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a b s t r a c t

Changes in solution chemistry and transport conditions can lead to the release of

deposited MnO2 nanoparticles from a solid interface, allowing them to re-enter the

aqueous environment. Understanding the release behavior of MnO2 nanoparticles from

naturally occurring surfaces is critical for better prediction of the transport potential and

environmental fate of MnO2 nanoparticles. In this study, the release of MnO2 nano-

particles was investigated using a quartz crystal microbalance with dissipation moni-

toring (QCM-D), and different environmental surface types, solution pH values and

representative macromolecular organics were considered. MnO2 nanoparticles were first

deposited on crystal sensors at elevated NaNO3 concentrations before being rinsed with

double-deionized water to induce their remobilization. The results reveal that the release

rate of MnO2 depends on the surface type, in the decreasing order: SiO2 > Fe3O4 > Al2O3,

resulting from electrostatic interactions between the surface and particles. Moreover,

differences in solution pH can lead to variance in the release behavior of MnO2 nano-

particles. The release rate from surfaces was significantly higher at pH 9.8 that at 4.5,

indicating that alkaline conditions were more favorable for the mobilization of MnO2 in

the aquatic environment. In the presence of macromolecular organics, bovine serum

albumin (BSA) can inhibit the release of MnO2 from the surfaces due to attractive forces.

In presence of humic acid (HA) and sodium alginate (SA), the MnO2 nanoparticles were

more likely to be mobile, which may be associated with a large repulsive barrier imparted

by steric effects.
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Introduction

MnO2 nanoparticles (MnO2 NPs) are nanosized manganese

oxides commonly found in both natural and anthropogenic

aquatic environments through the natural processes of min-

eral weathering or anthropogenic processes of manganese

(Mn(II)) oxidation or permanganate (Mn(VII)) reduction (Buffle

and Leppard, 1995; Ma and Graham, 1996; Wigginton et al.,

2007). The application of MnO2 NPs has been increasingly re-

ported for the removal of contaminants due to their high

surface activity, allowing them to act as oxidants or adsor-

bents (Jiang et al., 2009; Huangfu et al., 2017a; Huangfu et al.,

2017b; Marafatto et al., 2018), and they inevitably recharge

into the aquatic environment and influence other co-existing

pollution (e.g., organic and metal). In most cases, MnO2 NPs

can attach to aquatic surfaces, while under adverse condi-

tions, the depositedMnO2 NPs can be released from the nature

surfaces of sand, rocks, or sediments as the solution condi-

tions rapidly change (e.g., during storms and floods)

(Torkzaban et al., 2013; Yi and Chen, 2013; Chowdhury et al.,

2014b). Once the release takes place, MnO2 NPs can return

into the aqueous phase and thereby influence the transport of

themselves and the relevant pollution. Therefore, under-

standing the reversibility of MnO2 NP retention on naturally

occurring surfaces is crucial for a better control of their

mobility and environmental fate in aquatic systems.

The deposition and release behaviors of MnO2 NPs are

considered two key processes codetermining the mobility of

MnO2 NPs suspended in aqueous environments (Huangfu et

al., 2019; Jean et al., 1996; Markus, 2016). The deposition ki-

netics of MnO2 NPs on representative environmental sur-

faces have been investigated previously and can be

qualitatively explained by Derjaguin-Landau-Verwey-

Overbeek (DLVO) theories (Huangfu et al., 2019). Electro-

static surface properties play an important role in controlling

MnO2 colloidal deposition on different surfaces in mono-

valent sodium solutions. The significant high energy barrier

calculated for MnO2 NPs with similarly negative silica and

magnetite surfaces in the study indicated that the retention

of MnO2 under those unfavorable conditions may be

reversible and that MnO2 NPs were likely to be released back

into the aqueous phase. However, under the favorable con-

ditions for MnO2 deposited onto the alumina surface, the

deposition may be irreversible due to the existence of

attractive forces (Huangfu et al., 2019).

