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ABSTRACT: The interactions between nanoparticles and
humic acid (HA) are critical to understanding the environmental
risks and applications of nanoparticles. However, the interactions
between HA fractions and graphene oxide (GO, a popular carbon
nanosheet) at the molecular level remain largely unclear. Four
HA fractions with molecular weights ranging from 4.6 to 23.8
kDa were separated, and the large HA fractions presented low
oxygen contents and many aromatic structures. The binding
constants of the large HA fractions on GO were 2.6- to 3551-fold
higher than those of the small HA fractions, while the maximum
adsorption capacities of the larger HA fractions onto GO were
much higher. Atomic force microscopy (AFM) found that the
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small and large HA fractions were spread over the center and the edge of the GO nanosheets, respectively. Density functional
theory (DFT) simulation and nuclear magnetic resonance spectroscopy confirmed the above phenomena (three adsorption

» «

patterns, “vs”, “ps”, and “pea”) and revealed that HA bonded to the GO nanosheets mainly through van der Waals force and
m—m interactions. The integrating analysis of binding affinity, AFM, and DFT provides new insights into the environmental
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behavior of GO and the applications of GO in pollutant removal under exposure from HA.

B INTRODUCTION

Humic acid (HA), which has abundant functional groups (e.g.,
carboxylic, phenolic, alcoholic, and quinoid groups), is
distributed widely in the natural environment.”” HA plays a
critical role in the environmental behavior of nanoparticles and
determines the risks of nanoparticle apg)lications via
adsorption, photocatalysis, and passivation.”® HA fractions
present various sizes, chemical groups, and other properties,
and exploring the interactions between nanoparticles and HA
fractions (rather than mixed HA) is essential for understanding
the environmental fate and effective applications of nano-
particles.”® In recent years, the industrial application of
graphene-family nanomaterials (GFNs) has developed rapidly;
for example, the production of GFNs in China was estimated
to be 400 tons, including 100 tons of graphene oxide (GO), in
2014.° GO is widely used in chemistry, physics, medicine,
biology, manufacturing, and environmental protection due to
its excellent properties.'”"* However, the interactions
between HA fractions and GO at the molecular level remain
largely unclear.

Many reports have involved the adsorption of HA on GFNs:
for example, Lee et al. studied the adsorption behaviors of
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humic-like components and revealed that larger-sized aromatic
components within HA had a higher adsorption affinity
compared to smaller-sized fractions.”” However, the real-time
affinity, the sites of affinity, and the interaction mechanisms of
HA fractions with GO remain largely unknown.'®'” Biolayer
interferometry (BLI) is a real-time and label-free optical
technique that uses fiber-optic biosensors to measure the
interactions between biomolecules, such as protein—protein,
protein—nucleic acids, and protein—small molecules.'®'’ In
recent years, BLI has been rapidly developed and used to
successfully investigate GO—proteins and GO—single-stranded
DNA (ssDNA) interactions.”’”** Here, BLI will be used to
explore the binding affinity between GO and HA. Further-
more, identifying the favorable adsorption sites of HA is critical
to the design of adsorbent materials, because HA adsorption
affects the environmental behaviors and functions of
adsorbents.””** Atomic force microscopy (AFM) can directly
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observe the binding sites of HA fractions on GO.>® However,
the specific interactions between GO and HA at the molecular
level need further investigation. Herein, density functional
theory (DFT) simulations integrated with AFM, nuclear
magnetic resonance (NMR) spectroscopy, and Fourier trans-
form infrared (FTIR) spectroscopy were employed to explore
the intensity and sites of affinity of HA on GO.

