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HIGHLIGHTS

e Confined space/water in graphene hydrogel was constructed and controlled.
® Adsorption capacity of porous adsorbents was enhanced by filling confined water.

e Incomplete hydrogen bonding in confined water contributes to adsorption.

ABSTRACT Confined water has been proven to be of great importance
due to its pervasiveness and contribution to life and many fields of scientific
research. However, the control and characterization of confined water are
a challenge. Herein, a confined space is constructed by flexibly changing
the pH of a graphene oxide dispersion under the self-assembly process of a
graphene hydrogel (GH), and the confined space is adjusted with variation
from 10.04 to 3.52 nm. Confined water content in GH increases when the
pore diameter of the confined space decreases; the corresponding adsorption
capacity increases from 243.04 to 442.91 mg g~'. Moreover, attenuated total
reflectance Fourier transform infrared spectroscopy and Raman spectros-
copy are utilized to analyze the hydrogen bonding structure qualitatively

and quantitatively, and correlation analysis reveals that the improvement in

the adsorption capacity is caused by incomplete hydrogen bonding in the
confined water. Further, confined water is assembled into four typical porous commercial adsorbents, and a remarkable enhancement of
the adsorption capacity is achieved. This research demonstrates the application potential for the extraordinary properties of confined water

and has implications for the development of highly effective confined water-modified adsorbents.
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1 Introduction

Water, as a major component of cells and a participant in life
activities, is simple but crucial for all living things. Although
water science research has been performed for thousands of
years, our understanding of the science underlying its behav-
ior and function needs to be strengthened [1]. Water exists
in the form of bulk water and confined water [2]. Confined
water generally refers to liquid water held within nanom-
eter-sized vessels. It is found widespread in granular and
porous materials, around and within cells, macromolecules,
supramolecular structures, and gels [3]. Confined water is
widespread in many kinds of systems in chemistry, biology,
geology, materials science, and technology. Its unusual prop-
erties, including its hydrogen bonding structure and dynamic
and thermodynamic behaviors, have extensively drawn the
attention of scientists [4—6]. Confined water in and around
proteins plays a crucial role in protein assembly and function
[7]. Similarly, water confined in carbon nanomaterials, such
as one-dimensional (1D) nanotubes and two-dimensional
(2D) graphene, possesses outstanding properties [8—10].
Wau et al. trapped water in graphene sheets and found that
the nano-confined water formed 2D square ice at room tem-
perature. This is a new symmetric water phase in which the
hydrogen bonding is qualitatively different from the con-
ventional tetrahedral coordination between water molecules
[11]. Additionally, the transport of water and guest mole-
cules in confined water also differs from that in bulk water.
Radha et al. fabricated 2D graphene capillaries and found
that water transport through channels increased unexpect-
edly (up to 1 m s™!), which was attributed to high capillary
pressures (approximately 1000 bar) and large slip lengths
[12]. These extraordinary structures and properties endow it
with the potential for applications in separation, nanochannel
and nanofluidic devices, and desalination [13-15].
However, most previous researches have focused on the
theoretical study of confined water, whereas studies on the
application of confined water are lacking. In most cases,
the preparation of confined water has been complex. The
confined space is assembled first, and then, water enters the
prepared confined space by vapor adsorption or high-pres-
sure injection [8, 16]. The preparation of reverse micelles
is simple, and it provides convenience for simulating con-
fined water in biological systems. However, the mixtures of
water, surfactants, and nonpolar solvents are not suitable for
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investigating the application of confined water [17]. In addi-
tion, due to its convenience under ideal conditions, molecu-
lar dynamics (MD) simulation has promoted the rapid devel-
opment of theoretical studies for confined water. However,
MD simulation has also limited the application of confined
water, because simulated conditions are usually oversimpli-
fied compared with the conditions in practical situations. In
addition, much focus has been given to the anomalous prop-
erties and functional mechanisms of confined water under
extreme conditions, such as ultralow temperatures [ 18-20],
and studies based on its application are still insufficient.

Due to their extraordinary 2D structure, graphene-based
materials are usually chosen to conduct studies of confined
water. Li et al. designed a confined 2D water path with a
foldable graphene oxide (GO) film and used it to build an
efficient solar desalination device with an efficiency reaching
80% under one-sun illumination [14]. Yang et al. developed
a group of supercapacitors with multilayered graphene films,
with water confined in graphene sheets acting as an effec-
tive spacer to prevent restacking [21]. Given the outstanding
properties of confined water in graphene-based materials,
GO has been selected to construct and adjust the skeleton of
the confined space. Our group has found a water-enhanced
adsorption phenomenon and revealed its mechanism based
on buried water in a graphene hydrogel [22]. However,
the definition and characterization of confined space and
confined water are lacking. Therefore, an in-depth study of
confined space, confined water, and adsorption performance
needs to be conducted urgently.

So far, many commercial porous adsorbents with high
specific surface area (SSA) have been developed [23, 24].
However, the adsorption capacity of contaminates in aque-
ous environment is restricted due to the underutilization
of micropores. For example, the SSA of commercial acti-
vated carbon is approximately 2000 m? g~!, but its adsorp-
tion capacity is relatively low due to poor surface acces-
sibility for the micropores [25-28]. Chemical modification
can effectively improve its adsorption capacity, while the
chemical reaction in the modification process is compli-
cated, costly, and pollution causing [29, 30]. Many studies
have reported that the structure and amount of hydrogen
bonding in confined water differ substantially from that in
bulk water, which has led to unusual properties [31]. Addi-
tionally, hydrogen bonding is affected by the confined space
structure and environment, such as pore size, surface wet-
tability, and temperature [32, 33]. Therefore, the exploration
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of hydrogen bonding in confined water in a varied confined
space may provide guidance to the application of confined
water in improving the adsorption capacity of commercial
adsorbents.

In this study, a confined space was constructed via the
self-assembly of a graphene hydrogel (GH) and adjusted by
changing the GO dispersion pH, which enabled adjustment
of the confined water. The hydrogen bonding structure of
water in the GH structure was qualitatively and quantita-
tively analyzed. Variation in the confined water significantly
affected the adsorption performance of ciprofloxacin (CIP)
onto GH. Correlation analysis revealed the relationships and
influencing mechanism among the confined space, confined
water, and adsorption capacity. Moreover, confined water
was filled into several commercial porous adsorbents, and
a remarkable enhancement of the adsorption capacity was
achieved. It is believed that this work can provide guidance
for developing highly efficient adsorbents and for facilitating
the application of the extraordinary properties of confined
water.

