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Mesoporous silica nanoparticles (MSNs) have the potential to be released into the environment and to then
adsorb natural organic matter. Understanding the molecular-surface interactions that drive the kinetics and
thermodynamics of the adsorption process is an important goal in developing models that accurately pre-
dict the fate and transport of these porous nanomaterials. Motivated by this goal, the adsorption of Nordic
aquatic fulvic acid on amine functionalized and non-functionalized MSNs as a function of pH (3, 6 and 8)
was studied using attenuated total reflectance Fourier transformation infrared spectroscopy. According to
these results, carboxylic acid functional groups of Nordic aquatic fulvic acid and the amine functional
groups on the functionalized MSNs play key roles in the adsorption process. Quantitative measurements
were conducted using thermogravimetric analysis to determine the surface coverage of fulvic acid on the
MSNs. The fulvic acid adsorption was pH dependent and decreased with increasing pH. Amine-
functionalized MSNs exhibited a higher adsorption capacity of fulvic acid compared to the non-
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functionalized nanoparticles under all conditions. Furthermore, zeta potential measurements showed the
impact of fulvic acid adsorption on the surface charge for these MSNs. Strikingly, the surface charge
DOI: 10.1039/c8en00618k changed upon fulvic acid adsorption for amine-functionalized MSNs but remained constant for the
unfunctionalized MSNs. Reasons for these differences and the overall environmental implications of this

rsc.li/es-nano study are discussed.

Environmental significance

Mesoporous silica nanoparticles (MSNs) have the potential to be released into the environment and adsorb natural organic matter (NOM). The major
conclusions of this study are that the extent of adsorption of NOM depends on surface functionalization and solution pH with amine-functionalized MSNs
exhibiting: (i) a higher adsorption capacity of NOM compared to the non-functionalized nanoparticles under all conditions; (ii) significantly different
changes in zeta potential; (iii) specific electrostatic interactions and; (iv) acid-base chemistry. Overall, understanding the molecular-surface interactions
that drive the kinetics and thermodynamics of the adsorption process is an important goal in developing models that accurately predict the fate and trans-
port of these porous nanomaterials in the environment.

Introduction thus increasing the potential for MSNs to be released into
the environment.
Following release into the environment, MSNs interact

with complex environmental and biological milieu which can

Mesoporous silica nanoparticles (MSNs) are versatile mate-
rials that are being developed for a variety of applications,
such as targeted drug delivery, catalysis, cell labelling and
imaging."® MSNs have desirable properties including high
surface areas and tunable pore sizes (2 to 10 nm)”® that
make them ideal materials for use in consumer products,

lead to various nanoparticle transformations, such as adsorp-
tion of natural organic matter present in the environment.
The nature of the nanoparticle surface in combination with
the factors in the surroundings often controls the fate and
transport of these materials as well as their interaction with
biological organisms. This suggests that surface adsorption
processes can alter the fate and transport of MSNs in the en-
vironment. In particular, surface adsorption with environ-
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mentally relevant ligands, e.g. fulvic acids (FA) can occur and
alter the surface of the nanoparticles. FA is the most soluble
and structurally smallest component of natural organic

This journal is © The Royal Society of Chemistry 2018


http://crossmark.crossref.org/dialog/?doi=10.1039/c8en00618k&domain=pdf&date_stamp=2018-09-10
http://orcid.org/0000-0003-0727-4314
http://orcid.org/0000-0002-9736-4964
http://orcid.org/0000-0001-5052-0045
http://dx.doi.org/10.1039/c8en00618k
https://pubs.rsc.org/en/journals/journal/EN
https://pubs.rsc.org/en/journals/journal/EN?issueid=EN005009

Published on 01 August 2018. Downloaded by University of California- San Diego on 10/23/2018 7:42:55 PM.