Prior to examining the specific interactions between GO and
HA fractions, the different HA fractions should be sized. Many
techniques, such as gel chromatography, ultrafiltration, density
gradient centrifugation, and size-exclusion chromatography,
have been used to fractionate HA samples in terms of their
solubility, molecular wei§ht (Mw) or size, charge density, and
adsorption properties.””* > Tangential flow ultrafiltration
(TFU) is a powerful ultrafiltration method to select for size
and concentrate target species because of its potential
reduction of infiltration artifacts and efficacy for size
selection.””*” Herein TFU is used to isolate HA fractions.
To systematically characterize the chemical and molecular
heterogeneity of fractionated HA, high-performance size-
exclusion chromatography (HPSEC) combined with UV—vis
spectroscopy, fluorescence excitation—emission matrices
(EEMs), and electron paramagnetic resonance (EPR) is
performed in the present work. In summary, integrating BLI,
AFM, NMR, and DFT to study the affinity between HA
fractions and GO provides deep insight into the environmental
behaviors of GO and the removal of HA contamination by
GO-enabled membranes or catalysis.

B MATERIALS AND METHODS

Fractionation of HA by TFU. HA (product number
H811077) was obtained from Shanghai Macklin Biochemical
Co., Ltd. HA was dissolved in Milli-Q water (1000 mg/L), and
the resulting solution was adjusted to pH 10.0 with 0.1 M
NaOH. Then the HA solution was sonicated at 100 W, 40
kHz, and 25 °C for 30 min. After magnetic stirring for 24 h, the
HA solution was filtered through a 0.22 ym membrane filter.
The final total organic C (TOC) concentration of the original
HA (HAO) was 370 + 20 mgc/L, as measured by a TOC
analyzer (multi N/C3100, Analytikjena, Germany). The TFU
technique (Sartorius, German) was used to fractionate HAO
into four fractions. The ultrafiltration process combined
diafiltration and concentration.’”** The TFU (Vivaspin
Turbo 15, Sartorius, German) cut off at molecular weights of
3, 10, and 30 kDa. A schematic of the HA fractionation
procedure is illustrated in Figure S1. TFU separation was
achieved in three parallel samples. Finally, the four HA
fractions, UF1 (<3 kDa), UF2 (3—10 kDa), UF3 (10-30
kDa), and UF4 (>30 kDa) were obtained and then acidified to
pH ~ 7 with 0.1 M HCL.

Characterization of the GO and HA Fractions.
Graphene oxide (GO, product number XF002-1) with a
purity >99 wt %, lateral dimensions of 0.5—5 pm, and height of
0.8—0.9 nm was purchased from Nanjing XFNANO Materials
Tech Co., Ltd. (China). GO (50.0 mg) and 500 mL Milli-Q
water in a 1000 mL flask (total of six flasks) were sonicated for
30 min at 100 W and 35 kHz in ice—water. Details of the
characterization of GO and the HA fractions are provided in
Supporting Information (SI).

Binding Affinity Measurements. BLI was used to
quantitatively characterize the binding interactions between
the GO sheets and HA fractions. Here the BLI measurements
were performed on a ForteBio OctetRED96 System (Pall
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ForteBio Corp., Fremont, CA). GO easily bound to the
aminopropylsilane (APS) tips (ForteBio, USA) because of
noncovalent loading and hydrophobic interactions.”’ An
adequate amount of the GO suspension (200 L, 100 mg/
L) was loaded onto the APS tips, and then the GO-loaded tips
were washed with PBS for balance and transferred to wells
containing different concentrations of fractionated HA. PBS
was used as a reference and dilution buffer. The total working
volume of the samples and buffer was 200 uL in 96-well plates
(product number C0221A, Greiner bio-one, Germany) with a
shake speed of 1000 rpm. All binding data were collected at 25
°C. The APS biosensor tips were prewetted for 10 min in PBS
buffer prior to assay. The working procedure contained five
steps: baseline acquisition for 60 s, GO loading onto the APS
sensor for 150 s, a second baseline acquisition for 60 s,
association measurement of the association rate (k,,) for 200 s,
and dissociation measurement of the dissociation rate (k.g) for
200 s. Given the detection range (1—40 mgc/L) of the
instrument, different concentrations (2.0, 5.0, 10.0, 15.0, 20.0,
and 30.0 mgc/L) of the HAO and HA fractions were chosen.
The baseline and dissociation steps were carried out in buffer
only. Finally, the kinetic parameters (k,, and k) were
calculated using Data Analysis Software 8.0. The binding
constant (Kp,) was calculated from the ratio of k,, to k.g