2 Experiments
2.1 Preparation of Graphene Hydrogel

Graphite oxide was synthesized according to the modified
Hummers’ method [34]. The graphite oxide was dispersed
in deionized water and sonicated for 6 h to obtain the GO
aqueous dispersion (3.0 mg mL™!), which was then mixed
with sodium ascorbate at a mass ratio of 1:2.2 and ultra-
sonicated to form a uniform dispersion. The pH of the dis-
persion was adjusted to 1.5, 3.5, 5.5, 8.5, and 12 by adding
NaOH and HCI. A 4 mL dispersion was loaded in a glass
vial and heated at 90 °C for 3 h without any disturbance. The
GHs were named as GH-1.5, GH-3.5, GH-5.5, GH-8.5, and
GH-12, respectively. Graphene aerogel (GA) was prepared
by freezing the sample in — 20 °C for 5 h and drying it for
another 48 h. All abbreviations appearing in this manuscript
and their meanings are listed in Table S1.

2.2 Batch Adsorption Experiments
The prepared GH samples were added to 20 mL CIP solu-

tions with varying initial concentrations and shaken at a
constant temperature of 25 °C at 150 rpm for a certain
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amount of time. Blank experiments without the GH sam-
ples were conducted to ensure that the decrease in con-
centration was caused by adsorption rather than volatiliza-
tion or adsorption onto the bottle walls. All experiments
consisted of at least two duplicate samples. After adsorp-
tion, the adsorbent samples were filtered and diluted for
UV-visible spectroscopic measurements. Adsorption iso-
therm was studied in different concentrations (20, 40, 60,
70, 80, 90, 100, 120, 160, 200, and 300 mg L~"). Adsorp-
tion kinetics was studied in different reaction time (24, 48,
72,96, 120, and 144 h) at initial concentration of CIP that
is 150 mg L~!. The effect of pH was studied at different pH
(2,7, and 12), and the effect of ionic strength was studied
at different NaCl concentrations (0, 0.1, and 1 mol L_').

2.3 Filling of Confined Water

The four porous materials, i.e., beta (Si0,/Al,05, pore
diameter: 0.55-0.7 nm), MOF (pore diameter: 0.8 nm),
activated carbon (pore diameter: 2.0-2.2 nm), and CMK-
13 (mesoporous carbon, pore diameter: 3.8—4.0 nm) were
firstly dried and degassed in the vacuum drying chamber
(80 °C, 2 h). Then, the samples were hydrated in a humid
atmosphere at room temperature for 12 h. The moisture
content is measured by the mass increment.

2.4 Characterization Methods

The GA samples were characterized by scanning electron
microscopy (SEM, Hitachi S-4800, Japan), transmission
electron microscopy (TEM, JEOL2010F, 200 kV), X-ray
diffraction (XRD, Bruker, D8 Advance), X-ray photoelec-
tron spectroscopy (XPS, Kratos Axis Ultra DLD), Fou-
rier transform infrared spectroscopy (FT-IR, NEXUS,
670), and SSA and aperture analysis (BELSORP-max-
MicrotracBEL). The GH samples were characterized by
attenuated total reflectance infrared spectroscopy (ATR-
IR, Nicolet5700) and Raman spectroscopy (JOBIN-YVON
LabRam 1B). All the Raman spectra correspond to an
exciting laser wavelength of 532 nm. A UV-visible spec-
trophotometer (Techcomp UV2310 II) was used to deter-
mine the concentration of CIP based on the intensity of
the peaks at 275 nm.

@ Springer
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3 Results and Discussion
3.1 Characterization of Confined Space in GH

GH samples were cylinder shaped, as shown in Fig. 1a. And
3 GHs (total aerogel mass: 0.0204 g) were tough enough to
hold a 500 g weight (Fig. S1). TEM images exhibit several
layers of graphene sheets in the GA structure (Fig. 1b), and
many mesopores and micropores were formed due to the
accumulation and interconnection of these graphene sheets,
as shown in Fig. 1c. AFM images show that the thickness
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of graphene sheets in GA is ~4.4 nm, implying the few-lay-
ered graphene structure (Fig. S3). The D peak in the Raman
spectra at approximately 1350 cm™! represents the defective
lattice structure of the carbon material, and the G peak at
approximately 1620 cm™ is caused by sp? bonding. I/l
reflects the graphitization degree of the carbon material [35].
In Fig. 1d, the Ip/I5 of GO (0.94) was much higher than that
of graphite (0.17), revealing that the defects and the gra-
phitization degree increased after oxidation. After chemical
reduction, the I/l of GA-12 further increased to 1.23, illus-
trating that graphene sheets randomly accumulated during
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Fig. 1 a Optical image of GH. b TEM, and ¢ SEM images of GA; d Raman spectra of graphite oxide, graphene oxide (GO) and GA-1.5, e
Raman spectra of the GA samples under different pH; f I)/I; values for the GA samples; XRD patterns of g graphite, graphite oxide, GA-1.5,
and h the GA samples; i the calculated interlayer spacing values for GA samples under different pH
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the self-assembly process. Nonetheless, the I,/I ratios of
five GA samples were similar, indicating that the manipula-
tion of pH had a negligible effect on the number of defects
and the graphitization degree of GH (Fig. le, f).

Figure 1g shows that graphite oxide and graphite had
sharp peaks at 20=11.0° and 26.5°, respectively, which
implies that the interlayer spacing increased from 0.345
(graphite) to 0.807 nm (graphite oxide) due to the increased
oxygen-containing functional groups on the graphite oxide
sheets. However, the XRD pattern for GA-1.5 exhibited a
broad and weak peak at approximately 260=24.0°, which was
attributed to the random accumulation of graphene sheets
during the self-assembly process. The XRD patterns for all
five GH samples showed a broad peak, and the shapes and
intensities of the peaks were similar (Fig. 1h), while the
location of the peaks shifts to the right with increasing GO
dispersion pH. In Fig. 1i, the corresponding interlayer spac-
ing for the GH samples decreased, illustrating that the GH
structure became more compact.

The N, adsorption—desorption isotherms for the GA sam-
ples under different pH (Fig. 2a) exhibited Type IV curves,

and hysteresis loops were obviously observed. As the GO
dispersion pH increased, the hysteresis loop became big-
ger, and the volume adsorbed increased when P/P;<0.1,
indicating an increased number of mesopores and micropo-
res. Therefore, the SSA increased with the GO dispersion
pH (Table S2). The pore size distribution (Fig. 2b) further
displayed a variation in pores with the GO dispersion pH.
The peaks at 2 < D<10 were assigned to mesopores. As the
GO dispersion pH increased, the intensity of these peaks
diminished, and some of them faded. The intensity of the
broad peak at 1 < D<?2, which is assigned to the micropores,
also decreased. In comparison, the peak at approximately
D=0.7 nm in GA-1.5 was fairly weak, but the intensity
increased significantly with increasing GO dispersion pH.
Overall, when the GO dispersion pH was increased, more
micropores were found to be present, while the number of
mesopores decreased. The calculated mean pore diameter of
the GA samples (Fig. 2¢) also reduced in accordance with
the variation in the interlayer spacing (Fig. 11).