Environmental Science: Nano

matter (NOM) and is one of the most abundant natural li-
gands in the environment.’ FA is difficult to characterize but
is known to contain multiple functional groups including car-
boxylic acids, alcohols and other oxygen containing func-
tional groups as shown Fig. 1.'° Due to the presence of multi-
ple aromatic and aliphatic carboxylic acid functional groups,
FA is known to function as a polyprotic weak acid in the
environment."' "3

It is well known that FA is capable of coordinating with
metal ions to form stable complexes via carboxylate func-
tional groups.'®'* Furthermore FA is also capable of
adsorbing onto different mineral surfaces in the
environment.">*® A Previous study by Liang and coworkers
has shown that FA adsorbs on silica nanoparticles. They stud-
ied humic acid (HA) and FA adsorption on the surface of dif-
ferent sized silica particles and found that smaller particles
showed higher adsorption affinity for FA. Furthermore it was
found that FA adsorption on silica is not affected by the ionic
strength of the medium.” These previous studies suggest
that FA adsorption occurs on silica nanoparticle surfaces un-
der a broad range of environmental conditions. However, the
impact of pH on the surface adsorption of FA on MSN has
not been previously investigated.

In addition, the issue of how surface functionalization
of MSNs affects FA adsorption on MSN surface has not
been explored. Because functional groups present on the
surface of the nanoparticle dictates the surface chemistry
of the nanoparticles, understanding surface
functionalization and how it changes the interaction of
the nanoparticles with the surrounding environmental and
biological milieu is an important aspect of eco-toxicity of
MSNs. Surface functional groups affect the surface charge
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of MSNs in aqueous media at varying pH as shown in
Fig. 2. Moreover, many applications of MSNs require sur-
face modifications such as amine functionalization to tai-
lor the properties of the MSNs. Prior studies have used
amine surface modifications to achieve the slow release of
drugs, such as ibuprofen and aspirin from MSNs.>?°
Therefore, studying the environmental transformations of
surface modified MSNs is important in order to better un-
derstand the eco-toxicity of MSNs.

In this study, the adsorption of Nordic aquatic fulvic acid
(NAFA) on aminopropyltriethoxysilane (APTES)-functionalized
and non-functionalized MSNs, denoted as MSNs@APTES and
MSNs throughout, under different pH conditions was investi-
gated in order to understand how surface functionalization
and pH impact NAFA adsorption. Attenuated total reflectance
Fourier transformation Infrared (ATR-FTIR) spectroscopy was
used as the primary spectroscopic tool to investigate the
mechanism of adsorption on functionalized and non-
functionalized MSNs. In these experiments, adsorption of
NAFA was studied on a thin film of MSN deposited onto an
ATR crystal. This can be viewed as analogous to the surface
of a MSN aggregate. Additionally, thermogravimetric analysis
(TGA) was used for the quantitative study of NAFA adsorption
on functionalized and non-functionalized MSNs. Zeta poten-
tial measurements were conducted to assess the impact of
NAFA adsorption on surface charge of the functionalized and
non-functionalized MSNs. Surface functional groups and
adsorbed molecules determine the surface charge of MSNs in
aqueous environments. Fig. 2 shows how the silanol groups
on non-functionalized MSN and NH, groups and silanol
groups on functionalized MSN affect their surface charge as a
function of pH.

HOOC

COOH

Fig. 1 Schematic pictorial representation (pseudostructure) of the Nordic aquatic fulvic acid with the range of pK, values of the most acidic

protons. ™
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Fig. 2 Depiction of the variation of the surface charge of MSN with pH, based on the surface chemistry of the aminopropyltriethoxysilane
(APTES)-functionalized and non-functionalized MSNs, MSNs@APTES and MSNs, respectively.

Methods and materials

Attenuated total reflectance-Fourier transformation
spectroscopy

ATR-FTIR studies were carried out using Nicolet 670 FTIR
spectrometer equipped with a horizontal ATR element. A hor-
izontal flow cell (Pike tech.) with an AMTIR crystal was used
for the study. A thin film of silica nanoparticles was drop
casted on the crystal using a nanoparticle suspension (2.5 mg
mL™"). Millipore water was flowed (0.5 mL min™") over the
dry film for 60 minutes to remove loosely bound nano-
particles. A flow (0.5 mL min ') of a solution of NAFA (100
mg L") at the desired pH was passed over the sample for 180
minutes and spectra were collected at 5 minute intervals. The
experiments were carried out for both functionalized and
non-functionalized silica nanoparticles under three different
PpH conditions, 3.0, 6.0 and 8.0.

