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Selective binding of organic compounds is the cornerstone of many important industrial and pharmaceutical
applications. Here, we achieved highly selective binding of aromatic compounds in aqueous solution and gas
phase by oxygen-enriched graphene oxide (GO) nanosheets via a previously unknown mechanism based on size
matching and polarity matching. Oxygen-containing functional groups (predominately epoxies and hydroxyls)
on the nongraphitized aliphatic carbons of the basal plane of GO formed highly polar regions that encompass
graphitic regions slightly larger than the benzene ring. This facilitated size match-based interactions between
small apolar compounds and the isolated aromatic region of GO, resulting in high binding selectivity relative to
larger apolar compounds. The interactions between the functional group(s) of polar aromatics and the epoxy/
hydroxyl groups around the isolated aromatic region of GO enhanced binding selectivity relative to similar-sized
apolar aromatics. These findings provide opportunities for precision separations and molecular recognition en-

abled by size/polarity match-based selectivity.

INTRODUCTION
Selective molecular binding of organic compounds finds many im-
portant applications in the fine chemical and pharmaceutical indus-
tries, such as separation of close-boiling organic isomers, selective
catalytic reactions, purification and recovery of valuable chemicals,
and drug delivery (I1-4). Precise separation of different xylenes is a
classic example, in which p-xylene is the most desirable chemical as
it is the feedstock for the production of other valuable products
(5, 6). A broad group of framework materials with uniform, molecular-
scale pore structures, including zeolites, metal-organic frameworks,
and covalent-organic frameworks, have been developed to achieve
chemical separation via molecular sieving (7-12). However, these
materials often suffer from slow separation/conversion kinetics because
of severe limitations associated with micropore diffusion, especially
when the size of molecules is close to the pore size (8, 11).
Engineered carbon nanomaterials (CNMs), including carbon
nanotubes (CNTs), graphenes, and graphene oxides (GO), show
great potential for selective binding of organic chemicals in broad
applications, including chemo- and biosensors, analyte preconcen-
tration, and water and wastewater treatment (13-18). The large
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specific surface area combined with the high hydrophobicity and
electronically delocalized graphitized carbons (fused aromatic rings)
of CNM:s facilitates the binding of hydrophobic organic chemicals,
particularly those that can induce nt-n electron coupling interactions,
from aqueous solution (17, 18). The surface chemistry of CNMs can
be fine-tuned to enhance their binding affinity toward target organic
chemicals. Oxygen-functionalized CNTs exhibit a stronger binding
affinity for amino-substituted aromatic compounds owing to en-
hanced n-r electron coupling interactions and extra Lewis acid-base
interactions compared to nonsubstituted counterparts (19). Another
example is that functionalization of GO with sulfonate groups cre-
ates conjugate m-region sites and negatively charged edge sites si-
multaneously, which are highly exposed and available for binding
phenanthrene and methylene blue, respectively (20). In addition,
doping heteroatoms (e.g., N or B) into the graphitic lattice of CNMs
can polarize more abundant electron-depleted sites around the doped
atoms, facilitating n-m electron-donor-acceptor interactions with
n-electron-donor compounds (e.g., aromatics substituted with electron-
donating groups such as hydroxyl and amine) (21, 22). However,
achieving high molecular selectivity by adsorption on CNMs is a
pervasive challenge that limits related applications in precision sep-
aration and molecular recognition.

Here, we report the size match- and polarity match-based bind-
ing between aromatic compounds and basal-plane oxygen-enriched
GO, leading to high selectivity and precision separation of target
molecules with complementary size and polarity. We investigate
the binding affinity of four groups, a total of 21 aromatic com-
pounds, on oxygen-enriched GO in an aqueous solution and find
pronounced selectivity of GO for small apolar molecules and similar-
sized polar molecules. Molecular binding selectivity is also exam-
ined in the gas phase for selected compounds. Experimental and
density functional theory (DFT) calculation results indicate that the
selectivity of GO is primarily due to the size match-based interac-
tions between aromatics and graphitic regions and is tuned by the
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compatibility between molecule polar groups and oxygen functional
groups encompassing the graphitic regions of GO.