Extensive research has been conducted on the release of

nanoparticles by performing a quartz crystal microbalance

with dissipation monitoring (QCM-D) technique (Quevedo

and Tufenkji, 2009; Yi and Chen, 2013; Yi and Chen, 2014;

Chowdhury et al., 2014b; Wang et al., 2017). With the prop-

erties of high sensitivity and low sample volume re-

quirements, QCM-D can be a useful tool for determining the

interaction of nanomaterials with interfaces. Yi and Chen

(2013) reported that multiwalled carbon nanotubes

(MWNTs) deposited on flat silica surfaces can be released

when the background Naþ or Ca2þ concentration is

decreased at pH 7.1. Similarly, Chowdhury et al. observed the

remobilization of deposited graphene oxide (GO) from silica-

coated QCM crystal surface when rinsed with deionized (DI)

water (Chowdhury et al., 2014a). The release of nanoparticles

in these studies is considered occur at the primary energy

minimum due to the parallel-plate flow in the QCM chamber

only allowing for nanoparticle deposition at the primary

energy minimum (Yi and Chen, 2013; Yi and Chen, 2014).

Although many studies have been conducted on the release

behavior of nanoparticles from silica surfaces, research on

their release from different surfaces is still limited. More-

over, molecular organic matter (e.g., humic substances,

polysaccharide and protein), which is widely present in

natural environments, can significantly impact the stability

and mobility of MnO2 NPs and thus affect the release and

detachment of deposited MnO2 NPs from interacting sur-

faces. While those environmental factors are critical for the

interaction of MnO2 NPs with surfaces, work on release

behavior of MnO2 NPs from environmental surfaces under

relevant conditions has not yet been established.

In this study, the release behavior of deposited MnO2 NPs

from crystal surfaces in monovalent sodium nitrite was

investigated using a QCM-D. MnO2 NPs were first deposited on

crystal surfaces in the background electrolytes and then

exposed to double-deionized (DDI) water to induce the release

of MnO2. The typical coatings (e.g., silica, magnetite, or

alumina) of crystal sensors, which represent the model min-

eral surfaces that may be encountered by migrating MnO2

NPs, were chosen to examine the influence of surface type on

the reversibility of MnO2 deposition. The effect of solution pH

and molecular organic matter on the release of deposited

MnO2 from evaluated surfaces was also investigated.

1. Materials and methods

1.1. MnO2 NPs synthesis and characterization

The synthetic method for MnO2 NPs in this study was iden-

tical to the approach utilized in our previous publications

(Huangfu et al., 2013; Huangfu et al., 2014; Huangfu et al., 2015;

Ma et al., 2018). Briefly, the MnO2 NPs were prepared from

equivalent amounts of Na2S2O3 and KMnO4 by adding the

former dropwise into a rapidly stirred solution of the latter.

The final MnO2 suspension at a concentration of 1 mmol/L

(0.087 mg/L) was prepared by diluting the stock solution into a

10 mmol/L NaNO3 solution. The resulting MnO2 suspension

was stored in the dark at 4�C and further sonicated for 15 min

prior to each measurement. The hydrodynamic diameter,

electrophoretic mobility (EPM) and zeta potential of MnO2 NPs

were determined using a Nano ZetaSizer (Nano ZS90,Malvern,

UK) immediately after sonication. The measured average size

of the MnO2 NPs was 58.5 ± 0.6 nm (n ¼ 30), their z potential

was nearly �36.5 mV in 10 mmol/L NaNO3 at pH 6.5 based on

at least three different samples for each measurement, and

the pHIEP (pH of isoelectric point) was 1.72, nearly consistent

with our previous reported value (~1.93) (Jiang et al., 2009).