Thermogravimetric analysis

MSNs (25 mg) were suspended in a 10 mg mL™" NAFA so-
lution (1 mL) for 24 hours in order to achieve maximum
adsorption. After 24 hours, the suspension was centrifuged
for 5 minutes at 13000 rpm and the supernatant was
discarded. NAFA adsorbed nanoparticles were then washed
with Millipore water (2 mL) and centrifuged to recover the
NAFA adsorbed MSNs. After 3 washing cycles, the MSNs
were oven dried (80 °C) for 24 hours. The adsorption ex-
periments were carried out under 3 different pH condi-
tions using both functionalized and non-functionalized
MSNs. TGA heating ramp experiments were carried out in
a TA 5000 TGA instrument. The NAFA adsorbed samples
were heated from 20 °C to 900 °C with a heating rate of
5 °C min™' under N, purge. NAFA adsorbed functionalized
and non-functionalized silica nanoparticles at different pH
were analyzed by using the above method. Free MSNs
were also analyzed and were subtracted from correspond-
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ing NAFA adsorbed MSN to improve the accuracy. All the
measurements were triplicated.

Zeta potential study

The zeta potential measurements were conducted using
Malvern Zetasizer Nano-s instrument. pH-adjusted (3.0, 6.0,
8.0) solutions of MSN and MSN@APTES (100 mg L™, 10 mL)
were prepared with (100 mg L") and without (0 mg L™)
NAFA in scintillation vials. Ionic strength of the suspensions
was kept constant at using KNO; (10 mM). The pH was ad-
justed using 1 M NaOH and HCI solutions. These suspen-
sions were then sonicated for 1 h and allowed to stand for 4
h before the zeta potential measurements. The zeta potential
measurements were done for each sample and at each pH.

Materials

NAFA was purchased from International Humic substances
society. Mesoporous silica nanoparticles (MSNs) were synthe-
sized, and functionalized with aminopropyltriethoxysilane
(APTES) to obtain MSN@APTES. Synthesis, functionalization
and characterization were previously reported.”’ MSNs con-
tain only surface silanol groups whereas MSN@APTES have
propylamine functional groups decorating the outer surface
along with some remaining silanol groups on the surface.
The functional group loading of the MSN@APTES was 4.28
mmol g™* and it was determined that these two MSNs, which
differ in their surface functionality have approximately the
same size distributions and pore diameters. The average size
of these MSNs is 50 nm and the average pore diameter is 2
nm. Specific surface area of the MSN was higher (1100
m?* g™') compared to MSN@APTES (700 m> g). Additional
detailed characterization data of these materials can be
found in ref. 21. All solutions were prepared using Millipore
water.

This journal is © The Royal Society of Chemistry 2018
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Results and discussion

Overview of APTES-functionalized and non-functionalized
MSNs

Functional groups on nanoparticle surfaces control important
properties such as surface charge and reactivity. In aqueous so-
lutions, protic functional groups become protonated or
deprotonated depending on the pH and pK, of the acidic
group. The FTIR spectra collected of MSN and MSN@APTES
(Fig. 3) show IR absorption bands for Si-O-Si asymmetric
stretching vibrations (1095 cm™") and Si-O-H bending vibra-
tions (971 cm™). Apart from these IR absorption bands, the
spectrum of MSN@APTES shows IR absorption peaks that can
be assigned to NH, (1594, 3361 and 3459 cm™ ') and CH, (2879
and 2931 cm ™) vibrations of the surface aminopropyl groups.*>
A band for MSN spectrum at 3737 cm™" is assigned to the O-H
stretching vibrations of isolated Si-OH groups and the broader
band to lower frequency, at 3534 cm™", is due to hydrogen-
bonded Si-OH groups.>*>® For MSN@APTES surface, there are
no isolated Si-OH groups present in the spectrum. This indi-
cates that isolated silanol groups either function as grafting
sites for aminopropyl groups during functionalization or form
hydrogen bonds with surface aminopropyl groups in
MSN@APTES.>®> A broader absorption peak appears in the
3700-3500 cm ' region and is assigned to hydrogen bonded
silanol groups such as, vicinal and geminal silanol groups pres-
ent in both types of MSN.>>?** Absorption bands redshifted
from that, near 3361 cm ' are due to N-H stretches in the
amine group and bands present in at 2931 and 2879 cm™" are
due to C-H stretching vibrations in the aminopropyl groups.*

Solution phase FTIR spectroscopy of NAFA as a function of
pH

As shown in Fig. 1, FA contains many functional groups that
includes carboxylic and phenolic groups and represents the

——MSN
MSN@APTES

3644 3459 2931
13534 3361 | 2879
3737 [ .