RESULTS

Small graphitic patches on the GO surface isolated by

C—0 moieties

The GO used in this study was prepared from graphite flakes by the
widely used Hummers chemical oxidation method (18, 23). The GO
surface was rich in oxygen [33 atomic % (at %)] in the form of epoxy
and hydroxyl groups, as revealed by the x-ray photoelectron spectros-
copy (XPS) and Fourier transform infrared analysis (fig. S1, A and B).
Because of these oxygen functional groups, GO has a relatively large
interlayer spacing of 0.90 nm [determined from the (001) peak at
20 = 9.8° in the x-ray diffraction pattern; fig. S1C]. The intensity ratio
of Raman D-band to G-band (i.e., In/Ig) is 0.91 (fig. S1D), suggesting
the presence of a high content of functional groups (24, 25). The
average size of the graphitic regions of GO was calculated to be 4.8 nm
using the empirical Tuinstra-Koenig relation (26). As revealed by
transmission electron microscopy (TEM) combined with atomic
force microscopy (fig. S1, E and F), GO has relatively intact and
smooth two-dimensional atomic sheets with few defects or holes.

To gain a deeper insight into its structural characteristics, we
further characterized the GO using high-resolution (HR)-TEM and
solid-state '*C nuclear magnetic resonance (NMR). GO consists of
a substantial amount of well-crystallized graphitic regions with a
clear hexagonal lattice (Fig. 1C), as shown in the HR-TEM images,
which are isolated by regions of amorphous carbons (Fig. 1B). These

amorphous carbons are most likely the oxidized carbons in GO
(25, 27, 28). The size of the graphitic regions in the HR-TEM images
is in the range of 2.5 to 5.6 nm, in agreement with the average size
determined by the Raman analysis. Figure 1D presents the quanti-
tative >C direct polarization NMR spectrum of GO. The spectrum
is dominated by three peaks at 62, 71, and 131 parts per million
(ppm), which are assigned to carbons in epoxy (C—0O—C), hydroxyl
(C—OH), and aromatic rings, respectively (29-32). We also observed
three minor peaks corresponding to carbons in lactol (O—C—O0) (at
101 ppm) (31) and carboxyl (COOH) at the edge of graphene sheets
(at 166 ppm) (32), and carbonyl (C=0) bonded to aromatic rings
(at 188 ppm) (29). This is typical of 3¢ NMR spectra for GO sam-
ples prepared from chemical oxidation methods (29-32). The con-
tent of different carbon species was determined on the basis of the
integrated intensities of the NMR peaks (table S1). The GO contains
approximately 29% of aromatic carbons, 30% of C—0—C, 26% of
C—OH, 5% of COOH, 5% of aromatic C=0, and 4% of O—C—O. The
content ratio of COOH to C—OH is 19%, generally agreeing with
the previously reported ratio for GO (30). In summary, the GO used
in the present study is mainly composed of small graphitic regions
(size of 2.5 to 5.6 nm) that are isolated by sp>-hybridized C—O moi-
eties (i.e., C—OH and C—O—C) (Fig. 1E).

Size selectivity of aromatics on oxygen-enriched

GO in aqueous phase

First, we examined the selective binding ability of GO for various
aromatic compounds [benzene, polycyclic aromatic hydrocarbons
(PAHs), and chloro-, methyl-, nitro-, hydroxyl-, and/or amino-substituted

Aromatic C

Fig. 1. Chemical structures of GO. (A) HR-TEM image and (B and C) the enlargements, as marked, of GO. (D) Solid-state 3C direct polarization NMR spectrum of GO.

(E) Schematic structure of GO. Red areas indicate the isolated graphitic regions.
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benzenes/naphthalenes] in aqueous solution using batch adsorp-
tion experiments. The chemical structures and molecular sizes of
these compounds are presented in fig. S2, and their selected physical-
chemical properties are listed in table S2. The single-solute adsorp-
tion isotherms are shown in Fig. 2. The Freundlich model was adopted
to fit the adsorption data as it provided the best fitting (R* > 0.93 for
most tested compounds; fitting results are presented in table S3).
The distribution coefficient (Ky, liter/kg; table S3) was calculated
from the sorption model at a selected aqueous-phase concentration
(Ce) from the middle of the isotherm concentration ranges, and the
corresponding adsorbed amount (g.) did not exceed the maximum
for monolayer adsorption.