Moreover, the results from dynamic light scattering (DLS)

measurements showed that the hydrodynamic diameter of

the MnO2 NPs in an electrolyte solution of 10 mmol/L NaNO3

was determined to be 61e75 nm, which was therefore

considered stable to against aggregation during the process of

the QCM-D experiments.
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1.2. Solution chemistry

Double deionized water (>18.2 MU/cm) (ULUPURE Ultrapure

Technology Co, Ltd. (China)) was used to prepare all

aqueous solutions. The electrolyte stock solution was pre-

pared with analytical reagent-grade NaNO3 with filtration

by a 0.22-mm cellulose acetate filter (Whatman ME 24,

Middlesex, UK) prior to use. The background electrolyte

concentration (10 mmol/L NaNO3) was used for the deter-

mination of MnO2 release for all solutions in this study. The

pH for most experiments was unadjusted at pH 6.5 ± 0.5.

For the experiments of the influence of solution pH, the pH

of the suspension was adjusted to 4.5 and 9.8 with 0.5 mol/

L HCl and KOH stock solutions, respectively. Molecular or-

ganics (i.e., HA (Fluka no. 53680), alginate (no. V900933) and

BSA (no. 180947)) were all obtained from Sigma Aldrich, St.

Louis, MO. Stock solutions at the concentrations of 200 mg/

L were prepared by filtrating with 0.22-mm syringe filters to

remove residual contaminants. The final concentration of

organic suspensions was diluted at 5 mg/L to assess the

effect of molecules on the release of MnO2 NPs. All release

experiments were conducted at 25�C.

1.3. Release study using a quartz crystal microbalance

To evaluate the release process of MnO2 nanoparticles from

typical surfaces after deposition, a QCM-D system (E4, Q-

sense, Biolin Scientific, Sweden) was selected, which was

equipped with four modules for the simultaneous measure-

ment of the frequency and dissipation response. MnO2 NPs

were first deposited on a 5 MHz AT-cut crystal surface coated

with silica (QSX 303, Q-Sense), magnetite (QSX326) or alumina

(QSX 309) in the presence of 10 mmol/L NaNO3. Before each

measurement, the QCM crystal sensorswere carefully cleaned

with the method as described elsewhere. The NP suspension

in the electrolyte solution was introduced into the measure-

ment chamberwith a slow flow rate of 0.20mL/min (±0.05mL/

min) to ensure a laminar flow by using a peristaltic pump. The

concentration of MnO2 NPs with background electrolyte sus-

pensions entering the flow modules was maintained at

1 mmol/L. Following the deposition of MnO2 NPs, the depos-

ited MnO2 NPs were first thoroughly flushed with a particle-

free electrolyte solution of the same solution matrix, fol-

lowed by DDIwater at the same flow rate to induce NP release.

For experiments under the influence of macromolecules, a

certain amount of HA, alginate or BSA at the final concentra-

tion of 5.0 mg/L (total organic carbon, TOC) was added to the

mixed suspension containing the same background electro-

lytes and MnO2 NPs. With the effect of surface type and so-

lution chemistry, the release behavior of MnO2 NPs under

different conditions leads to an increase in the frequency and

a decrease in the dissipative response. Hence, the release rate

and degree of MnO2 NPs from evaluated surfaces can be

determined from the rate of frequency shifts during the

introduction of DDI water as described in other studies

(Quevedo and Tufenkji, 2009; Yi and Chen, 2013; Chowdhury

et al., 2014b; Wang et al., 2017). The release process was

stopped when the frequency shifts at the third overtone were

less than 0.3 Hz in 10 min (Yi and Chen, 2014; Huang et al.,

2019).

The frequency shift at nth harmonics (Dfn; n ¼ 1, 3, 5, 7, 9,

11, 13) leads to a positive shift as the remobilization of

deposited MnO2 NPs, follows the Sauerbrey relationship:

Dm¼ � CDfn
n

(1)

where Dm is the changed mass and C is the crystal constant

(17.7 ng/Hz cm2 for the 5 MHz crystal). Dissipated energy can

be described with the dissipation unit (D):

D ¼ Edissipation

2pEstored
(2)

where Edissipation is the dissipated energy in one oscillation

cycle and Estored is the total energy stored in the oscillator. The

changedmass is proportional to the frequency shift when n is

fixed from Eq. (1).