To further investigate the pore structure variation, we
calculated the pore volume and SSA of micro-, meso-, and
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Fig. 2 a N, adsorption/desorption isotherms, b pore size distribution, ¢ mean pore diameter, d pore volume, and e SSA of the GA samples
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macropores (Fig. 2d, e). With increasing GO dispersion pH,
Vinacro (1.€., the pore volume of the macropores) and SSA ..,
(i.e., the SSA of the macropores) were reduced, while V...
(i.e., the pore volume of the micropores) and SSA .., (i.e.,
the SSA of the micropores) showed a significant increase.
This observation verified the decrease in macropores and
increase in micropores, which agreed with the pore size dis-
tribution. In addition, both V., (i.e., the pore volume of the
mesopores) and SSA_ ., (i.e., the SSA of the mesopores)
first decreased in GH-3.5 and then increased, which was

ascribed to the fact that the 2—4 nm pores in GH-3.5 were

much smaller than those in the other samples (Fig. 2b).
For V (i.e., the pore volume of GH) and SSA (i.e., the SSA
of GH), they showed almost the same trend as that of the
mesopores, indicating the predominate nature of mesopores
in GH samples. Moreover, the finding that macropores con-
tributed more to the pore volume while micropores affected
the SSA more was also evident.

XPS and FT-IR were utilized to investigate the variation in
the surface characteristics of confined space in GH (Figs. 3
and S2). The presence of C and O in XPS survey spectrum
(Fig. 3a) revealed the simple composition of the confined
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Fig. 3 a XPS spectra of GA samples and GO, b percentages (at%) of C and O in the GA samples and GO, and C 1s core level spectra for GA

samples: ¢ GA-1.5, d GA-3.5, e GA-5.5, f GA-8.5, and g GA-12
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space. In Fig. 3b, the percent of O in GO (35.13 at%) was
much higher than that in GA samples (11.74 to 28.55 at%).
Additionally, the intensity of the hydroxyl groups (3400 cm™?),
carboxyl and carbonyl groups (1730 and 1610 cm™') in GA
samples was significantly weaker than that in GO (Fig. S2a)
[36]. The results indicated the reduction of oxygen-functional
groups in the self-assembly process. Moreover, with increasing
dispersion pH of GO, the percent (at%) of O increased from
11.74 to 28.55 at% (Fig. 3b), which was in agreement with the
color change observed in the residual solution after reaction
(Fig. S4), illustrating that higher pH restrained the degree of
chemical reduction in the self-assembly process.

The peaks for the GA samples prepared at different GO
dispersion pH values did not show an obvious difference (Fig.
S2b); thus, the kind of oxygen-containing functional groups in
these samples were similar. The C 1s spectra further demon-
strated the variation in the oxygen-functional groups, as shown
in Fig. 3c—g. It can be clearly observed that with increasing
GO dispersion pH, there was a significant increase in the areas
of the peaks corresponding to the carbon—oxygen single bond
(286.5 eV), carbon—oxygen double bonds (287.8 eV), and car-
boxyl groups (289.0 eV), indicating that the relative contents
of these oxygen-containing functional groups in GA were
increased. This phenomenon was regarded as the main reason
for the decrease in reduction degree [37].

Given the above analysis, the confined space in GH was
adjusted successfully by simply changing the GO dispersion
pH. The adjustment changed the pore size and the surface
oxygen-functional groups of GA violently. When the GO dis-
persion pH was increased, the graphene sheets combined more
tightly (Fig. 1h), and the interlayer spacing (Fig. 1i) and the
pore size (Fig. 2c) decreased. More micropores emerged, and
the SSA increased. Additionally, with increasing the GO dis-
persion pH, the reduction degree decreased, and the oxygen-
functional groups on the GA surface increased (Fig. 3). The
adjustment of the confined space in GH had a significant effect
on the confined water, which is discussed in the next part.

3.2 Qualitative and Quantitative Analysis of Confined
Water in GH

In Fig. 4a, the GA was placed on the leaf of Mimosa pudica;
the leaf did not close up, indicating that the GA had a very
low density (0.0068 g cm™). The GA is the skeleton of the
GH and was used to construct the confined space for holding

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

water in the GH structure. The masses of all the GHs were
much higher than that of the GA, and the moisture content
of all the GHs was all greater than 98.5% (Fig. 4b, c). Inter-
estingly, the My (i.e., the quality of one GH sample), Mg,
(i.e., the quality of one GA sample) and moisture content
showed the same trends: increasing first and then decreasing
with increasing GO dispersion pH. Their maximum values
were reached when pH=35.5.

The contact angles were evaluated to investigate the sur-
face wettability of the GH and GA samples (Figs. 4d—i and
S5). All GH and GA samples were hydrophilic because the
contact angles were less than 90°, but the hydrophilicity of
GH was much higher than that of GA. The surface wet-
tability of GA samples was weak, for the contact angle of
GA ranged from 89.79° to 71.06°. However, the contact
angle of GH was between 14.15° and 3.18°, showing that
GH was similar to a superhydrophilic surface. This phenom-
enon revealed that the presence of confined water in the GH
structure could significantly improve its surface wettability,
which benefits access to contaminants in the GH structure.
Interestingly, contact angles of both GA and GH decreased
with increasing the GO dispersion pH. This property was
consistent with the variation in the oxygen content observed
via XPS (Fig. 3b), as more oxygen-containing groups were
retained on the graphene sheet surface, and thus, the hydro-
philicity of GA was increased.

The difference in hydrogen bonding between confined
water and bulk water is a remarkable feature, which can
be characterized by the O—H stretching band in the IR [16,
38—40]. Moreover, different categories of hydrogen bond-
ing structures can be classified and analyzed based on the
Raman spectrum [41-44]. In addition, both ATR-IR and
Raman spectra can be used to realize in situ measurements
and provide direct information for the confined water in a
GH. Therefore, ATR-IR and Raman spectra were chosen to
verify and quantitatively analyze the existence of confined
water in the GH structure.