GO exhibits remarkably enhanced binding for small molecules.
For example, at the same selected C, (0.004 mM), the Kq of benzene
is more than 10 times higher than that of naphthalene, and the
enhancement is even larger (~30 times) when compared with
phenanthrene. Similar size selectivity is also observed with the three
groups of methyl-, chloro-, and nitro-substituted benzenes. The Ky
of toluene, chlorobenzene, and nitrobenzene is on the order of 10°
to 10° liters/kg, approximately one order of magnitude higher than
that of most tested multisubstituted benzenes (e.g., dichlorobenzenes,
o-xylene, 1,2,4-trichlorobenzene, 1,3,5-trichlorobenzene, 1,3,5-
trimethylbenzene, and 1,3,5-trinitrobenzene). The size selectivity of GO
was further probed with binary-solute adsorption experiments (fig. S3).
In all the tested binary-solute systems (benzene/naphthalene, benzene/
phenanthrene, toluene/o-xylene, toluene/1,3,5-trimethylbenzene,
chlorobenzene/o-dichlorobenzene, and chlorobenzene/1,3,5-
trichlorobenzene), GO consistently exhibited higher affinity for the
smaller aromatic molecules (indicated by K4 values). The presence
of larger aromatics had little influence on the binding affinity of GO
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Fig. 2. Binding affinity of aromatics with different sizes on GO in the aqueous
phase. Adsorption isotherms plotted as adsorbed concentration (g.) against aqueous-
phase concentration (Ce) at equilibrium for (A) benzene and PAHs, (B) methyl-
substituted benzenes, (C) chloro-substituted benzenes, and (D) nitro-substituted
benzenes. The experiments were conducted using a batch approach at ambient
temperature. All adsorption data were collected in duplicate.
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for smaller aromatics. These observations confirm the size-based
selectivity of GO. The binding of apolar organic compounds to
carbonaceous materials is mostly controlled by hydrophobic inter-
actions (17, 18). For the tested apolar aromatics (benzene, PAHs,
and chloro- and methyl-substituted benzenes), the hydrophobicity
[quantified by water solubility (Sw) and n-octanol-water partition
coefficient (Kow); table S2] increases with molecular size. Thus, the
binding selectivity of GO for the small apolar aromatics would be
even more pronounced if the effect of hydrophobicity is considered.

Polarity selectivity of aromatics on oxygen-enriched

GO in aqueous phase

An interesting finding is that GO exhibits lower size selectivity for the
polar nitro-substituted benzenes than the three groups of apolar aromatic
compounds (Fig. 2). For example, although 1,3,5-trinitrobenzene
has a larger molecular size, the binding affinity of 1,3,5-trinitrobenzene
on GO is much stronger than that of 1,3,5-trichlorobenzene and
1,3,5-trimethylbenzene (Fig. 3A). Similar trends are shown for hydroxyl-
and amino-substituted compounds (p-chlorophenol, p-chloroaniline,
1-naphthylamine, and 2-naphthol). These polar compounds have
slightly larger molecular sizes than their apolar counterparts (p-
dichlorobenzene and naphthalene) (fig. S2); however, except for
2-naphthol, the binding affinity of the polar compounds on GO is
markedly stronger (Fig. 3, B and C), with Ky values over 20 times
higher than for the apolar compounds (table S3). The binary-solute
sorption experiments provide consistent results that the binding
affinity of polar 1-naphthylamine is higher than that of apolar
naphthalene (fig. S3G).

Size selectivity of aromatics on oxygen-enriched

GO in gas phase

The size-based selective binding on GO is also applicable to mole-
cules in the gas phase. We compared the column binding capacity
of GO for toluene and o-xylene gas (20% of saturated vapor pres-
sure) at 5 and 75% relative humidity (RH) (Fig. 4). The binding af-
finity of o0-xylene is higher than that of toluene at 5% RH, whereas a
reversed trend is shown at 75% RH. The binding capacities of toluene
and o-xylene are 0.034 and 0.042 mmol/g at 5% RH and are 0.040
and 0.018 mmol/g at 75% RH, respectively. The binding selectivity
of the small-sized toluene on GO is facilitated by increasing the hy-
dration level of GO.