2. Results and discussion

2.1. Release of deposited MnO2 NPs from the silica
surface

The frequency and dissipation responses of the crystal sen-

sors at the third harmonics were monitored when MnO2 NPs

were released from the silica-coated crystal surface in

10 mmol/L NaNO3 at pH 6.5, as shown in Fig. 1. Before the

measurements, the silica surface was thoroughly rinsed with

DDI water to obtain an initial baseline. Following the stable

baseline, 10 mmol/L NaNO3 solution was pumped across the

surface (stage A). In stage B, a suspension containing MnO2

NPs with the same concentration of background electrolyte

and pH was injected into the measurement chamber. Because

themeasured frequency shift is proportional to the amount of

deposited mass on the silica-coated crystal surface according

to the principle of QCM-D (Sauerbrey, 1959), the MnO2 NP

deposition resulted in an increase in the frequency response.

Correspondingly, the deposition of MnO2 NPs enhanced the

ability of crystal dissipation which depended on how much

was deposited on the crystal surface; thus, the continuous

deposition of MnO2 NPs on the silica surface also led to the

observed increase in dissipation. In stage C, the silica surface

was subsequently rinsed with 10 mmol/L NaNO3, during

which no change in frequency or dissipation was observed,

indicating that no depositedMnO2 NPswere released from the

silica surface. When DDI water was introduced into the flow

chamber in stage D, however, significant variances in shifts in

the frequency and dissipative response were observed, indi-

cating that the release of deposited MnO2 NPs from the silica

surface occurred. The increase in frequency and decrease in

dissipation were attributed to the decrease in the deposited

mass on crystal surface resulting from the NP release. The

result was in agreement with the findings that deposited

particles were reversibly attached when the background

electrolyte concentration decreased (Jean et al., 1996;

Lanphere et al., 2013; Torkzaban et al., 2013; Yi and Chen,

2013; Chowdhury et al., 2014b; Torkzaban and Bradford,

2016). Under these conditions, the negative charge of the

MnO2 NPs and the silica surface were both enhanced due to

the reduced charge neutralization effect of DDI water, leading
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to lower energy barriers between the two, which was suffi-

ciently small for MnO2 NPs to be remobilized from silica sur-

face (Ruckenstein and Prieve, 1976). It should be noted that the

final Df was lower than zero, indicating that there were still

MnO2 NPs attached to the surface at the end of the experi-

ment. Similar data had been obtained for DD, and there still

dissipation in the deposition system.

2.2. Representative aquatic environmental surface type

The natural surfaces (e.g., SiO2, Fe3O4 andAl2O3) with different

compositions and electrostatic properties played a significant

role in controlling the release behavior of MnO2 NPs from the

naturally occurring surfaces. The release frequency shift

profiles of the MnO2 NPs from the different surfaces at the

third overtone are shown in Fig. 2a. Similar to the release

behavior observed from silica surface, the release ofMnO2 NPs

from the magnetite and alumina surfaces did not take place

until the DDI water (stage D) was injected after the introduc-

tion of the electrolyte solution (stage C). However, the amount

of deposited MnO2 NPs on the Fe3O4 and Al2O3 surfaces was

significantly higher than that on the SiO2 surface, which was

observed from the plateau of the frequency profiles in stage B,

where deposition occurred. This result could be attributed to

the fact that at pH 6.5 in the present study, the SiO2 and Fe3O4

surfaces were both negatively charged, while the Al2O3 sur-

face was positively charged (Bahena et al., 2002; Erdemo�glu

and Sarıkaya, 2006; Healy, 2006). The less negative surface

potential of SiO2 relative to that of Fe3O4 resulted in a weaker

electrostatic repulsion between MnO2 NPs and the Fe3O4 sur-

face and thus a higher deposition degree. For the Al2O3

surface, the electrostatic attraction between positive Al2O3

and MnO2 with opposite charge created a favorable condition

for NP deposition; thus, the highest deposition degree was

obtained. The variances in the deposition behavior of MnO2

NPs on different surfaces can significantly influence the sub-

sequent release in stage D.