Aggregation Kinetics of GO. The variation in the
hydrodynamic diameter (D) of GO and the GO—HA
fractions were measured using a ZETAPALS/BI-200SM
instrument equipped with a 30 mW, 635 nm Ilaser
(Brookhaven Instruments Corporation, Holtsville, NY). The
details are presented in SIL

Adsorption Experiments. In the adsorption experiments,
the concentration of GO was 10 mg/L, and the concentration
of the HA solutions ranged from 0 to 20 mgc/L. The final
volume was 10 mL. The pH of each sample was adjusted to 7.0
using 0.01 M NaOH or 001 M HCIL Incubation was
performed at 60 r/min for 24 h on a rotator (MX-RL-Pro,
Dragon Laboratory Instruments Limited, China) at 25 + 1 °C
prior to centrifugation at 14 000g for 10 min. The contents of
free HA in the supernatant were passed through a 0.22 um
membrane filter and then measured via UV—vis spectroscopy
at 254 nm (Abs,g,). A calibration curve between the HA
concentrations and Abs,s, was obtained using a wide range
(1.25 t0 20.0 mgc/L) of HA concentrations. The details of the
adsorption experiments are provided in SI. Pseudo-first-order
and pseudo-second-order kinetics models were used to analyze
the adsorption kinetics of GO. The sorption isotherms were
fitted by the Langmuir and Freundlich models. The details of
the adsorption kinetics and isotherm experiments are
presented in SL

FTIR, Solid-State '3C NMR, EPR, and AFM Analysis.
The tested concentration of both GO and HA was 10 mg/L.
GO sheet suspensions were mixed with an equal volume of
fractionated HA solution and constantly shaken at 60 r/min for
24 h at room temperature. After centrifugation at 14 000g for
10 min, the GO—HA conjugates were washed with Milli-Q
water to remove the unbound HA fraction until there was no
color in the washing water and dried at room temperature. GO
after adsorption with fractionated HA was freeze-dried before
FTIR characterization, and 0.1 mg of the GO—HA conjugates
was lyophilized prior to mixing with KBr powder (100 mg).
The FTIR spectra were recorded on a Bruker Tensor 27
infrared spectrometer (Germany) in the 4000—400 cm™
region with a resolution of 4 cm™ in transmission mode.

DOI: 10.1021/acs.est.8b05232
Environ. Sci. Technol. 2019, 53, 37733781


http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b05232/suppl_file/es8b05232_si_001.docx
http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b05232/suppl_file/es8b05232_si_001.docx
http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b05232/suppl_file/es8b05232_si_001.docx
http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b05232/suppl_file/es8b05232_si_001.docx
http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b05232/suppl_file/es8b05232_si_001.docx
http://dx.doi.org/10.1021/acs.est.8b05232

Environmental Science & Technology

Solid-state '*C NMR was employed to characterize the
interactions between HA and GO and GO—HA. Solid-state
BC cross-polarization magic-angle spinning (CPMAS) NMR
spectra were recorded on an Agilent 600 DD2 instrument
(Agilent, Santa Clara, CA) equipped with a 4 mm MAS probe
at a resonance frequency of 150.15 MHz. The *C CPMAS
NMR spectra of GO, HA, and GO—HA were collected with a
spinning rate of 15 kHz, a delay time of 5 s, and a scan number
of 2048. The unpaired electrons of HA, GO, and GO—HA
were examined on a Magnettech MiniScope 400 spectrometer
(Germany) (details are provided in SI). AFM was used to
observe the morphology of GO before and after the adsorption
of HAO and different HA fractions. AFM images of the GO—
HA conjugates were obtained using a Dimension Icom AFM
instrument (Bruker, Billerica, MA) in tapping mode.