Mechanisms for size/polarity selectivity of aromatics

on oxygen-enriched GO

In previous works, the selective molecular binding of aromatics was
commonly achieved on materials with uniform nanosized pores via
size exclusion of large molecules (7-12). However, this mechanism
cannot be applied to the observed selectivity trend, considering that
GO is a two-dimensional atomic sheet without fixed pores (fig. S1,
E and F). We propose that the highly selective binding ability of GO
for small aromatic compounds is due to the size match-based selective
binding. It is well-recognized that graphitic regions are the main
binding sites of carbonaceous materials for aromatic molecules,
particularly for apolar aromatic molecules, resulting from a combi-
nation of hydrophobic effect and n-n coupling interactions
(17, 18, 33-37). For the tested GO, the major binding sites are
isolated, small-sized graphitic regions (2.5 to 5.6 nm) separated by
oxygen-containing aliphatic carbons. In the aqueous phase, the size
of accessible graphitic regions is further reduced because of the
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Fig. 3. Binding affinity of aromatics with different polarity on GO in the aqueous phase. Adsorption isotherms plotted as adsorbed concentration (ge) against aqueous-
phase concentration (Ce) at equilibrium for (A) 1,3,5-substituted benzenes, (B) p-substituted benzenes, and (C) naphthalene and substituted naphthalene. The experiments
were conducted using a batch approach at ambient temperature. All adsorption data were collected in duplicate.
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Fig. 4. Binding affinity of aromatics on GO in the gas phase. Gas-phase adsorp-
tion curves of toluene and o-xylene (20% of saturated vapor pressure) at RH of
(A) 5% and (B) 75%. The experiments were performed in column mode at ambient
temperature and pressure using helium as the carrier and balance gas.

hydration of the surrounding oxygen-containing groups (epoxies
and hydroxyls) (38). The hydration of GO is confirmed by the 'H
NMR analysis results. The "H NMR spectra of GO exhibit a strong
"H NMR signal (fig. $4). Given that GO itself has a very low hydro-
gen concentration, this signal must be assigned to water in the sam-
ple. The observed chemical shift of around 6 ppm is characteristic of
water molecule with enhanced hydrogen bonding. The relaxation
behavior evidenced by this signal shows that it can be attributed to
dynamically bound rather than free water (39). For instance, unlike
other "H NMR signals resolved at 0.5, 13.5, and 16.5 ppm after long
T),, filter times (T, refers to the spin-lattice relaxation time in the
rotating frame), the dominant "H NMR signal is not narrowed by
12.5-kHz magic angle spinning (MAS), indicating that it derives
from a molecule with strong "H—"H dipolar couplings, as found in
more or less immobilized water molecules. A series of spectra in fig.
S4 document that the broad signal exhibits very fast T}, relaxation
on the time scale of 0.05 ms, indicating large-amplitude dynamics
with rates near the T, minimum, on the order of pulse field strength
(ie., |yBi] = 3 x 10°/s) (40), corresponding to rotation correlation
times near 3 us. The rotation correlation time of water bound on
GO is six orders of magnitude longer than that of bulk liquid water
(41) and is in a similar order to that reported for structural water in
proteins (42) and hydrogels (43). The result indicates the strong and
irreversible interactions of the water molecules with the GO surface.

Fuetal,, Sci. Adv. 8, eabn4650 (2022) 29 July 2022

We postulate that the water molecules attached to the oxygen
groups decrease the effective size of the graphitic regions to a size
dimension slightly larger than one benzene ring in aqueous phase.
The sizes of the small-sized aromatic compounds tested in this work
match the size of the graphitic regions, leading to strong binding.
On the other hand, the graphitic regions of GO are not accessible
for the large aromatic compounds (i.e., naphthalene, phenanthrene,
and most multisubstituted benzenes) because of the steric hindrance
effect (see the schematic description in fig. S5). The modulation of
the size of graphitic regions by oxygen group-dependent hydration
also explains the selective binding of toluene over o-xylene in gas-
phase adsorption at high RH. The increase in RH increased the hy-
dration level of GO and consequently decreased the exposed surface
areas of graphitic regions, leading to enhanced steric hindrance and,
in turn, higher selectivity for (smaller) toluene. Compared with the
methyl-substituted benzenes, the steric hindrance effect is more
prominent for choloro-substituted benzenes. Despite their higher
hydrophobicity, p-dichlorobenzene and 1,3,5-trichlorobenzene
exhibit markedly lower binding affinity than p-xylene and 1,3,5-
trimethylbenzene, respectively (table S3). This is first due to the
smaller molecular sizes of p-xylene and 1,3,5-trimethylbenzene.
Furthermore, the methyl group is relatively flexible compared to the
chlorine atom, which may further alleviate the steric hindrance by
optimizing the position of the attached hydrogen atoms. In addi-
tion, the hydrogen atoms in the methyl group can interact with the
graphitic regions of GO via n-H interaction (44, 45), facilitating the
binding of methyl-substituted benzenes. The n-H interaction also
explains the enhanced binding affinity of m-xylene and p-xylene
than o-xylene. The ortho-orientation of methyl groups markedly
limits their rotation, inhibiting the n-H interaction of methyl hy-
drogens with GO. Notably, the K4 values of m-xylene and p-xylene
are appropriately six and nine times higher than that of o-xylene,
indicating that GO is able to effectively separate xylene isomers in
the aqueous solution. For dichlorobenzenes that cannot induce t-H
interaction with the graphitic regions of GO, p-dichlorobenzene ex-
hibited a lower binding affinity than the other two isomers because
of its larger molecular size.