The normalized release rates of MnO2 NPs, determined

from the initial slope in the frequency shift measurements,

were plotted as a function of surface type in the same solution

chemistry in Fig. 2b. Under unfavorable conditions, the

release rate of MnO2 NPs from the SiO2 surface was nearly

1.98 Hz/s, which was approximately 4 times and 40 times that

from the Fe3O4 and Al2O3 surfaces, respectively. Therefore, it

can be concluded that the deposited MnO2 NPs were most

likely released from the silica surface and thus exhibited the

highest mobility in the aqueous environment, while the

release rate from the alumina surface was nearly zero and the

retention of MnO2 NPs on the alumina surface was almost

irreversible. The observed release behaviors ofMnO2 NPswere

consistent with the prediction of DLVO theory regarding the

interaction of charged particles at different charged surfaces.

Previous studies also observed a high release rate of NPs (i.e.,

quantumdots (QDs) and fullerenes (C60)) from the SiO2 surface

(Chen and Elimelech, 2006; Quevedo and Tufenkji, 2009), while

the irreversible deposition of MWNTs and partially reversible

deposition behavior of graphene oxide (GO) NPs on positively

charged Al2O3 surfaces (Chang and Bouchard, 2013;

Chowdhury et al., 2014b). The findings indicated that the

reversibility of MnO2 NP retention on the environmental sur-

faces was significantly affected by the surface electrostatic

properties, which can influence the interaction between the

Fig. 1 e Representative frequency and dissipation shifts obtained by QCM-D when MnO2 NPs are deposited on silica surface

at 10 mmol/L NaNO3 and pH 6.5. In Stage A, baselines are obtained by rinsing the silica surface with 10 mmol/L NaNO3

solution. In Stage B, the MnO2 suspension prepared in 10 mmol/L NaNO3 is introduced, and deposition occurs. In Stage C,

the silica surface is rinsed with 10 mmol/L NaNO3 solution. In Stage D, the silica surface is rinsed with DDI water, and MnO2

NP release takes place.
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particles and surface and thus determine the transport po-

tential and mobility of the nanoparticles in aquatic

environments.

2.3. Solution pH impact on colloidal MnO2 release

In natural aquatic systems, the solution chemistry is not

invariant, and the change of season, climate or human ac-

tivities may alter the solution chemistry properties (e.g., so-

lution pH). The release of MnO2 NPs from the above three

surfaces at different solution pH values (i.e., 4.5, 6.5 and 9.8)

was estimated in the presence of 10 mmol/L NaNO3, and the

frequency profiles at the third harmonics are presented in

Fig. 3. At pH 4.5, the deposition rates and the deposited

amount of MnO2 NPs on the three different surfaces were

significantly higher than those at pH 6.5 and pH 9.8 in stage B.

It was clear that the influence of solution pH on the deposi-

tion of MnO2 NPs was more obvious for the SiO2 and Fe3O4

surfaces as shown in Fig. 3a and 3b, indicating that the

retention of MnO2 NPs on these two surfaces was more

susceptible to the changes in solution pH. However, Fig. 3c

shows that at pH 4.5 the deposition degree of MnO2 NPs on

the alumina surface was significantly lower than that on the

other two surfaces, which was not consistent with the

finding that the highest deposition of MnO2 NPs was

observed on the alumina surface at pH 6.5 as shown in

Fig. 2a. To the best of our knowledge, there was no energy

barrier in the case of the Al2O3 surface due to the electrostatic

attraction at pH < 8 between MnO2 NPs and alumina

observed in our previous report (Huangfu et al., 2013). How-

ever, at a moderate concentration of electrolyte (10 mmol/L

NaNO3), small separation distance of the energy well

decreased the deposition rate of nanoparticles and the

attenuated deposition of MnO2 NPs was observed on Al2O3,

resulting from the higher ionic strength (Huangfu et al., 2019;

Jiang et al., 2010). These findings indicated that MnO2 NPs

were more likely to attach onto the environmental surfaces

and have a lower mobility under acidic conditions, which

were also slightly affected from the surface types.