ATR-IR results for GH-12, GA-12, and bulk water are
shown in Fig. 5a. For GA-12 and GH-12, the spectra both
showed peaks caused by the bending vibration (612 cm™})
and stretching vibration (1420 cm™") of the carbon—hydro-
gen bond and the skeletal vibration of the benzene ring
(2000 and 2200 cm™!), respectively, indicating that the
structures of GH and GA were similar. However, the inten-
sity of the carbon—oxygen double bonds of the carbonyl
groups (1620 cm™!) in GH-12 was stronger than that in

@ Springer



2 Page 8 of 14

H

Nano-Micro Lett. (2020) 12:2
0.10 (c)100
— _ qoos 9
£ 99
{0.06 —~ &
9 c
s 8
{0042 2
2 98-
S
002 =
0.00 9

GH-1.5 GH-3.5 GH-5.5 GH-8.5 GH-12
Samples

GH-1.5 GH-3.5 GH-5.5 GH-8.5 GH-12
Samples

(e) GH-3.5 (f) GH-5.5
14.15° 9.48°
(h) GH-12 | [(i) ' GA-1.5
3.18° 89.79°
4.13

Fig. 4 a Optical image of GA, b a quality comparison of the GA and GH samples, and ¢ the moisture content of the GH samples. Contact angle

of (d-h) the GH samples and i GA-1.5

GA-12, which was assigned to the presence of the bending
vibrations of hydrogen bonds in water [45, 46]. Moreo-
ver, comparing the peaks of the stretching vibration of the
hydroxy groups from 3000 to 3700 cm™! in GH-12 with
those of bulk water, the location of these peaks in GH-12
shifted toward lower wavenumbers, and the shape of the
broad peak changed. This provided significant evidence for
the existence of confined water [16, 40], indicating that the
hydrogen bonding structure of GH was different from that
of bulk water. In addition, the broad and strong peak from
3000 to 3700 cm™! in the Raman spectra was found in the
GH samples but not in the GA (Fig. 5b) samples, which
also verified the presence of confined water [47].

© The authors

To investigate how confined water in the GH samples
varied with confined space, we carried out further Raman
spectrum measurements and normalized them by the D peak
of the graphene sheets (Fig. 5b). It was significant that the
intensity of the hydrogen bonding in GH (3000-3700 cm™")
increased with the GO dispersion pH [47] and that the
intensity of the subpeak at the higher wavenumber became
stronger. Additional quantitative analysis was conducted by
carrying out a deconvolution procedure for the OH stretch-
ing band.

As reported in the literatures [42, 43], the OH stretching
band can be decomposed into four different spectral com-
ponents corresponding to four classes of hydrogen bonding
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Fig. 5 a ATR-IR spectra for bulk water, GH-12, and GA-12; b Raman spectra of the GA and GH samples; c—g OH stretching sub-band of water
in the GH samples; h percentage intensity of w, +w,(/, +1,) and w3+ w,(I3+1,) in the GH samples; and i mass of bulk water (34,) and confined

water (M) in the GH samples

structures. The sub-band at the lowest wavenumber (approxi-
mately 3220 cm™', w,) was assigned to the symmetric OH
stretching modes of the tetrahedral hydrogen bonding
networks, and the sub-band at approximately 3350 cm™!
(namely w,) represented the asymmetric OH stretching
modes of the tetrahedral hydrogen bonding networks. The
sub-band at approximately 3450 cm™! (namely w5) reflected
the not-in-phase OH stretching mode of the distorted tetra-
hedral hydrogen bonding networks, and the highest wave-
number sub-band at approximately 3610 cm™! (namely w,)
was consistent with the OH stretching mode of the broken
hydrogen bonding networks. The percentage contents of the

SHANGHAI JIAO TONG UNIVERSITY PRESS

four categories of hydrogen bonding structures were I, I,
15, and 1,. According to the definition of the four catego-
ries of hydrogen bonding and the description reported in
published papers [44], the percentage content of w,+w,
(I; +1,) was assigned to the hydrogen bonding in bulk water
due to the hydrogen bonding being tetra-coordinated, while
the percentage content of wy+w, (I3+1,) represented the
hydrogen bonding in confined water because this kind of
hydrogen bonding was perturbed by the interface of the con-
fined space.

The fitted results for the OH stretching mode of the GHs
are shown in Fig. 5c—g. Figure 5h displays the evolution

@ Springer
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of the content of hydrogen bonding in bulk water (namely
I, +1,) and hydrogen bonding in confined water (namely
I;+1,) as a function of the GO dispersion pH, repre-
senting the variation between different hydrogen bond-
ing structures. It appeared that the percentage intensity
of w, +w, (i.e., the content of hydrogen bonding in bulk
water) firstly increased before reaching a maximum for
pH=5.5 and then decreased with increasing GO disper-
sion pH. Correspondingly, the content of w;+w,, which
represents the hydrogen bonding in confined water, dis-
played adverse trend with a minimum at pH=35.5. Com-
bined with the analysis in Fig. 4b, ¢, we found that the
moisture content, Mgy, Mga, showed the same trend with
I, +1,, illustrating that the hydrogen bonding in bulk water
increased with the total mass of the GH. The mass of the
bulk (M, (Mgy—Mga) X (I, +1,)) and confined water (M,
(Mg —Mg,) X (I3+1,)) in one GH sample (Fig. 5i) were
also calculated, and it was observed that M continued
to increase with increasing GO dispersion pH. Therefore,
the confined water in the GH samples was successfully
controlled by adjusting the GO dispersion pH.

3.3 Adsorption Capacity of GH for CIP for Different
Levels of Confinement

According to the finding that M, increased with increasing
GO dispersion pH, we further conducted batch adsorption
experiments to investigate the variation in the adsorption
capacity for the confined water in GH. As shown in Fig. 6a,
the adsorption capacity of GH samples for CIP increased
with increasing GO dispersion pH. The correlation coeffi-
cients (R?) for the GH samples fitted via the Langmuir model
were all higher than those fitted via the Freundlich model,
revealing that the former model was more suitable for the
adsorption process of CIP in GH (Fig. 6a, Table S3). Addi-
tionally, the maximum adsorption capacity of the GH sam-
ples (Fig. 6b) also increased from 243.04 to 442.91 mg g™
with increasing GO dispersion pH. Therefore, the adsorption
capacity of the GH samples was raised as the confined water
content increased.