0O 0B 8 o= 0 v P

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)
Fig. 3 IR absorption spectra of two types of MSN (shown in red is
MSN@APTES and MSN is shown in black). The bands in the range from

2500 to 4000 cm™ can be used to identify different surface functionalities
present on these two nanoparticles (see text for additional details).
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simplest and the most soluble form of NOM. FA is ubiqui-
tous natural organic matter, but its structure is not specific
and, therefore, the exact composition of FA differs from place
to place. NAFA, the FA used here, has about 3 times higher
carboxylic functional group content than phenolic groups.™
However, even though the structure and composition of FAs
are not exactly the same, carboxylic acids and phenols are the
most abundant functional groups in any type of FA. FTIR
spectra have been reported for other FA types.'®*®?” In
Fig. 4, the FTIR spectra of NAFA (10 mg mL™") at three pH
values are shown. FTIR band frequencies and changes in the
frequencies as a function of pH are used to determine corre-
sponding functional groups within NAFA. The infrared ab-
sorption band at 1717 cm™* can be assigned to the C=0
stretching vibrational mode of carboxylic functional groups
and the band decreases in intensity as a function of increas-
ing pH. At pH 3.0, this 1717 cm™* band is the most intense
band in the spectrum, but at pH 6.0 and pH 8.0, the intensity
of the 1717 em™ band is gradually reduced in intensity. The
observed decreasing trend in absorption band intensity is
due to the deprotonation of carboxylic functional groups as
the pH increases. A shoulder at higher frequency near 1752
em™ is assigned to the carbonyl C=O0 vibrational mode of
other carbonyl groups in NAFA such as ester groups which
are not affected by pH. The intensity of the 1752 cm™" band
is approximately constant with pH. The two absorption bands
at 1575 cm™ " and 1391 cm™ show an increase in intensity as
a function of pH. These two bands are assigned to asymmet-
ric and symmetric stretching vibrational modes of carboxylate
(COO") groups, respectively, due to extensive deprotonation
of the carboxylic groups at higher pH. The absorption band
at 1594 cm ™', which appears in the NAFA spectrum at pH 3.0
is assigned to the asymmetric ring breathing mode of aro-
matic groups in NAFA.

Adsorption of NAFA on MSN@APTES and MSN as a function
of pH

NAFA adsorption on MSN@APTES and MSN was studied
using in situ ATR-FTIR that enables monitoring the

1575

: / \/IWI\J\K

2000 1800 1600 1400 1200 1000
Wavenumber (cm™")

003 ® oo ® oy

Fig. 4 ATR-FTIR spectra of NAFA solutions (~10 mg mL™) under
different pH conditions (3.0, 6.0 and 8.0).
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adsorption process in real time. FTIR spectra were collected
as NAFA adsorption occurs on MSN thin film surfaces, which
is seen in the time dependent IR absorption spectra shown
in Fig. 5. Molecular-level information is revealed by compar-
ing the spectra of adsorbed NAFA with the solution phase
NAFA spectra discussed in detail above. The spectra collected
at early times during the initial stages of adsorption at pH
3.0 on MSN@APTES are very different compared to the corre-
sponding solution phase spectra indicating strong surface
complexation of NAFA on the surface of MSN@APTES. The
C=O0 peak that is dominant in solution phase spectra is re-
placed by two peaks assigned to COO™ symmetric and asym-
metric stretch vibrations during the initial stages of NAFA ad-
sorption. This indicates that carboxylic acid groups are
deprotonated upon surface adsorption at low pH of 3.0. Ad-
sorption of three small aromatic organic acid model com-
pounds was also studied to facilitate the interpretation of the
spectra of adsorbed NAFA. These spectra are shown in ESIf
(Fig. SI-1) and provide additional insight into the role of