Density Functional Theory Simulations. Density func-
tional theory (DFT) calculations were performed using the
DMol3 code.”” Because the local density approximation
(LDA) overestimates the bond energy and underestimates
equilibrium distances,”* the generalized-gradient approxima-
tion (GGA) and the Perdew—Burke—Ernzerhof (PBE)
method were adopted to treat the correlation.”> The DFT
semicore pseudopotentials (DSPP) core treatment was used
treat relativistic effects.*® The k-point mesh was set to 3 X 3 X
1. The convergence criterion for the energy and electron
density was 1.0 X 10~° a.u., and that for the maximum force
was 0.002 Ha/A. Self-consistent field (SCF) tolerance was
carried out with a convergence criterion of 1.0 X 107° a.u. The
same conditions were adopted in all the calculations to ensure
that the results were comparable. The modified HA model
proposed by Sein et al. was used,”” which contains typical
hydrophobic character, mainly as aromatic rings, OH, and
COOH of HA. Due to the limitations of the DFT calculation
method and computing speed, DFT calculation is generally
suitable for systems containing a few hundred or, at most, a few
thousand atoms.”**® Thus, the molecules must be simplified in
actual simulations. The GO model used referred to a previous
study’”*” and contained 128 atoms. The functional groups,
such as OH, COOH, and semiquinone, were distributed
randomly on both sides of the GO layer. To model the
interaction sites between HA and GO, HA was placed
vertically or parallel on the surface or zigzag on the edge of
GO. Then the total energy of the whole system was compared
to determine the most stable structure. The adsorption energy
E, between HA and GO was defined as

E, = E — (EGO + EHA) (1)
where E,, E, ., Ego, and Ey, are the adsorption energy and the
energies of GO with the adsorbed HA, GO, and HA,
respectively. The population analysis was calculated to analyze
the charge transfer between GO and HA. The electron density
was also calculated to understand the interaction between GO
and HA.

Statistical Analysis. All experiments were performed in
triplicate, and the results are presented as the mean + standard
deviation. One-way analysis of variance (ANOVA) with
Tukey’s test was employed to analyze the significant
differences. Pseudo-first-order and pseudo-second-order ki-
netics models and the Langmuir and Freundlich models were
determined using Origin 8.0 software. The AFM images were
analyzed with NanoScope Analysis 1.8 software. The density
functional theory simulation was conducted by DMol3 code.
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B RESULTS AND DISCUSSION

Characterization of GO and Fractionated HA. The XPS
spectrum showed that GO contained C—C (49%), C—-O
(35%), C=0 (12%), and O=C-C (4%) bonds, as we
previously reported.”' The distributions of carbon and oxygen
on GO are shown by TEM elemental mapping in Figure S2a—
d. The AFM images of GO are shown in Figure S2ef. GO
presented a nanosheet morphology with an average thickness
of 1.05 + 0.20 nm (n = 6).

Separated by TFU and HPSEC chromatograms, the HAO
and HA fractions showed apparent increases in Mw ranging
from 4.6 to 23.8 kDa (Figure S3 and Table S1). The
characteristics (e.g., molecular weight and percentages of C, O,
and H) of the HA fractions separated by TFU and HAO are
listed in Table S1. UF1, UF2, UF3 and UF4 accounted for
65.6%, 7.6%, 4.8%, and 22.0% of the total mass of HAO,
respectively. The carbon contents were lower in HAO and the
small fractions UF1—UF3 than in the large fraction UF4. The
results of UV—vis absorbance (such as the E,/E; ratio and
SUVA ,.,) and excitation—emission matrices (EEM:s)
fluorescence analysis of the HAO and HA fractions are
provided in Table S1 and Figure S4, respectively (a detailed
description is also presented in SI).

The FTIR spectra of the HAO and HA fractions are shown
in Figure SS, indicating that the structures and functional
groups of the four HA fractions were similar to those in a
typical HA FTIR spectrum.” Furthermore, the I530/I590 ratio
(“carboxylates” to aliphatics) and carbonyl index (CI) were
used to reflect the degree of humification and the population of
carbonyl groups (C=0) in HA, respectively.”"**** As shown
in Table S2, the I}430/ L0y ratio of the large fraction UF4 (2.6)
was significantly (p < 0.05) larger than that of HAO (1.2) and
the small fractions UF1—UF3 (1.3—1.6), and the increase in
the I 430/Lh0y0 ratio could be explained by the increase in
aromaticity.”* On the other hand, the CI values of the large
fraction UF4 (1.4) was significantly (p < 0.05) lower than that
of the small fractions UF1—UF3 (2.0—2.9), suggesting that the
large fraction UF4 had fewer carbonyl functional groups than
the small fractions UF1—UF3 (Table S2). In Figure S6, the g-
values for the HAO and HA fractions ranged from 2.0052 to
2.0064, representing an EPR semiquinone-type free radical
signal in the HA samples.”” The concentration of stable
semiquinone-type free radicals in the large fraction UF4 was
higher than that in the small fractions UF1—UF3. A possible
explanation is the low content of aromatic rings in the small
fractions UF1—UF3 compared to the large fraction UF4.