Then, the adsorption efficiency of GH samples under
varying contact time, pH, and ionic strength was evaluated
to assess the comprehensive adsorption capacity of GH
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Fig. 6 a Equilibrium adsorption isotherms for the GH samples, b maximum adsorption capacity of the GH samples calculated by Langmuir iso-
therms, ¢ adsorption capacity, and d change ratio of the adsorption capacity for the GH samples under different ¢(NaCl) conditions. e Adsorption
capacity and f change ratio of the adsorption capacity of the GH samples prepared at different pH levels
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samples with varying confined water content. As shown
in Fig. S6, the GH samples prepared at different GO dis-
persion pH values did not show significant differences in
adsorption rate, indicating that the confined water did not
make a significant difference to the CIP transfer in GH sam-
ples. Both acidity and alkalinity decreased the adsorption
capacity of all GH samples (Fig. 6¢). After the adsorption
data were normalized according to the adsorption capac-
ity at pH="7 (Fig. 6d), the adsorption capacity of GH-1.5
decreased by approximately 10% at pH= 12, while that of
GH-12 decreased by only 5%. The decrease in the adsorp-
tion capacity for the other three GH samples was almost
the same (approximately 7%). In addition, the adsorption
capacity decreased by less than 2% at pH=2, indicating that
acidic conditions had a negligible effect on the adsorption
capacity of the GH. These results indicated that the GH sam-
ples with more confined content showed better resistance to
alkalinity and acidity. In Fig. 6e, the adsorption capacity of
all GH samples increased slightly under low ionic strength
conditions and decreased under high ionic strength condi-
tions. In Fig. 6f, the adsorption capacity of GH-1.5 reduced
by approximately 10%, while those of GH-8.5 and GH-12
decreased by approximately 30%, illustrating that GH sam-
ples with less confined water content showed better ionic
strength resistance.

It has been reported that confined water is affected by
the structure and surface properties of the confined space
[32, 33]. Additionally, variation in the confined water can
affect the properties in application [13—15]. According to the
above results, confined water was adjusted by varying the

confined space, and the CIP adsorption capacity of the GH
was changed, as well. Therefore, we proposed two hypotheti-
cal explanations based on correlation analysis.

We firstly conducted a simple fitting process to investigate
the relationship between two important parameters of the
GA (i.e., the SSA and oxygen content) and confined water.
First, the three parameters were normalized by the mass of
one GH sample, as shown in Table S4. The fitting results are
presented in Figs. S7a—c and 7a. As presented in Fig. S7a,
M, (mass of confined water of one GH sample) exhibited
a positive correlation with the SSA for each GH sample,
but the correlation coefficient was low. Then, we attempted
to fit M, with the SSAs of the micropores, mesopores, and
macropores. SSAy;.... (SSA of the micropores in one GH
sample) showed the strongest linear positive correlation with
M, illustrating that the interface of the micropores domi-
nated the variation in the confined water. We speculated
that this result was due to the increase in the number of
micropores, which increased the confinement degree. More
hydrogen bonding existed in the form of distorted or broken
structures, and thus, the content of confined water increased
with increasing SSAyimicro- INEXt, we fitted M with M,
(oxygen content of one GH sample), as shown in Fig. 7b.
M exhibited a strong linear relationship with the oxygen
content. This phenomenon proved that the wettability of the
interface between the water and graphene sheets affected the
confined water content. With the increase in oxygen content,
the hydrophilicity of the interface improved, and more water
molecules tended to combine with the graphene sheets,
which caused the content of confined water to increase.
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Fig. 7 a The linear fitting results for SSAy; ... (SSA of the micropores in one GH sample) and M, (mass of confined water in one GH sample);
b the linear fitting results for M, (oxygen content in one GH sample) and M_; and c the linear fitting results for the M, and Q/OFG (normalized

adsorption capacity of the confined water for each GH sample)
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In the second part, we conducted a correlation analysis for
the CIP adsorption capacity of the GH samples with confined
water and bulk water. To precisely measure the adsorption
capacity of the three parts (i.e., confined space (graphene
sheets), confined water, and bulk water) in GH, we first nor-
malized the adsorption capacity of the graphene sheets fol-
lowed by the consideration that the adsorption capacity of
the GH for CIP consists of physical adsorption and chemical
adsorption on graphene sheets and the adsorption of bulk
and confined waters. CIP is adsorbed on graphene sheets via
hydrogen bonding and z—x electron donor—acceptor (EDA)
interaction. In hydrogen bonding between graphene sheets
and CIP, the -C=0, -NH,, and —OH in CIP act as elec-
tron donors, and —COOH in GH took on the role of electron
acceptors, while in the z—z EDA interaction, the —OH in
GH acts as an electron donor, while the nitrogen-containing
heterocyclic ring and fluorine-containing benzene ring in
CIP take on the role of electron acceptors [48, 49]. There-
fore, the adsorption capacity was normalized according to
the content of carboxyl and hydroxy groups in the GA (i.e.,
Q/OFG). Regression analysis of Q/OFG with M_ and M,
(mass of bulk water of one GH sample) was conducted, and
the results are listed in Tables S5-S7. The value of R was
0.9924, indicating that their relationship had a high positive
correlation. The value of significance F (0.015) was lower
than 0.050, illustrating that the regression was significant.
By comparing the P values of M, (0.444 >0.050) and M,
(0.0076 < 0.050), we concluded that M_ had a high positive
correlation with Q/OFG; however, there was no significant
correlation between bulk water and Q/OFG. Based on this
result, we further conducted a linear regression analysis
between Q/OFG and M. The results (Fig. 7c) revealed that
there was a significant positive correlation. By combining
the regression equation with the three kinds of buried water
in the adsorption mechanism, we speculated that the bulk
water mainly provided the supporting media and transport
channels in the GH and that these two roles did not vary with
the graphene structure under the condition that there is no
invalid stacking among the graphene sheets. Importantly, the
hydrogen bonding role was mainly shown in confined water.
Most of the hydrogen bonding was in the form of a distorted
tetrahedral structure or a broken hydrogen bonding network,
thus compensating for the increased chemical potential via
the loss of some bonds and reduced competition from neigh-
boring water molecules, which is caused by the restriction of
the confined space. The strength of hydrogen bonding in the

© The authors

confined water increased the rate of the reaction with CIP
molecules. Therefore, hydrogen bonding in confined water
enhanced the adsorption capacity of the GH samples for CIP.

The strategy that manipulating the confined water is
applied in other porous materials in this research, further
enhancing the significance of confined water. The above
experimental results indicated that the adsorption capac-
ity of the GH for CIP increased with increasing confined
water content. Therefore, we tried to apply confined water
for the modification of conventional adsorbents. We chose
four materials with different pore diameters and filled the
pores with confined water. The adsorption capacity of the
four materials with and without confined water is presented
in Fig. S8. When filled with confined water, the adsorption
capacity of these four adsorbents improved with different
extent compared with dry samples. The filling of confined
water is much cheaper and more eco-friendly than other
chemical modification methods.

4 Conclusion

This work conveniently constructed controllable confined
space and confined water via changing the GO dispersion
pH. The pore size and oxygen content of the confined space
were adjusted successfully. The qualitative and quantitative
analyses of the confined water revealed that the confined
water content and hydrogen bonding structure were regu-
lated with the variation in confined space. The fitting results
showed that the SSAs of micropores and oxygen contents
both contributed to the confined water content. Furthermore,
it is illuminated that the increase in confined water promoted
the adsorption capacity of CIP onto graphene hydrogels, and
the enhancement was dominated by the increased strength
of hydrogen bonding in confined water. Bulk water in GH
constricted the aggregation of graphene sheets and provided
channels for CIP transportation. Moreover, four common
porous adsorbents were modified with confined water, and
the adsorption capacity was improved. This work analyzed
the enhancement mechanism of confined water on adsorp-
tion and provides a reference for improving the adsorption
capacity of porous adsorbents.