Unlike apolar compounds, polar compounds can induce hydro-
gen bonding and polar interactions with the oxygen groups (e.g.,
epoxies and hydroxyls) on GO despite relatively low hydrophobici-
ty. In addition, such compatibility of the polar groups of molecules
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with the oxygen groups on GO can provide extra binding space by
minimizing the steric hindrance limit of the neighboring graphitic
region, therefore leading to enhanced binding. Thus, the molecular
size and polarity of compounds are both key determinants of the
binding selectivity by GO. Now, molecular size-based selectivity
is mostly accomplished on zeolite and molecular imprinting. The
molecules are adsorbed inside the zeolite via configurational diffu-
sion if their molecular diameters match the pore dimension of zeolite.
Hence, the high size selectivity of the zeolite is commonly accompa-
nied with very slow adsorption kinetics (8). Molecularly imprinted
polymers can gain molecular selectivity on the basis of both molec-
ular size/shape and functional groups. However, this approach still
faces several challenges including template leakage, limited selectivity
in aqueous systems, and slow mass transfer within interior surface
(46). In contrast, GO offers fast kinetics, owing to its open surface
without pore structure. The GO can be supported on inorganic par-
ticles to avoid unintended aggregation in aqueous phase, further
increasing the binding capacity and kinetics (47).

To further examine the proposed mechanism of the observed
molecular binding selectivity, we simulated the binding interactions
of benzene, naphthalene, phenanthrene, toluene, o-xylene, and
p-xylene with a model GO (M-GO; Cz5,H;260173) using DFT calcu-
lations. The M-GO has 36% of aromatic carbon and 64% of oxi-
dized carbon (5% of C—O—C and 59% of C—OH) (Fig. 5A), and it
has a graphitic region size of approximately 2.0 nm, generally con-
sistent with the observations by >*C NMR and HR-TEM. In the ab-
sence of water, the optimized geometries of the complexes of M-GO
and all six tested compounds are in the face-to-face orientation with

a distance of about 0.34 nm to form n-n overlap dispersion. The gas-
phase interaction energy with M-GO (AE) is calculated to be 9.4 kcal/
mol for benzene, 15.3 kcal/mol for naphthalene, and 19.3 kcal/mol
for phenanthrene, which correlates well with compound’s molecular
size. A consistent trend is shown for toluene and xylenes (toluene,
11.2 keal/mol; p-xylene, 12.7 kcal/mol; o-xylene, 13.1 kcal/mol). These
results indicate that, in the absence of water, GO preferentially binds
larger molecules without inducing a steric hindrance effect.