In stage C, no MnO2 NPs were released from the three

surfaces when the electrolyte solution with the same back-

ground concentration was introduced into the QCM-D sys-

tem, consistent with the behavior observed in Fig. 2a. After

rinsing with DDI water, the release of MnO2 NPs occurred

under different pH conditions. To further understand the

influence of solution pH on the release behavior of MnO2 NPs

from surfaces, the fraction of MnO2 NPs released from the

SiO2, Fe3O4 and Al2O3 surfaces at different pH values was

calculated from the measured frequency changes, as pre-

sented in Fig. 4.

Fractions of MnO2 NP release from different surfaces

increased with increasing solution pH. At pH 9.8, the release

fractions of MnO2 NPs from SiO2, Fe3O4 and Al2O3 surfaces

were 80.58%, 68.61% and 67.16% respectively, significantly

higher than those at pH 4.5, where the release fractions were

only 7.13%, 4.4% and 6.22%. The experimental results showed

that most of the deposited MnO2 NPs on environmental sur-

faces would be released back into the aqueous phase under

alkaline conditions, while the deposition on the solid surfaces

in the water environment was almost irreversible in the so-

lution with strong acidity. When the solution pH increased

from 4.5 to 9.8, the MnO2 NPs became more negatively

charged, and the surface potential was prone to be positive at

the same time (Huangfu et al., 2013), which was strictly

controlled by DLVO theory. Therefore, the energy barrier be-

tween the MnO2 NPs and the surfaces is expected to increase

thus the particles can be readily released from surfaces at pH

9.8. In the study by Yi and Chen (2013) on the release behavior

of carbon nanotubes (CNTs) from a silica surface, the release

degree of MWNTs at pH 4.0 was much lower than that at pH

7.1 in NaCl solution. The lower release fraction was due to the

greater number of deprotonated carboxyl groups on the sur-

face of the MWNTs and thus themore negative surface charge

at pH 7.1 than at pH 4.0. The enhancement of electrostatic

repulsion between the MWNTs and silica surface at pH 7.1 led

to a higher energy barrier height for the MWNTs and the silica

surface, namely, a lower energy barrier forMWNT release, and

hence a higher degree of release. Therefore, the change in

Fig. 2 e (a) Representative frequency and dissipation shifts obtained by QCM-D (from the third overtone measurements)

when MnO2 NPs are deposited on SiO2, Fe3O4 and Al2O3 surfaces at 10 mmol/L NaNO3 and pH 6.5. (b) Initial release rates

when MnO2 NPs as a function of surface types at 10 mmol/L NaNO3 and pH 6.5 (the standard deviations obtained from at

least two replicate measurements).
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solution pH can impact the remobilization of nanoparticles

deposited on mineral and metal oxide surfaces in the envi-

ronment by modifying the surface potential of the particles.

2.4. Influence of macromolecular organic matter

The release of MnO2 NPs was also explored in the presence of

three model macromolecules (i.e., HA, alginate and BSA),

representing humic substances, polysaccharide and protein,

respectively, which commonly exist in the water environ-

ment. The frequency profiles obtained in 10 mmol/L NaNO3 at

pH 6.5 are shown in Fig. 5, and the fractions of released MnO2

NPs are plotted in Fig. 6. Compared with the release behavior

in the absence of organic matter, different macromolecular

organics have significant effects on the deposition and release

of MnO2 NPs. In stage B, the presence of BSA significantly

increased the deposition degree of the MnO2 NPs on the three

different surfaces, while the addition of HA and alginate

inhibited MnO2 deposition, as shown by the frequency shifts

in Fig. 5. The experimental results were consistent with the

findings in our previous publication that humic acid and the

two biomacromolecules showed different effects on influ-

encing the deposition of MnO2 colloids and other nano-

particles, dependent on the composition of the organics

(Huangfu et al., 2019). In addition, when themixed suspension

containing the same background electrolyte concentration

and macromolecular organics was introduced into the flow

module, no release of MnO2 NPs occurred. When DDI water

was introduced at stage D, only minimal release of MnO2 NPs

was observed at first (Fig. 5), though continued release

occurred and reached a maximum at the end, indicating that

the change in solution electrolytic conditions was still the

predominant factor determining the release of NPs in three

aquatic systems.