Acknowledgements This research was supported by the National
Natural Science Foundation of China (Grant No. 21777118). We
are also thankful to the anonymous reviewers for their valuable
comments for improving this manuscript.

https://doi.org/10.1007/s40820-019-0336-3



Nano-Micro Lett.

(2020) 12:2

Page 13 of 14 2

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided you
give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons license, and indicate if
changes were made.

Electronic supplementary material The online version of this

article

(https://doi.org/10.1007/s40820-019-0336-3)  contains

supplementary material, which is available to authorized users.

References

1.

10.

X. Zhang, H. Qian, H. Wu, J. Chen, L. Qiao, Multivariate
analysis of confined groundwater hydrochemistry of a long-
exploited sedimentary basin in northwest china. J. Chem. 1,
3812125 (2016). https://doi.org/10.1155/2016/3812125

S. Toda, S. Shigeto, Hydrogen bonded structures of confined
water molecules and electric field induced shift of their equi-
librium revealed by IR electroabsorption spectroscopy. J. Phys.
Chem. B 121, 5573-5581 (2017). https://doi.org/10.1021/acs.
jpeb. 7602171

M.F. Chaplin, Structuring and behaviour of water in nanochan-
nels and confined spaces, in Adsorption and Phase Behaviour
in Nanochannels and Nanotubes. (Springer, Dordrecht, 2010),
pp. 241-255

N. Kastelowitz, V. Molinero, Ice-liquid oscillations in nano-
confined water. ACS Nano 12, 8234-8239 (2018). https://doi.
org/10.1021/acsnano.8b03403

H. Qiu, M. Xue, C. Shen, W. Guo, Anomalous cation diffusion
in salt-doped confined bilayer ice. Nanoscale 10, 8962-8968
(2018). https://doi.org/10.1039/C8NR01301B

S. Chakraborty, H. Kumar, C. Dasgupta, P.K. Maiti, Confined
water: structure, dynamics, and thermodynamics. Acc Chem.
Res. 50, 2139-2146 (2017). https://doi.org/10.1021/acs.accou
nts.6b00617

M. Weik, Low-temperature behavior of water confined by bio-
logical macromolecules and its relation to protein dynamics.
Eur. Phys. J. E 12, 153-158 (2003). https://doi.org/10.1140/
epje/i2003-10043-5

K.V. Agrawal, S. Shimizu, L.W. Drahushuk, D. Kilcoyne, M.S.
Strano, Observation of extreme phase transition temperatures
of water confined inside isolated carbon nanotubes. Nat.
Nanotechnol. 12, 267 (2017). https://doi.org/10.1038/nnano
.2016.254

J. Muscatello, F. Jaeger, O.K. Matar, E.A. Mueller, Optimizing
water transport through graphene-based membranes: insights
from nonequilibrium molecular dynamics. ACS Appl. Mater.
Interfaces 8, 12330-12336 (2016). https://doi.org/10.1021/
acsami.5b12112

Y.R. Sun, F. Yu, J. Ma, Research progress of nanoconfined
water. Acta Phys.-Chim. Sin. 33, 2173-2183 (2017). https://
doi.org/10.3866/PKU.WHXB201705312

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

G. Algara-Siller, O. Lehtinen, F.C. Wang, R.R. Nair, U. Kaiser,
H.A. Wu, A.K. Geim, [.V. Grigorieva, Square ice in graphene
nanocapillaries. Nature 519, 443—-445 (2015). https://doi.
org/10.1038/nature 14295

B. Radha, A. Esfandiar, F.C. Wang, A.P. Rooney, K. Gopinad-
han et al., Molecular transport through capillaries made with
atomic-scale precision. Nature 538, 222-225 (2016). https:/
doi.org/10.1038/nature19363

J. Ma, Y. Ma, F. Yu, in Nanotechnology for Sustainable Water
Resources, ed. by A.K. Mishra, C.M. Hussain (Wiley, 2018).
https://doi.org/10.1002/9781119323655.ch11

X. Li, W. Xu, M. Tang, L. Zhou, B. Zhu, S. Zhu, J. Zhu,
Graphene oxide-based efficient and scalable solar desali-
nation under one sun with a confined 2D water path. Proc.
Natl. Acad. Sci. USA 113, 13953-13958 (2016). https://doi.
org/10.1073/pnas. 1613031113

M. Zhao, X. Yang, Segregation structures and miscellane-
ous diffusions for ethanol/water mixtures in graphene-based
nanoscale pores. J. Phys. Chem. C 119, 21664-21673 (2015).
https://doi.org/10.1021/acs.jpcc.5b03307

Y. Suzuki, M. Steinhart, R. Graf, H.-J. Butt, G. Floudas,
Dynamics of ice/water confined in nanoporous alumina.
J. Phys. Chem. B 119, 14814-14820 (2015). https://doi.
org/10.1021/acs.jpcb.5b08751

N.E. Levinger, Water in confinement. Science 298, 1722-1723
(2002). https://doi.org/10.1126/science.1079322

F. Mozaffari, A molecular dynamics simulation study of the
effect of water-graphene interaction on the properties of con-
fined water. Mol. Simul. 42, 1475-1484 (2016). https://doi.
org/10.1080/08927022.2016.1204659

J. Marti, J. Sala, E. Guardia, M.C. Gordillo, Molecular dynam-
ics simulations of supercritical water confined within a car-
bon-slit pore. Phys. Rev. E 79, 031606 (2009). https://doi.
org/10.1103/PhysRevE.79.031606

J. Swenson, H. Jansson, R. Bergman, Relaxation processes
in supercooled confined water and implications for protein
dynamics. Phys. Rev. Lett. 96, 247802 (2006). https://doi.
org/10.1103/PhysRevLett.96.247802

X. Yang, J. Zhu, L. Qiu, D. Li, Bioinspired effective preven-
tion of restacking in multilayered graphene films: towards
the next generation of high-performance supercapacitors.
Adv. Mater. 23, 2833-2838 (2011). https://doi.org/10.1002/
adma.201100261

J.Ma, Y. Sun, M. Zhang, M. Yang, X. Gong, F. Yu, J. Zheng,
Comparative study of graphene hydrogels and aerogels reveals
the important role of buried water in pollutant adsorption.
Environ. Sci. Technol. 51, 12283-12292 (2017). https://doi.
org/10.1021/acs.est.7b02227