M-GO can strongly bind water molecules (average AE of 4.2 kcal/
mol per water molecule) to form water clusters around the oxygen-
containing groups, agreeing with the 'H NMR results. This decreases
the size of the graphitic regions on M-GO to 1.4 nm in the presence
of three water clusters (H,O), (n = 10) (Fig. 5B). Benzene is still able
to form a face-to-face complex with the hydrated M-GO with a dis-
tance of 0.34 nm and a AE of 18.7 kcal/mol. In contrast, because of
the strong steric hindrance caused by the associated water clusters,
the two large-sized PAHs are far away from the surface of hydrated
M-GO (at a distance of 0.94 nm for naphthalene and 1.21 nm for
phenanthrene), reflecting negligible binding interactions. The AE of
toluene (14.6 kcal/mol) with hydrated M-GO is higher than the AE
of p-xylene (13.8 kcal/mol) and o-xylene (14.1 kcal/mol). A signifi-
cant positive correlation (R* = 0.702, P = 0.037) exists between the
measured logKy and the DFT-calculated AE with hydrated M-GO
for the tested apolar aromatic solutes (fig. S6A). In contrast, a nega-
tive correlation (R* = 0.655, P = 0.051) was observed between logK4
and logKoy for these solutes (fig. S6B). These correlations confirm
the preferential adsorption of smaller and less hydrophobic aromat-
ics on hydrated GO. The deviation of the correlation between logKy4
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and AE is mostly caused by the higher AE of 0-xylene, probably due
to the unpredicted steric effect on the n-H interaction. This reflects
a slightly overpredicted size of the graphitic region (serving as the
binding site) on hydrated M-GO, which is likely due to the lower
hydration degree (with only three water clusters) in the simulation.
Nonetheless, the DFT calculations support our proposed size match-
based selective binding mechanism of GO. To further examine the
role of GO hydration in its selectivity, we investigated the binding
of selected aromatics (toluene, o-xylene, 1,3,5-trimethylbenzene,
chlorobenzene, o-dichlorobenzene, and 1,3,5-trichlorobenzene) to
reduced GO (RGO). In contrast to GO, RGO exhibited higher binding
affinity for larger and more hydrophobic aromatics (e.g., highest for
1,3,5-trichlorobenzene), and the logKy values were significantly
correlated with logKow values (R2 =0.981, P =0.0001; fig. S7). This
suggests that the graphitic regions of RGO are accessible for both
small and large molecules without effective surrounding hydration
layers due to the low content (16 at %; determined by XPS) of oxygen-
containing functional groups. Thus, the highly selective binding of
GO toward apolar aromatics is enhanced by oxygen group-dependent
hydration, which decreases the size of graphitic regions.

DISCUSSION

We found that graphene nanosheets can achieve high size/polarity
selectivity for targeted aromatic molecules in aqueous solution and
gas phase by properly grafting oxygen functional groups on the basal
plane. Molecular selectivity is primarily imparted by a previously
unidentified mechanism based on size match interactions of the aromatic
molecules and the isolated graphitic regions, which is tuned by the
encompassing oxygen-containing functional groups on the graphene
nanosheets. For aromatics with similar sizes, polar aromatics are
selectively bound on GO over apolar ones, owing to the comple-
mentarity of their polar groups with the oxygen-containing groups
of GO. Therefore, unlike most adsorbents that preferentially bind larger
and more hydrophobic aromatics, this material selectively accomplishes
the opposite. Our findings provide opportunities for precision sepa-
ration and molecular recognition enabled by size/polarity match-based
selectivity, which have important implications in various fields including
separation technology, selective catalysis, sensors, and drug delivery.

MATERIALS AND METHODS

Materials

The aromatic compounds used in this study included benzene
(99.5%; Shanghai Lingfeng Chemical Reagent Co. Ltd., China),
naphthalene (99%; Sigma-Aldrich), phenanthrene (98%; Sigma-
Aldrich), 1-naphthylamine (98%; Sigma-Aldrich), 2-naphthol (99%;
Sigma-Aldrich), chlorobenzene (99.0%; Shanghai Lingfeng Chemi-
cal Reagent Co. Ltd.), o-dichlorobenzene (99%; J&K Chemical, China),
m-dichlorobenzene (97%; Sigma-Aldrich), p-dichlorobenzene (99.5%;
Fluka, Switzerland), 1,2,4-trichlorobenzene (99.0%; Fluka), 1,3,5-
trichlorobenzene (99%; Supelco, USA), p-chlorophenol (99%; Alfa
Aesar, USA), p-chloroaniline (98%; Nanjing Chemical Reagent Co.
Ltd., China), toluene (99.5%; Nanjing Chemical Reagent Co.
Ltd), o-xylene (98.0%; Supelco), m-xylene (99.5%; Sigma-Aldrich),
p-xylene (99.5%; Sigma-Aldrich), 1,3,5-trimethylbenzene (97%; Macklin,
China), nitrobenzene (99.5%; Fluka), m-dinitrobenzene (97%;
Sigma-Aldrich), and 1,3,5-trinitrobenzene (99.9%; Sigma-Aldrich).
GO (99.0%) and RGO (98.9%) were purchased from XFNANO
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Materials Tech (China). GO was prepared by the modified Hammers
method (18, 23) and was mainly in the form of nanosheets with a
diameter of 0.5 to 5 pm and thickness of 0.8 to 1.2 nm (according to
the information provided by the manufacturer). RGO was prepared
by the reduction of GO using L-ascorbic acid (48). All these materials
were used without further purification.