View Article Online
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amine groups in the deprotonation of COOH for the small ar-
omatic organic acid model compounds in that all of these
are deprotonated on the MSN®@APTES surface at pH 3.0.
MSN@APTES surface bares a significantly high positive
charge at pH 3.0 that can lead to a decrease in proton activity
in the electrical double layer near the surface by repelling
away the protons. This will generate a relatively higher inter-
facial pH that depends on the solution pH and the potential
drop from the aqueous phase to the interface.”® Resulting
high interfacial pH can promote the deprotonation of the
acidic carboxylic functional groups on MSN@APTES surface.
This mechanism is previously proposed by Yoon et al. to ex-
plain the surface induced deprotonation of FA on boehmite
surface."”

Considering the adsorbed NAFA FTIR spectra of
MSN®@APTES at longer times, there appear to be protonated
COOH groups upon additional adsorption of NAFA. The

—O peak becomes visible in the absorption spectra along
with the symmetric and asymmetric peaks associated with

[ 0.002

pH 8.0

oo C=OwCc P

1800 1700 1600 1500 1400 1300 1200

1800 1700 1600 1500 1400 1300 1200

Wavenumber (cm )

Fig. 5 ATR-FTIR spectra showing NAFA adsorption on MSN (left panel) and MSN@APTES (right panel) under 3 different pH conditions as a
function of time. Dotted line spectra show the solution phase spectra of NAFA at the same pH and concentration (100 mg L) used for this
adsorption study (the dotted line is for solution phase NAFA and shows at this concentration there are minimal contributions of absorption bands
from solution phase molecules). Adsorbed phase spectra presented are collected in 5 min intervals during first 30 min and then after in 30 min

intervals for 150 min.
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COO™ groups. This C=0 peak can be assigned to carboxylic
groups present in adsorbed NAFA molecules that are not
bound directly to the surface, possibly due to steric effects.
NAFA is a relatively large molecule with a rigid structure that
can hinder some carboxylic groups from interacting directly
with the surface during adsorption.'® Interestingly, later
stages of adsorption show that there can be multilayer ad-
sorption due to the interactions with strongly adsorbed NAFA
and NAFA molecules in a second layer that results in an in-
crease in intensity of C=O0 vibrations. Multilayer adsorption
has also been suggested for NOM adsorption on other inor-
ganic surfaces at low pH.>" Another difference in the spec-
tra of adsorbed NAFA on MSN@APTES compared to solution
phase NAFA at pH 3.0 is the presence of an absorption band
at 1278 cm ™" instead of the broad IR spectral features in the
range from 1100 to 1300 cm™" that is seen in the solution
phase NAFA spectrum. This broad region contains many vi-
brational frequencies such as the bending modes of phenol
OH, alcohol OH and aliphatic CH groups. Appearance of a
distinct peak at 1278 cm™* can be a result of the formation of
hydrogen bonds between phenolic groups and the
MSN@APTES surface where protons in phenolic groups form
hydrogen bonds with acceptor atoms such as O and N pres-
ent on the MSN@APTES surface.

Band frequencies in adsorbed NAFA spectra on non-
functionalized MSNs are comparable to that of the solu-
tion phase NAFA spectra as seen in Fig. 5. However, the
relative peak intensities are different from that of the so-
lution phase spectra indicating specific interactions with
the MSN surface. The most prominent peak in adsorbed
NAFA on non-functionalized MSNs is around 1615 cm™
and can be assigned to ring stretching vibrations of aro-
matic groups whereas in the solution phase C=0 peak of
COOH groups at 1717 cm™" is the most prominent peak.
This difference in intensities between adsorbed and solu-
tion phase could be a result of hydrophobic interactions
between aromatic functional groups and the MSN surface.
At pH 3.0 MSN surface has a net zero charge (pzc of
MSN is around pH 3) H-bonding interactions between pro-
tonated COOH groups and phenolic groups of NAFA and
the MSN surface via hydrogen bonds can occur at pH 3.0.
These multiple interactions with NAFA molecules suggests
strong interactions with the MSN surface, which can im-
pact both vibrational frequencies and intensities from that
of the solution phase spectrum at pH 3.0 as observed.
However, at higher pH, where COOH groups are
deprotonated, the contribution of hydrogen bonds between
COOH groups and MSN surface to the adsorption will be
diminished lowering the adsorption of NAFA considerably.
There will still be some hydrogen bonds formed between
phenolic groups and the MSN surface that can be used to
account for the adsorption that takes place at higher pH
values of 6.0 and 8.0. Apart from this, previous studies
have also suggested cation bridges as a possible mecha-
nism for both humic and fulvic acid adsorption on silica
surfaces especially at higher pH where both the surface