X.-H. Zhu, C.-X. Yang, X.-P. Yan, Metal-organic frame-
work-801 for efficient removal of fluoride from water. Microp.
Mesop. Mater. 259, 163—-170 (2018). https://doi.org/10.1016/j.
micromeso.2017.10.001

A.W. Marczewski, Application of mixed order rate equations
to adsorption of methylene blue on mesoporous carbons. Appl.
Surf. Sci. 256, 5145-5152 (2010). https://doi.org/10.1016/j.
apsusc.2009.12.078

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-019-0336-3
https://doi.org/10.1155/2016/3812125
https://doi.org/10.1021/acs.jpcb.7b02171
https://doi.org/10.1021/acs.jpcb.7b02171
https://doi.org/10.1021/acsnano.8b03403
https://doi.org/10.1021/acsnano.8b03403
https://doi.org/10.1039/C8NR01301B
https://doi.org/10.1021/acs.accounts.6b00617
https://doi.org/10.1021/acs.accounts.6b00617
https://doi.org/10.1140/epje/i2003-10043-5
https://doi.org/10.1140/epje/i2003-10043-5
https://doi.org/10.1038/nnano.2016.254
https://doi.org/10.1038/nnano.2016.254
https://doi.org/10.1021/acsami.5b12112
https://doi.org/10.1021/acsami.5b12112
https://doi.org/10.3866/PKU.WHXB201705312
https://doi.org/10.3866/PKU.WHXB201705312
https://doi.org/10.1038/nature14295
https://doi.org/10.1038/nature14295
https://doi.org/10.1038/nature19363
https://doi.org/10.1038/nature19363
https://doi.org/10.1002/9781119323655.ch11
https://doi.org/10.1073/pnas.1613031113
https://doi.org/10.1073/pnas.1613031113
https://doi.org/10.1021/acs.jpcc.5b03307
https://doi.org/10.1021/acs.jpcb.5b08751
https://doi.org/10.1021/acs.jpcb.5b08751
https://doi.org/10.1126/science.1079322
https://doi.org/10.1080/08927022.2016.1204659
https://doi.org/10.1080/08927022.2016.1204659
https://doi.org/10.1103/PhysRevE.79.031606
https://doi.org/10.1103/PhysRevE.79.031606
https://doi.org/10.1103/PhysRevLett.96.247802
https://doi.org/10.1103/PhysRevLett.96.247802
https://doi.org/10.1002/adma.201100261
https://doi.org/10.1002/adma.201100261
https://doi.org/10.1021/acs.est.7b02227
https://doi.org/10.1021/acs.est.7b02227
https://doi.org/10.1016/j.micromeso.2017.10.001
https://doi.org/10.1016/j.micromeso.2017.10.001
https://doi.org/10.1016/j.apsusc.2009.12.078
https://doi.org/10.1016/j.apsusc.2009.12.078

2

Page 14 of 14

Nano-Micro Lett. (2020) 12:2

25. S.A.C. Carabineiro, T. Thavorn-Amornsri, M.F.R. Pereira, P.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Serp, J.L. Figueiredo, Comparison between activated carbon,
carbon xerogel and carbon nanotubes for the adsorption of the
antibiotic ciprofloxacin. Catal. Today 186, 29-34 (2012). https
://doi.org/10.1016/j.cattod.2011.08.020

C.d.O. Carvalho, D.L. Costa Rodrigues, E.C. Lima, C.S.
Umpierres, D.F. Caicedo Chaguezac, F.M. Machado, Kinetic,
equilibrium, and thermodynamic studies on the adsorption of
ciprofloxacin by activated carbon produced from Jeriva (Sya-
grus romanzoffiana). Environ. Sci. Pollut. Res. 26, 4690-4702
(2019). https://doi.org/10.1007/s11356-018-3954-2

N. Genc, E.C. Dogan, Adsorption kinetics of the antibiotic
ciprofloxacin on bentonite, activated carbon, zeolite, and
pumice. Desalin. Water Treat. 53, 785-793 (2015). https://
doi.org/10.1080/19443994.2013.842504

L. Huang, M. Wang, C. Shi, J. Huang, B. Zhang, Adsorp-
tion of tetracycline and ciprofloxacin on activated carbon
prepared from lignin with H;PO, activation. Desalin. Water
Treat. 52, 2678-2687 (2014). https://doi.org/10.1080/19443
994.2013.833873

S.A.C. Carabineiro, T. Thavorn-Amornsri, M.E.R. Pereira, J.L.
Figueiredo, Adsorption of ciprofloxacin on surface-modified
carbon materials. Water Res. 45, 4583—-4591 (2011). https:/
doi.org/10.1016/j.watres.2011.06.008

D. Wu, C. Nie, J. Xu, C. Zhao, F. Tan et al., Enhancement
of ciprofloxacin removal by modifying activated carbon
(AC-S) derived from corn stalks with novel silage pre-treat-
ment. Desalin. Water Treat. 87, 268-276 (2017). https://doi.
org/10.5004/dwt.2017.21261

M.C. Gordillo, J. Marti, Hydrogen bond structure of liquid
water confined in nanotubes. Chem. Phys. Lett. 329, 341-345
(2000). https://doi.org/10.1016/S0009-2614(00)01032-0

C.-K. Sun, B. You, Y.-R. Huang, K.-H. Liu, S. Sato, A. Iri-
sawa, M. Imamura, C.-Y. Mou, Pore-size dependent THz
absorption of nano-confined water. Opt. Lett. 40, 2731-2734
(2015). https://doi.org/10.1364/0OL.40.002731

M.S. Fernandez, F.M. Peeters, M. Neek-Amal, Electric-field-
induced structural changes in water confined between two
graphene layers. Phys. Rev. B 94, 045436 (2016). https://doi.
org/10.1103/PhysRevB.94.045436

J. Ma, C. Li, F. Yu, J. Chen, “Brick-like” N-doped graphene/
carbon nanotube structure forming three-dimensional films as
high performance metal-free counter electrodes in dye-sensi-
tized solar cells. J. Power Sour. 273, 1048—-1055 (2015). https
://doi.org/10.1016/j.jpowsour.2014.10.003

L.M. Malard, M.A. Pimenta, G. Dresselhaus, M.S. Dressel-
haus, Raman spectroscopy in graphene. Phys. Rep.-Rev. Sect.
Phys. Lett. 473, 51-87 (2009). https://doi.org/10.1016/j.physr
€p.2009.02.003

S. Stankovich, R.D. Piner, S.T. Nguyen, R.S. Ruoff, Syn-
thesis and exfoliation of isocyanate-treated graphene oxide
nanoplatelets. Carbon 44, 3342-3347 (2006). https://doi.
org/10.1016/j.carbon.2006.06.004