Furthermore, the release of MnO2 NPs in the presence of

different molecules showed the opposite effect. In the pres-

ence of HA, the release fractions of MnO2 NPs were the high-

est, approximately 57%, 51% and 61% for the SiO2, Fe3O4 and

Al2O3 surfaces, respectively, followed by alginate and those in

the absence of molecular organics, while only ~7% deposited

MnO2 was on average released from the three surfaces in the

presence of BSA. These results demonstrated that themobility

of MnO2 NPs can be enhanced in an HA and alginate back-

ground, while BSA can hinder the mobility of MnO2 NPs in the

aquatic phase and enhance their retention on environmental

surfaces. Moreover, relative to the influence of surface type,

the presence of background macromolecular organics

exhibited a greater impact on the release behavior of MnO2

Fig. 3 e Representative frequency shifts obtained by QCM-

D whenMnO2 NPs are deposited on (a) SiO2 (b) Fe3O4 and (c)

Al2O3 surfaces in different pH values in 10 mmol/L NaNO3.

Fig. 4 e Fractions of deposited MnO2 released from on SiO2,

Fe3O4 and Al2O3 surfaces at 10 mmol/L NaNO3 and pH 4.5,

6.5 and 9.8.
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NPs. The different effects of the molecular organics on the

release of MnO2 can be attributed to the structural variance of

themolecules. There is a large number of functional groups on

the HA surface, and its adsorption on the MnO2 NP surface

may lead to a decrease in its ability to contact the deposited

surfaces, thus increasing the release fraction. Alginate has a

surface with higher surface roughness and more linear

structure than that of HA (Kai and Elimelech, 2008), which

enabled a tight wrapping of the MnO2 NPs within the

adsorption layer of alginate. This additional physical capture

can result in an enhancement in the interaction of MnO2 NPs

with the surface and thus a reduced release degree of MnO2

NPs relative to HA was obtained. A previous study by

Chowdhury et al. also showed a similar effect of humic sub-

stances and alginate on the release of GOs from a SiO2 surface,

and similar mechanisms were proposed (Chowdhury et al.,

2014c). However, BSA molecules, with a special molecular

structure, have a large number of positively charged Lys res-

idues on their surface (Kubiak-Ossowska et al., 2017). The

adsorption of BSA on the MnO2 surface can provide additional

deposition sites for MnO2 NPs (Flynn et al., 2012), and

strengthen the connection between MnO2 and the surface

through electrostatic attraction. The deposited MnO2 NPs

need to overcome a high barrier to be released from the sur-

face in the presence of BSA, and the minimum release was

therefore observed.

2.5. Changes in the dissipative properties of the
deposited layer

As MnO2 NPs deposited onto the crystal surface, the crystal's
ability to dissipate energy increased simultaneously with

decreasing frequency shifts (Fatisson et al., 2009). The ratio of

dissipation slope to frequency shifts (

����DDDf
����) can be used as an

estimation of the characteristics of the deposited layers on

QCM-D crystal sensors (Chang and Bouchard, 2013; Li et al.,

2014; Chowdhury et al., 2014b; Chen et al., 2016); a lower

value indicates a rigid deposited layer, while a higher value is

observed for a dissipative and soft deposited layer (Gall et al.,

2013).

|DD(3)/Df(3)| calculated using D and f data from early stage B

at the third overtone, as a function of solution pH and mo-

lecular organics on the three different environmental

Fig. 5 e Representative frequency shifts obtained by QCM-

D when MnO2 NPs are deposited on SiO2, Fe3O4 and Al2O3

surfaces in the absence and presence of HA, alginate and

BSA in 10 mmol/L NaNO3 at pH 6.5.