This journal is © The Royal Society of Chemistry 2018
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and adsorbates are negatively charged.' Most interesting,
is that surface induced deprotonation is not evident for
NAFA adsorbed on the non-functionalized MSN at pH 3.0,
which is in stark contrast to what is observed for
MSN@APTES. This difference can be explained by the dif-
ference in the surface charge of the MSN compared to
MSN®@APTES. MSN has approximately zero surface charge
at pH 3.0 which is not sufficient to generate the higher
interfacial pH at the surface that is required to promote
the surface induced deprotonation.

The infrared spectra suggest that NAFA adsorption on
MSN®@APTES is higher than that on MSN at all pH values stud-
ied due to the greater intensity of the absorption bands. Over-
all, the band intensity for NAFA adsorbed on MSN@APTES is
higher by at least a factor of two compared to unfunctionalized
MSNs at all pH conditions studied. The higher degree of ad-
sorption can be ascribed to the amine functional groups pres-
ent in MSN@APTES that alter the reactivity and surface charge
of MSNs. The amine groups allow the formation of much stron-
ger specific interactions with the functional groups in NAFA
such as carboxylic groups compared to relatively weaker inter-
actions between the silanol groups and NAFA. This is also the
reason that MSN@APTES materials are used in many more ap-
plications compared to non-functionalized MSNs. For example,
it has been observed that more ibuprofen can be loaded in
amine functionalized MCM-41 nanoparticles compared to bare
MCM-41 nanoparticles due to the stronger interaction between
COOH and NH, groups.” In related >*C NMR experiments, a
drastic reduction of the mobility of ibuprofen has been ob-
served in the presence of MSN@APTES suggesting stronger in-
teractions between amine functionalized MSNs and the COOH
moieties in ibuprofen.®” Therefore, this suggests here that
there are much stronger interactions between NAFA and
MSN®@APTES due to the multiple COOH moieties present in
the NAFA structure and specific acid-base interactions with
amine and COOH groups.

Quantification of NAFA adsorption on MSN by
thermogravimetric analyses

Due to the experimental limitations such as loss of MSN dur-
ing the experiment and absence of simpler means for the cal-
ibration of adsorbed phase, ATR-FTIR analysis was not used
for the absolute quantification of the NAFA adsorption on
MSN. Instead, quantitative determination was carried out
using TGA. NAFA adsorbed on functionalized and non-
functionalized MSN at different pH were subjected to TGA
analysis and the calculated average NAFA mass loadings are
shown in Fig. 6. The highest mass loading of 39.5 mg g™ was
observed for MSN@APTES at pH 3.0 and the lowest mass
loading of 6 mg g™ was observed for MSN at pH 8.0. These
mass loadings are comparatively smaller than the values
reported in the literature for a similar study where the
reported mass loading was 77 mg g ' for silica nano-
particles with a diameter of 100 nm at pH 4.0 (ref. 19)
compared to bare MSN which has an average mass loading

Environ. Sci.: Nano, 2018, 5, 2162-2171 | 2167
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Fig. 6 Average NAFA mass loading (mg g% of functionalized and
non-functionalized MSN at three different pH conditions. Error bars
represents standard deviation.

of 22.5 mg g ™" at pH 3.0. However, it should be noted that
the silica nanoparticles used in this previously reported
study were not mesoporous and the type of FA used was
also different. The O/C mass ratio of NAFA (this study) is
much higher (0.86) compared to that of the FA used in the
prior study (0.67) and the method of analysis was also dif-
ferent (total C content vs. TGA). MSN@APTES shows rela-
tively higher mass loading than MSN at all the pH condi-
tions studied. The highest difference between mass
loadings of NAFA on two types of MSN was observed at pH
3.0. It was 17 mg g ' and was significantly different
according to the two-sample t-test (p = 0.04). The difference
observed at pH 6.0 (11 mg g') was also significantly differ-
ent (p = 0.02). However, the difference observed at pH 8.0
was 7.5 mg g ' and it was not significantly different (p =
0.22) according to the two-sample ¢-test. NAFA mass loading
shows a decreasing trend as a function of pH that qualita-
tively agrees with the peak height differences observed in
adsorption spectra.