L. Stobinski, B. Lesiak, A. Malolepszy, M. Mazurkiewicz, B.
Mierzwa, J. Zemek, P. Jiricek, 1. Bieloshapka, Graphene oxide

© The authors

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

and reduced graphene oxide studied by the XRD, TEM and
electron spectroscopy methods. J. Electron Spectrosc. Relat.
Phenom. 195, 145-154 (2014). https://doi.org/10.1016/j.elspe
¢.2014.07.003

G.H. Findenegg, S. Jaehnert, D. Akcakayiran, A. Schreiber,
Freezing and melting of water confined in silica nano-
pores. ChemPhysChem 9, 2651-2659 (2008). https://doi.
org/10.1002/cphc.200800616

D. Kojic, R. Tsenkova, K. Tomobe, K. Yasuoka, M. Yasui,
Water confined in the local field of ions. ChemPhysChem 15,
4077-4086 (2014). https://doi.org/10.1002/cphc.201402381
S.D. Bernardina, E. Paineau, J.-B. Brubach, P. Judeinstein, S.
Rouziere, P. Launois, P. Roy, Water in carbon nanotubes: the
peculiar hydrogen bond network revealed by infrared spec-
troscopy. J. Am. Chem. Soc. 138, 10437-10443 (2016). https
://doi.org/10.1021/jacs.6b02635

N. Goldman, R.J. Saykally, Elucidating the role of many-body
forces in liquid water. I. Simulations of water clusters on the
VRT(ASP-W) potential surfaces. J. Chem. Phys. 120, 4777—
4789 (2004). https://doi.org/10.1063/1.1645777

P.A. Giguere, The bifurcated hydrogen-bond model of water
and amorphous ice. J. Chem. Phys. 87, 4835-4839 (1987).
https://doi.org/10.1063/1.452845

V. Crupi, S. Interdonato, F. Longo, D. Majolino, P. Migliardo,
V. Venuti, New insight on the hydrogen bonding structures of
nanoconfined water: a Raman study. J. Raman Spectrosc. 39,
244-249 (2008). https://doi.org/10.1002/jrs.1857

V. Crupi, A. Fontana, D. Majolino, A. Mele, L. Melone et al.,
Hydrogen-bond dynamics of water confined in cyclodextrin
nanosponges hydrogel. J. Incl. Phenom. Macrocycl. Chem. 80,
69-75 (2014). https://doi.org/10.1007/s10847-014-0387-5

C.M. Santos, M.C.R. Tria, R.A.M.V. Vergara, F. Ahmed, R.C.
Advincula, D.F. Rodrigues, Antimicrobial graphene polymer
(PVK-GO) nanocomposite films. Chem. Commun. 47, 8892—
8894 (2011). https://doi.org/10.1039/C1CC11877C

J. Liu, W. Yang, L. Tao, D. Li, C. Boyer, T.P. Davis, Thermo-
sensitive graphene nanocomposites formed using pyrene-ter-
minal polymers made by RAFT polymerization. J. Polym. Sci.
A-Polym. Chem. 48, 425-433 (2010). https://doi.org/10.1002/
pola.23802

F.G. Alabarse, J. Haines, O. Cambon, C. Levelut, D. Bour-
gogne, A. Haidoux, D. Granier, B. Coasne, Freezing of water
confined at the nanoscale. Phys. Rev. Lett. 109, 035701
(2012). https://doi.org/10.1103/PhysRevLett.109.035701

J. Ma, M. Yang, F. Yu, J. Zheng, Water-enhanced removal of
ciprofloxacin from water by porous graphene hydrogel. Sci.
Rep. §, 13578 (2015). https://doi.org/10.1038/srep13578
J.Ma, Y. Sun, F. Yu, Self-assembly and controllable synthesis
of graphene hydrogel adsorbents with enhanced removal of

ciprofloxacin from aqueous solutions. RSC Adv. 6, 83982—
83993 (2016). https://doi.org/10.1039/C6RA19474E

https://doi.org/10.1007/s40820-019-0336-3


https://doi.org/10.1016/j.cattod.2011.08.020
https://doi.org/10.1016/j.cattod.2011.08.020
https://doi.org/10.1007/s11356-018-3954-2
https://doi.org/10.1080/19443994.2013.842504
https://doi.org/10.1080/19443994.2013.842504
https://doi.org/10.1080/19443994.2013.833873
https://doi.org/10.1080/19443994.2013.833873
https://doi.org/10.1016/j.watres.2011.06.008
https://doi.org/10.1016/j.watres.2011.06.008
https://doi.org/10.5004/dwt.2017.21261
https://doi.org/10.5004/dwt.2017.21261
https://doi.org/10.1016/S0009-2614(00)01032-0
https://doi.org/10.1364/OL.40.002731
https://doi.org/10.1103/PhysRevB.94.045436
https://doi.org/10.1103/PhysRevB.94.045436
https://doi.org/10.1016/j.jpowsour.2014.10.003
https://doi.org/10.1016/j.jpowsour.2014.10.003
https://doi.org/10.1016/j.physrep.2009.02.003
https://doi.org/10.1016/j.physrep.2009.02.003
https://doi.org/10.1016/j.carbon.2006.06.004
https://doi.org/10.1016/j.carbon.2006.06.004
https://doi.org/10.1016/j.elspec.2014.07.003
https://doi.org/10.1016/j.elspec.2014.07.003
https://doi.org/10.1002/cphc.200800616
https://doi.org/10.1002/cphc.200800616
https://doi.org/10.1002/cphc.201402381
https://doi.org/10.1021/jacs.6b02635
https://doi.org/10.1021/jacs.6b02635
https://doi.org/10.1063/1.1645777
https://doi.org/10.1063/1.452845
https://doi.org/10.1002/jrs.1857
https://doi.org/10.1007/s10847-014-0387-5
https://doi.org/10.1039/C1CC11877C
https://doi.org/10.1002/pola.23802
https://doi.org/10.1002/pola.23802
https://doi.org/10.1103/PhysRevLett.109.035701
https://doi.org/10.1038/srep13578
https://doi.org/10.1039/C6RA19474E

	Nano-Micro-confined Water in Graphene Hydrogel as Superadsorbents for Water Purification
	Highlights
	Abstract 
	1 Introduction
	2 Experiments
	2.1 Preparation of Graphene Hydrogel
	2.2 Batch Adsorption Experiments
	2.3 Filling of Confined Water
	2.4 Characterization Methods

	3 Results and Discussion
	3.1 Characterization of Confined Space in GH
	3.2 Qualitative and Quantitative Analysis of Confined Water in GH
	3.3 Adsorption Capacity of GH for CIP for Different Levels of Confinement

	4 Conclusion
	Acknowledgements 
	References