Fig. 6 e Fractions of deposited MnO2 released from SiO2,

Fe3O4 and Al2O3 surfaces as a function of macromolecule

types at 10 mmol/L NaNO3 and pH 6.5.
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surfaces, is presented in Fig. 7a and 7b respectively. Overall,

the |DD(3)/Df(3)| values in the absence of macromolecules were

notably higher (~2.5e3 times) on the silica surface than on the

magnetite and alumina surfaces at different solution pH

values, indicating that theMnO2 deposition layers on the silica

surface were softer and more dissipative than those of the

other two surfaces. Due to the more repulsive interaction for

the similarly negative MnO2 NPs and silica surface, the parti-

cles tended to attach loosely on silica surfaces. While under

less unfavorable conditions, the deposition of MnO2 NPs on

the magnetite and alumina surfaces was more rigid than that

on silica. Similar observations of more rigid nanoparticle

deposition on electrostatically favorable surfaces were also

reported by previous studies (Chang and Bouchard, 2013;

Chowdhury et al., 2014c). The more dissipative the layer

was, the more the MnO2 NPs were likely to be released from

the surface. Therefore, the highest release rate and fraction

were observed for the silica surface, while a relatively lower

release was obtained for the magnetite and alumina surfaces.

Moreover, the |DD(3)/Df(3)| values presented in Fig. 7a were

the higher at pH 9.8 for the three surfaces, indicating that

MnO2 deposited layers became softer with increasing solution

pH. This soft deposited layer formation in the deposition

process under alkaline conditions can be readily released by

rinsing with DDI water. The relatively lower |DD(3)/Df(3)| value

at pH 4.5 was an indication of rigid layer formation thus the

lower release fraction from the surfaces, as observed in Fig. 4.

The findings showed that increasing the solution pH can

reduce the rigidity of the MnO2 deposition layers and increase

the particle mobility in aquatic systems. In the presence of

macromolecules, the |DD(3)/Df(3)| values with background HA

were highest, followed by alginate and then BSA. The highest |

DD(3)/Df(3)| values on the three surfaces in the presence of HA

might be due to the association of MnO2 NPs with the HA

coating instead of their direct association with the solid sur-

faces, which resulted in a less fully coupled and more dissi-

pative deposited layer, as observed elsewhere (Chang and

Bouchard, 2013). However, the low |DD(3)/Df(3)| values were

obtained for BSA due to the attractive association of BSA

adsorption on the particle surface. This result demonstrated

that the attachment of MnO2 on the crystal surfaces wasmost

rigid in the presence of background BSA, and a higher reten-

tion and lower release degree was therefore observed, as

shown in Fig. 7b. The findings were in good agreement with

our previous study which highlights the role of humic acid

and biomacromolecules with regard to MnO2 NP deposition

(Huangfu et al., 2019).

3. Conclusions

After entering the aquatic environment, the transport and

mobility of MnO2 NPs are codetermined by their deposition

and release behaviors on environmentally occurring sur-

faces. The present study reports the release of MnO2 NPs

under various environmentally relevant conditions. The data

obtained by using a QCM-D indicated that the release

behavior of MnO2 NPs from the crystal surfaces showed a

notable dependence on the surface type, solution pH and

background macromolecule. The silica surface showed the

highest release rate of MnO2 due to electrostatic repulsion,

followed by the magnetite and alumina surfaces. A high

release signified the higher mobility of the MnO2 NPs in

aquatic environments. Solution pH was another critical fac-

tor in controlling the reversibility of MnO2 deposition, with

significantly higher release degree from surfaces observed at

pH 9.8 than at pH 4.5, indicating that the alkaline conditions

were more favorable for the mobilization of MnO2 in the

aquatic environment. In the presence of macromolecular

organics, the addition of BSA inhibited the release of MnO2

due to the attractive regions provided by BSA adsorption,

while the presence of HA and alginate enhanced MnO2

release due to the large repulsive barrier imparted by steric

effects. The interpretation of the dissipative properties of the

deposited layer provided evidence for the release potential of

MnO2 NPs under different conditions. The findings in the

present study will enable a better understanding of the

mobility and transport of nanosized MnO2 particles in

aqueous environments.
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