NAFA adsorption varies as a function of pH in both MSN
and MSN@APTES. The degree of adsorption decreases at
higher pH. This indicates that electrostatic interactions play
a role in NAFA adsorption on both MSN@APTES and MSNs.
The surface charge of the MSNs and the speciation of NAFA
molecules both vary with pH. Electrostatic interactions be-
tween charged groups of opposite signs such as between the
MSN surface and NAFA, increase the adsorption at low pH.
In contrast, at higher pH both the surface and NAFA have
more negatively charged sites that therefore causes repulsive
interactions and decreases the amount of adsorption at
higher pH relative to lower pH values. Similar observations
have been reported in other NOM adsorption studies on inor-
ganic surfaces including, iron oxide, silica, titania and alu-
mina.***! These observations can be understood further
through zeta potential measurements under different pH
conditions that provide more detail about surface charge of

2168 | Environ. Sci.. Nano, 2018, 5, 2162-2171
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the MSNs at different pH and the impact of how the surface
charge changes with pH.

Zeta potential measurements

Zeta potential measurements were carried out to analyze the ef-
fects of surface adsorbed NAFA on the surface charge of func-
tionalized and non-functionalized MSN. Zeta potential changes
can be used to explain the quantitative differences between the
NAFA adsorption on MSN and MSN@APTES in terms of the
electrostatic interactions. Fig. 7 shows variation of the zeta po-
tential of the MSN (left panel) and MSN@APTES (right panel)
before and after NAFA adsorption as a function of pH. The zeta
potential of the MSNs was almost zero at pH 3.0 and became
more negative as a function of pH due to deprotonation of sur-
face silanol groups at higher pH conditions which increases
the negative charge density on the MSN surface. For most
MSNSs, point of zero charge (pzc) is close to pH 3.%° In contrast,
MSN®@APTES has the highest average zeta potential at pH 3.0
(47 mV), which decreases as a function of pH and becomes
negative at pH 8.0. The presence of the NH,/NH;" groups alters
the surface charge of MSN@APTES due to the positive charges
present on protonated NH;" groups below the pK, which is ap-
proximately 10.5.>® The pzc of MSN@APTES is therefore much
higher (~pH 6.5) compared to MSNs. Positive charges on the
MSN®@APTES surface at low pH can interact with deprotonated
NAFA molecules via electrostatic interactions between surface
NH;" and COO™ groups of NAFA. At pH 3.0 there are both pro-
tonated (COOH) and deprotonated carboxylic (COO) groups
present in NAFA. These COO™ groups will form specific electro-
static interactions with NH;" groups on the MSN@APTES sur-
face as denoted in eqn (1). Since the silanol groups of
MSN®@APTES are protonated, there will be no electrostatic re-
pulsions between NAFA and surface. However, with increasing
pH, negative charges on the surface increase due to the depro-
tonation of surface silanol groups. As a result, electrostatic re-
pulsions between surface silanol groups and COO™ of NAFA on
MSN®@APTES increase leading to a decreased adsorption with

50
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Fig. 7 Mean zeta potential of the NAFA adsorbed and free MSN (left)

and MSN@APTES (right) at three different pH. Error bars represents the
standard deviation of triplicate measurements.
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the increasing pH. In addition, higher zeta potential values
means less agglomeration which keeps the available surface
area high.

mSurface — NH;" + nNAFA - COO~
— mSurface — NH;---OOC + (1 — m)NAFA - COO™ (1)