Effects of HA Molecular Weight on Binding Affinity to
GO. The strong interactions (noncovalent loading and
hydrophobic interactions) of APS with GO formed a stable
GO layer on the surface of the APS sensor tip.”' The GO-
coated APS sensors were then incubated with four HA
fractions over a concentration gradient to measure the
corresponding association and dissociation signals (Figure
S7a). The step parameters and assay times of BLI measure-
ment are listed in Figure S7b. The BLI binding affinity for all
HA fractions to GO were collected, and the differences
between signal intensities were observed. For the control
containing GO alone, no significant signal differences were
observed, while the association and dissociation kinetics of
UF1 to GO were obviously observed, indicating effective
binding, as evident from the GO—APS sensor (Figure S7c).
The association—dissociation curves of the binding of HAO
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and the four HA fractions onto GO are shown in Figure la—e.
The corresponding association and dissociation parameters are
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Figure 1. Biolayer interferometry affinity measurements. (a—e)
Association and dissociation curves of HAO (the original HA without
fractionation) and HA fractions on GO nanosheets. (f) Linear
correlation between the binding constant (Kp) and the molecular
weight of HAO and the HA fractions.

listed in Table S3. As the Mw of the HA fractions increased,
the association or adsorption rate (k,,) of HA onto the GO
surface increased (Table S3), suggesting that higher-Mw HA
had a higher adsorption bindinﬁg affinity to GO, which is
consistent with previous reports.'>***” The above observation
might be attributed to the structural differences between the
HA fractions, especially to the higher contents of aromatic
structure components in the larger fractions of HA (Table S1
and Figure S6). The benzene rings in the aromatic structure of
HA increased the adsorption affinity of HA to GO or
CNTs.***** Similarly, the disassociation rate (K,z) of HA
from GO increased with the Mw of HA (Table S3).
Furthermore, the binding constant (Kp) increased with the
apparent Mw of HAO and the HA fractions: K, (UF1) < Kp
(HAO0) < Kp, (UF2) < K;, (UF3) < Ky, (UF4). The Kp values
had a negative correlation with the affinities.”” Thus, UF3 (K
=576 nM) and UF2 (Kp, = 1291 nM) bound approximately 3-
fold and 6-fold more tightly than did UF4 (K, = 3351 nM),
respectively, and UF1 (K = 1 nM) bound approximately
3351-fold more tightly than UF4 (Figure 1b—e). The affinity
of HA to GO was obviously greater than those of
immunoglobulin (Kp = 767 nM), transferrin (Kp = 3660
nM), and bovine serum albumin (K, = 6410 nM) to GO.*°
The BLI experiment revealed that the Mw of HA played an
important role in the binding affinity of HA to GO, and Figure
1f confirms that there was a positive linear relationship
between the HA Mw and K (R? = 0.987).