Characterization of GO

HR-TEM images of GO were collected on a Titan G2 60-300 spher-
ical aberration-corrected TEM (FEL, USA) equipped with a high-
brightness Schottky field emission gun and an image aberration
corrector to provide a spatial resolution better than 0.8 A in TEM
mode. Solid-state NMR spectra were recorded using a Bruker
AVANCE III 400 NMR spectrometer equipped with a 4-mm MAS
probe (Bruker, Massachusetts, USA) and were operated at 400- and
100-MHz resonance frequency for 'H and °C, respectively. All
spectra were collected at 12.5 kHz and at ambient temperature. The
3C direct polarization NMR spectrum was collected with 4-us ex-
citation pulse, 1- or 5-s recycle delay, and 4096 scans. 'H NMR
spectra were measured after a spin lock at a field strength of
|YB1| = 50 kHz for durations up to 3.2 ms, probing T}, of different
'H NMR signals. The "H and "C chemical shift was referenced to
hydroxyapatite peak at 0.18 ppm and carbonyl peak of freshly made
crystalline glycine at 176.49 ppm.

Aqueous-phase batch adsorption

The isotherm experiment was conducted in the single-solute mode
using a batch adsorption test described in our previous studies
(19, 21). To initiate the experiment, an aqueous solution of GO
(5 mg/liter) was prepared by ultrasonication and was added to a 40-ml
Amber U.S. Environmental Protection Agency vial with polytetra-
fluoroethylene (PTFE)-lined screw cap. Afterward, a stock solution
of adsorbate prepared in methanol was added to the vial, and the
volume percentage of methanol was kept below 0.1% to minimize
cosolvent effects. The initial concentration ranges were 0.0003 to
0.0200 mM for benzene and PAHs, 0.006 to 0.150 mM for
chloro-substituted benzenes, 0.01 to 0.50 mM for methyl-substituted
benzenes, 0.004 to 0.060 mM for nitro-substituted benzenes,
0.0008 to 0.0100 mM for p-chlorophenol, 0.001 to 0.030 mM for
p-chloroaniline, 0.0006 to 0.0100 mM for 1-naphthylamine, and
0.0008 to 0.0200 mM for 2-naphthol. The samples were covered
with aluminum foil and end-over-end mixed at ambient tempera-
ture for 72 hours to reach apparent adsorption equilibrium. At the
end of adsorption experiment, an aliquot of the samples was with-
drawn and was filtered through a 0.22-pm PTFE membrane (Anpel
Scientific Instrument, China) to remove the dispersed GO (49). The
adsorbate concentrations in the filtrates were analyzed by high-
performance liquid chromatography (detailed analytical methods
can be found in the Supplementary Materials). To account for sol-
ute loss from processes other than adsorbent adsorption, calibra-
tion curves were built separately from control samples receiving the
same treatment as the adsorption samples but no GO. On the basis
of the obtained calibration curves, the adsorbed mass of the solute
was calculated by subtracting the mass in the aqueous phase from
the mass added. The equilibrium pH (buffered with 0.05 M tris-
HCI), as measured at the end of the adsorption experiments, was
approximately 7.5. A separate set of experiments were conducted to
test the binding selectivity of GO in binary-solute systems. These
tests were performed by single-point adsorption (50) at the initial
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concentrations of 0.005 mM for solutes in the benzene/phenanthrene
system, 0.07 mM for solutes in the methyl-substituted benzene sys-
tems, and 0.01 mM for solutes in the rest of the binary-solute sys-
tems. The single-solute binding affinity of different aromatics on RGO
was investigated using the single-point adsorption approach at a
fixed initial solute concentration (0.02 mM). Duplicate samples
were prepared for the isotherm experiments, and triplicate samples
were prepared for single-point adsorption experiments.

Gas-phase column adsorption

Gas-phase column adsorption experiments were conducted with
toluene and o-xylene on GO at different RH, using a BSD-MAB
multiconstituent adsorption breakthrough curve analyzer (Beishide
Instrument, China). Tests were run at ambient temperature and
pressure using helium as the carrier and balance gas. The vapor
concentration of the adsorbates was set at 20% of the saturated va-
por pressure. More detailed operating parameters can be found in
the Supplementary Materials.

DFT calculation

The molecular interaction energies of an M-GO (Cj52H7260173)
with water clusters [(H,O),, n = 10] and different molecules were
calculated using the Gaussian 09(5) program (51) at the M062x/6-
31g(d,p)(4) level (52).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn4650
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