifted toward later time in presence of HA (the
peak concentration arrival time was at higher pore volume).
This change could be attributed to the change of transport
properties in the soil column, as organic matter reduced NP
transport.46,47

To determine the retention profile of NPs in soil media, we
measured their concentrations in sectioned segments of
column (Fig. S4†). As expected, the attached NPs were relatively
more abundant in the first section of column (inlet) for all
types of surface stabilizers, which is consistent with previous
studies.30,48 In the presence of HA, the highest retained
concentration was observed in the second section of column
for MnxOy@OA and MnxOy@PEG. We hypothesize that HA was
substantially adsorbed to the first section of soil column and
thus preventing negatively charged MnxOy@OA and

Table 1 Single collector efficiency (η0) and attachment efficiency (α) of MnxOy NPs with different grafting density

Surface
stabilizer

Grafting
density

Hydrodynamic
diameter (nm)

Single collector
efficiency (η0)

Relative
concentration (C/C0)

Attachment
efficiency (α)

In the absence of HA
OA 77k 27.8 0.36 0.33 0.012

60k 25.1 0.39 0.33 0.010
PEG 25k 39.5 0.27 0.19 0.023

16k 39.9 0.27 0.16 0.025
CTAB 24k 37.8 0.28 0.38 0.013

9k 40.9 0.27 0.22 0.021
In the presence of HA
OA 77k 28.7 0.35 0.30 0.013

60k 29.2 0.36 0.36 0.011
PEG 25k 38.2 0.28 0.28 0.017

16k 37.8 0.28 0.28 0.017
CTAB 24k 129 0.11 0.13 0.070

9k 94.8 0.14 0.09 0.065
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MnxOy@PEG from attaching to the sand. For MnxOy@CTAB,
however, retention of NPs was highest near the inlet and
declined along the column, for which positively charged NPs
could attach to the HA occupied on the collector surface.

Enhanced sorption with higher grafting density

Finally, we evaluated chromate sorption performance of MnxOy

NPs with various grafting densities for different surface
stabilizers (OA, PEG, and CTAB). Positively charged Mnx-
Oy@CTAB showed enhanced chromate sorption performance
compared to negatively charged MnxOy@OA and MnxOy@PEG
as observed previously by our group and others (Fig. 4).16,49

Further, for MnxOy@CTAB, higher grafting density resulted in
higher Cr(VI) sorption density as shown in Fig. 4(c). The sorption
density was 21, 37, 42, 90, and 87 mg g−1 (milligram of Cr per
gram of NPs) for 9k, 18k, 24k, 51k, and 74k of grafting densities,
respectively. As the dominant species of Cr(VI) at pH 7 is
negatively charged HCrO4

− and CrO4
2−, such correlation

between Cr(VI) sorption density and grafting density of NPs is
attributed to the increased number of favorable functional
groups, thus simply providing more adsorbing sites. The
maximum sorption observed at 51k and above, indicates steric
hindrance plays a role at high(er) loadings. For negatively
charged NPs (MnxOy@OA and MnxOy@PEG), while increasing
grafting density plays critical role for colloidal stability, as
discussed above, it does not provide additional (direct) sorption
sites for negatively charged species. Sorption densities of Mnx-
Oy@OA NPs were 23, 26, 20, and 23 mg g−1 for 36k, 47k, 60k,
and 77k of grafting density, and MnxOy@PEG NPs were 19, 15,
12, 12, 23, 11, 12, and 23 mg g−1 for 16k, 23k, 23k, 24k, 26k,
27k, 31k, and 47k of grafting density, respectively.

Conclusions

In this work, we describe the effects of grafting density on the
colloidal stability, transport, and sorption behavior of the
engineered MnxOy NPs in water. Higher grafting densities lead
to improved colloidal stability due to increasing steric repulsion
forces. The stability of NPs was also dependent on HA with
respect to grafting density. CCC (stability) values of negatively
charged NPs with lower grafting density significantly increased
in the presence of HA, while having negligible effects for NPs
with higher grafting density. For positively charged NPs, more

HA associates with higher grafting densities due to enhanced
electrostatic attraction, resulting in decreasing CCC values,
which is likely due to the intermolecular bridging in the
presence of CaCl2. Transport behavior was consistent with
aggregation behavior regardless of grafting density for
negatively charged MnxOy@OA and MnxOy@PEG, whereas
positively charged MnxOy@CTAB had increased deposition in
the presence of HA. In addition, higher grafting density for Mnx-
Oy@CTAB led to higher chromate sorption capacities, as
additional (favorable) functional groups provided more sorption
sites. Taken together this work clearly highlights the need for
more precise NP synthesis protocols, including surface
modification, which allow for critical comparison(s) of
fundamental behavior. As demonstrated here, NP deposition
and sorption behavior can strongly depend on surface density
of stabilizing layers – a fact that remains under appreciated in
many direct (nano)particle comparison studies done in an
environmental context.
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