GO Aggregation Affected by HA Fractions. The initial
Dy, of GO was approximately 520 nm, which increased rapidly
to ~1100 nm at 2000 s (Figure S8). In contrast, the inclusion
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of HAO and the HA fractions kept the Dy, of GO at 600—1000
nm, which is consistent with previous reports by Chowdhury et
al®>' As expected, the nanoparticle Dy, and aggregation of the
small HA fractions (UF1-UF3) were reduced over those of the
large HA fraction (UF4). The aggregation rate constants (Ka)
of pristine GO and GO—UF4 in Milli-Q water were 0.361 and
0.114 nm/s, respectively (Figure S8), indicating that the
stability of GO improved significantly in the presence of HA
(10 mgc/L). The above result was consistent with our
previous study.”>>* Furthermore, Figure S9 shows that the Ka
of GO aggregation was negatively correlated with the Mw of
HA (R? = 0.900), suggesting that the high content of aromatic
rings in the large fraction UF4 (Table S1 and Figure SS)
probably led to the high stability of GO via steric repulsion.
Adsorption Kinetics and Isotherms of HA on GO. The
amount of HA absorbed on GO was determined by the UV—
vis absorbance at 254 nm (Abs,s,) (details are provided in SI),
and the calibration curve between Abs,s, and the concen-
tration of HAO and the HA fraction is presented in Figure S10.
Because GO (0.5—5 um) was removed after centrifugation at
14 000g for 10 min and filtered through a 0.22 ym membrane,
GO did not affect the determination of HA at Abs,s,. The
adsorption kinetics of HAO and the four HA fractions absorbed
onto GO are shown in Figure 2a. The adsorption capacity of
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I 150{a.3 * =159
3 |3 _ Z 10
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Ce (mg /L) Ratio

Figure 2. Quantitative analysis of the adsorption of HAO and the HA
fractions on GO. (a) Adsorption kinetics of HAO and the HA
fractions onto GO. (b) Linear correlation between the pseudo-
second-order constant (k,) and the molecular weight of HA. (c)
Adsorption isotherms of HAQO and the HA fractions adsorbed onto
GO, with the solid lines representing isotherms fitted using the
Langmuir model. (d) Linearity correlations between the elemental
ratio of HAO and the HA fractions and the maximum adsorption
capacities (Qu.) of HA on GO.

the HA fractions on GO increased rapidly in the first 1 h and
reached adsorption equilibrium at approximately 4 h. The
pseudo-second-order model fit the adsorption kinetics of the
HA fractions onto GO better than the pseudo-first-order
model, as presented in Table S4, suggesting that in addition to
flat surface adsorption, the adsorption on GO was rate-limiting.
The fast kinetics are in accordance with previous adsorption
studies (e.g,, polycyclic aromatic hydrocarbons) with GO.>*
The k, of the pseudo-second-order model decreased from
0.00525 to 0.00254 g/(mgc'min) as the HA fraction size
increased. Nanosize effects of HA samples may play an
important role in the adsorption kinetics because the
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accessibility of adsorption sites on GO for HA molecules is
dependent on the molecular size.”> Further quantitative
analysis between the Mw of HA and k, is plotted in Figure
2b. The k, values of the HA fractions were negatively
correlated with the Mw (R> = 0.886), and the k, values of
HAO and the small fractions UF1-UF3 were larger than that of
the large fraction UF4 (Figure 2b), indicating that small-sized
HA quickly adsorbed onto the GO surface. In addition, the
binding affinity of GO for HA molecules was dependent on the
Mw of HA (Figure 1), which may also play an important role
in the adsorption kinetics.

The adsorption isotherms of the four HA fractions onto GO
are shown in Figure 2c. The Langmuir and Freundlich models
were used to fit the isotherms, and the corresponding
regression parameters are listed in Table S5. According to
the regression coefficient (R?), the isotherms of the HA
fractions are well fitted by the Langmuir and Freundlich
models, which means that the isotherms of the HA fractions on
GO are nonlinear and the adsorption sites are homogeneously
distributed over the GO surface. The above results were
confirmed by the following AFM and DFT analyses. Moreover,
the maximum adsorption capacity (Q,,,,) of the large fraction
UF4 onto GO was 214.7 mg/g, which was much higher than
that of the small fractions UF1 (171.0 mgc/g), UF2 (162.9
mgc/g) and UF3 (1743 mgc/g). To reveal the interaction
mechanisms, the correlations between the Q,,,, values of HA
on GO and the H/C and O/C ratios of HA were also plotted
and are given in Figure 2d. The Q,,,, values were negatively
correlated with the H/C and O/C ratios of the HA fractions
(R?* = 0.826 and 0.902, respectively). An increase in the H/C
and O/C ratios indicated a decrease in the number of aromatic
structures in the HA fraction (Table S1). Thus, the aromatic
structures of HA likely contributed to the high adsorption
capacity of the large HA fractions on GO, indicating that the
m—n interactions between the GO and HA molecules might
play an important role in adsorption.