In case of MSN@APTES, adsorption of NAFA dramatically
changes the zeta potential at all pH values investigated. At pH
3.0 and 6.0, the zeta potential changes from positive to negative
and at pH 8.0, the zeta potential becomes more negative after
NAFA adsorption on MSN@APTES. At low pH this surface
charge reversal is caused by the surface induced deprotonation
that produces multiple COO™ groups in adsorbed NAFA. The
degree of the change in zeta potential is highest at pH 3.0
where the degree of adsorption is also the highest. The change
in zeta potential decreases as a function of pH in a similar
manner to the change in amount of adsorbed NAFA as a func-
tion of pH indicating a direct correlation between the zeta po-
tential and adsorbed NAFA. Previous studies have reported sim-
ilar trends in zeta potential as a function of pH during the
adsorption of humic acid on APTES functionalized magnetic
silica nanoparticles®” as well as in charge density as a function
of pH during the adsorption of humic acid on silica particles.*®
In contrast to MSN@APTES, there is no difference in zeta po-
tential of NAFA adsorbed MSN at any pH condition studied.
This is most likely be due to the relatively lower NAFA adsorp-
tion on MSN that is insufficient to create a significant shift in
zeta potential. It should be noted that both the adsorption and
the shift in zeta potential upon adsorption varies as a function
of initial adsorbate to adsorbent ratio in the solution. The con-
centration of NAFA (100 mg L") used in zeta potential experi-
ment is smaller than that of the TGA (10000 mg mL ™) studies
as well as ATR-FTIR (100 mg mL ™" with a continuous flow).
Therefore, the amount of NAFA adsorbed could be relatively
lower compared to what is observed for the adsorption studies
(TGA and ATR-FTIR). Furthermore, at pH 3.0 where the adsorp-
tion of NAFA is highest on MSN, the COOH groups remain pro-
tonated (no surface induced deprotonation) upon adsorption
resulting in no change in the surface charge of the NAFA
adsorbed MSN. Similar results were observed during the ad-
sorption of bovine serum albumin (BSA) where there was a
larger effect on the zeta potential on MSN@APTES compared
to MSN following BSA adsorption.>® According to classical
DLVO theory, increased surface potential leads to stable parti-
cles in suspensions. Therefore, NAFA adsorption will further in-
crease the stability of MSN@APTES compared to MSN. Previous
studies have shown that the stability of other nanoparticles
such as, Au, TiO, and ZnO in aqueous systems is also increased
by NOM adsorbed on the nanoparticle surface.>***** Moreover
the adsorption of MSN@APTES will alter the NOM speciation
in the environment especially at lower pH due to the surface in-
duced deprotonation. This can affect the interactions of NOM
with other chemical components in the environment such as,
heavy metal ions and resulting in complex environmental
implications.
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Conclusions and environmental
implications

NAFA adsorbs onto both MSN and MSN@APTES surfaces; how-
ever, the NAFA adsorption is more prominent on MSN@APTES
compared to MSN under all pH conditions (3.0, 6.0, 8.0) stud-
ied as monitored by FTIR, TGA and zeta potential. Adsorption
of NAFA occurs on MSN@APTES via electrostatic interaction
and surface complexation between COOH groups of NAFA and
NH;" groups of MSN@APTES whereas, on MSN, adsorption oc-
curs via hydrogen bonding and hydrophobic interactions. The
adsorption of NAFA decreases with increasing pH on both
unfunctionalized and APTES functionalized MSNs as observed
by FTIR and through quantification of the adsorption by TGA.
Surface induced deprotonation of NAFA is observed on
MSN®@APTES at pH 3.0 leading to the highest NAFA adsorption
capacity (39.5 mg g by TGA) observed in our study. Adsorbed
NAFA on MSN®@APTES decreases the zeta potential at all pH
values studied; however, the zeta potential of MSN is
completely unaffected by adsorbed NAFA, most probably due
to the lower degree of adsorption and the lack of any electro-
static or acid-base interactions. MSN@APTES nanoparticles
with adsorbed NAFA are stable as demonstrated by the highly
negative zeta potential under all pH conditions. Importantly,
this study demonstrates how surface functionality dictates the
extent of adsorption and the interaction with natural organic
matter upon adsorption. These results further confirm the
need for understanding the detailed molecular-surface interac-
tions in order to develop models that accurately predict the fate
and transport of nanomaterials in the environment.
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