To analyze the interactions between HAO, the HA fractions,
and GO, the FTIR spectra of GO before and after the
adsorption of HA were measured and are shown in Figure 3a.
Compared with the GO spectrum before HA adsorption, the
peaks of the H-bonded OH stretch shifted from 3420 to 3450
cm™!, and the intensity increased significantly after the
adsorption of HA fractions onto GO, which indicates that
H-bonding plays an important role in the adsorption process
between GO and HA. In addition, the positions of the C=0
and O—H or C—O (carboxylic group) stretching vibrations of
GO clearly changed after interaction with HA. The peaks
corresponding to C=C bonds shifted from 1623 to 1635
cm™!, implying that z—x interactions contributed to the
adsorption of HA on GO. To further confirm the z—x
interactions of GO—HA, solid-state 3*C NMR was performed.
NMR has been widely used in HA and GO structural
studies.’™” As shown in Figure 3b, compared with GO,
aliphatic C (0—S0 ppm), phenolic C (145—162 ppm), and
C=0/COOH (162—220 ppm) peaks were observed in the
both HA and GO—-HA sample, indicating that HA was
immobilized on GO. Moreover, the aromatic group peak of
GO at 132 ppm shifted to 128 ppm for GO—HA, suggesting
that the aromatic groups of HA coupled with the GO sp
structure through 77— interactions, which was consistent with
the FTIR results shown in Figure 3a. Furthermore, the EPR
spectra of GO, HA, and GO—HA were obtained under the
same conditions, as shown in Figure S11. The g-values of GO,
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Figure 3. FTIR spectra of GO before and after the adsorption of HAO
and the HA fractions (a) and solid-state '3*C NMR spectra of HA,
GO, and GO-HA (b).

HA, and GO—-HA were 2.0062, 2.0058, and 2.00S55,
respectively. HA and GO—HA had a greater width of the
resonance line and a higher signal intensity than the GO-alone
control, suggesting that GO—HA and HA had higher levels of
semiquinone-type unpaired electrons than did GO (GO—HA
> HA > GO). The level of semiquinone-type unpaired
electrons measured by the EPR content were consistent with
the content of aromatic groups obtained by NMR (Figure
3b).Therefore, the interactions between GO and the HA
fractions, including 7—7 and other interactions, were analyzed
by the following DFT simulations.

Density Functional Theory Simulations. AFM is a
useful tool for studying the distribution and morphology of HA
adsorption on GO. Compared with pristine GO (Figure S2d),
the observed thicknesses of GO coated by HAO and the HA
fractions increased from 4.2 to 10.4 nm (Figure S12) and from
4.5 to 24.3 nm (Figure S13), respectively. The largest thickness
of GO coated by UF4 was consistent with the highest
adsorption capacity of UF,, as shown in Figure 2c and Table
SS. Based on the AFM images in Figures 4a—d and S12, three
adsorption patterns were observed between HA and GO: (i)
most of the UF1 and small-sized UF2 (sizes from 5.6 to 11.2
nm, observed by AFM) were spread over the center and close
to the edge of the GO nanosheets (denoted by the yellow
circles in Figure 4a and 4b), (ii) most of the large-sized UF2
and small-sized UF3 (sizes from 5.6 to 11.2 nm) were spread
over the center of the GO nanosheets (denoted by the red
circles in Figure 4b and 4c), and (jii) most of the UF4 (sizes
from 11.3 to 24.3 nm) was spread along the edge of the GO
nanosheets (denoted by the blue circles in Figure 4d).

The above three phenomena were confirmed using DFT
simulations (Figure 4e). The model structures of HA and GO
are presented in Figures S14 and S1S, respectively. In general,
the effects of edge atoms on the inner atoms are negligible after
3 atomic layers.”® For adsorption model I and adsorption
model III, the HA was located on 2 to 8 atomic layers and 1 to
2 atomic layers near the edge of GO, respectively, and a bond
order loss occurred. For adsorption model II, the HA was
located on >3 atomic layers, and neither bond order loss nor
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Figure 4. Interactions between HA fractions and GO illustrated by AFM and DFT simulations. (a—d) AFM images of HA fractions incubated with
GO for 24 h. (e) DFT simulations of HA interacting with GO. Adsorption model I, HA spread over the center and close to edge of the GO
nanosheet; adsorption model II, HA spread over the center of the GO nanosheet; adsorption model III, HA spread over the edge of the GO
nanosheet, denoted by yellow, red, and blue arrows, respectively. HA was vertical to the surface of the GO nanosheet (vs), parallel to the surface of
the GO nanosheet (ps) and parallel to the zigzag edge of the GO nanosheet (pez), which are consistent with adsorption models I, II, and III,

respectively.

edge effects occurred. Furthermore, in adsorption model I, HA
was vertical to the surface of the GO nanosheet (vs), and the
interactive functional groups were mainly O-containing
functional groups (OH and COOH), which interacted though
7—n interactions.”” In contrast, in adsorption model II, HA
was parallel to the surface of the GO nanosheet (ps), and the
van der Waals force contributed to the binding of HA to GO
and appeared to be the governing force.”’ In adsorption model
III, HA was mostly parallel to the zigzag edge of the GO
nanosheet (pez), and 77—z interactions contributed only a
minor portion compared to the van der Waals force. To better
understand the forces governing the spontaneous migration of
HA to GO, the convergence tolerance of the energy E (eV)
and the adsorption energy E, (Ha) between HA and GO were
calculated, as listed in Table S6. The adsorption energy E, was
—1.1564 eV, —2.7231 eV, and —2.2651 eV for structures “vs”,
“ps”, and “pez”, respectively (Table S6). Thus, the minimum
diffusion barrier with the lowest adsorption energy was
achieved for the structure “ps”, indicating that “ps” was the
most stable structure for HA adsorption on GO. The
adsorption energy E, was —0.0425 Ha, —0.1001 Ha, and
—0.0832 Ha for structures “vs”, “ps”, and “pez”, respectively,
suggesting that HA in the “vs”, “ps”, and “pea” structure
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accepted 0.0425 e, 0.1001 e, and 0.0832 e from GO,
respectively (Table S6). Therefore, the “ps” structure accepted
more electrons from GO than the “vs” and “pea” structures,
explaining the stable interaction of HA in the “ps” structure
with GO. To gain further insight into the adsorption models
and sites of HA on GO, the atomic charge density distribution
was studied and is provided in Figure S16. No electronic cloud
overlap was observed between HA and GO, which showed that
the adsorption of HA on GO was weak with limited charge
transfer, because of weak van der Waals force interactions
between GO and HA. This result is consistent with adsorption
pattern II observed in AFM.

Implications for Nanomaterial Risks and Applica-
tions. The extensive use of GO will inevitably lead to its
release into the aqueous environment. Thus, knowledge of the
interactions between GO and HA in water is urgently required
to evaluate the environmental risks of GO. Herein, multiple
analytical methods such as BLI, AFM, and DFT were
integrated to investigate the adsorption affinity and favorable
adsorption sites for HA fractions on GO. It was revealed that
the Mw of HA was correlated to its binding affinity and
adsorption rate onto GO, and the aromatic structure of HA
determined its adsorption capacity and sites on GO. These
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results are valuable for elucidating the environmental behaviors
and functions of GO and other graphene-based materials
under exposure from natural organic matter (NOM) with
different properties. Moreover, the favorable adsorption sites
and interaction mechanisms between HA and GO should be
understood for GO enabled adsorbents, membranes, or
catalysts in the contaminated water. DFT simulations and
AFM imaging revealed that HA bonded to GO nanosheets
mainly by van der Waals force and z—x interactions. The
proposed edge- and center-adsorption patterns support the
effective design of GO-based surfaces. In addition, van der
Waals force and 77— interactions as two critical forces deserve
attention for the removal of HA by GO-enabled membranes.
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