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ABSTRACT: A key problem associated with the design of graphene oxide (GO)
materials and their tuning for nanoscale separations is how specific functional groups
influence the competitive adsorption of solvated ions and water at liquid/graphene
interfaces. Computation accompanied by experiment shows that OH and COOH exert
an influence on water adsorption properties stronger than that of O and H functional
groups. The COO− anions, following COOH deprotonation, stabilize Pb(II) through
strong electrostatic interactions. This suggests that, among the functional groups under
study, COOH offers the best Pb(II) adsorption capacity and the ability to regenerate
the sorbent through a pH swing. In line with computation, striking experimental
observations revealed that a substantial increase in Pb(II) adsorption occurs with
increasing pH. Our findings provide a systematic framework for controlled design and
implementation of regenerable C-based sorbents used in separations and desalination.
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■ INTRODUCTION

The lead ion (Pb(II)) is a typical representative of heavy metal
ions in water. Considered as one of the most toxic kinds of
ions, Pb(II) can severely harm human bodies. Therefore, the
efficient separation/removal of Pb(II) from aqueous solutions
is highly important and has attracted much attention.1−4 In
particular, Pb(II) separation using graphene oxide (GO) is the
subject of numerous investigations. In separation technologies,
GO has been shown to be a highly promising material,5,6 used
for gas and ion separation,5,7−9 water purification, and
desalination,10−12 with outstanding efficiency. High surface
area (700 m2/g or more13) and high cation adsorption affinity
make GO an excellent material for cation removal/separation.
GO is easy to prepare in scalable quantities and may be
fabricated or assembled into laminate structures with
controlled interlayer distances at the nanometer scale. This
stacked laminate structure allows water molecules to permeate
through the interconnected network formed by GO nano-
sheets.12 The high surface area in the transport channels
ensures that a high water flux can be achieved.14 By adjusting
the GO spacing through sandwiching appropriately sized
spacers between GO nanosheets, a broad spectrum of GO
membranes can be made, each being able to precisely separate
target ions and molecules within a specific size range from bulk
solution.15 Various types of heavy ions can form stable surface
complexes with GO, making GO an adsorbent to remove these
ions from aqueous solutions. This is typically the case for
Pb(II) ions.5,6 Li et al. show that mesoporous silica-grafted
graphene oxide materials have high capacity for Pb(II)

adsorption.16 In an aqueous solution, the adsorption rate of
Pb(II) on these materials is 2 orders higher than that of Li(I).
The maximum Pb(II) adsorption capacity of these materials
peaks at 255 mg/g in the 4−7 pH range.
In separations, as well as in other applications such as

catalysis or electronics, GO is a much better material than
graphene.17 Whereas the surface of graphene is highly
hydrophobic,18 surfaces of GO are hydrophilic.19,20 Because
graphene is chemically inert, its chemical reactivity is mainly
attributed to the π electron system. Computational studies
show that the interactions between graphene and molecules
are weak21,22 and are mostly dominated by van der Waals
interactions.22 Similarly, interactions between ions and
graphene, known as ion−π interactions, are also weak albeit
of electrostatic nature.23 GO, on the other hand, offers much
better chemical capacity. O-containing functional groups,
which are usually strongly polarized, with electron lone pairs
act as active sites for the adsorption of molecules or atoms.24

The superior performance of GO versus that of pristine
graphene in the adsorption of metal cations has been
demonstrated in various studies. For instance, GO has an
adsorption capacity for Cu(II) 10 times higher than that of
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active carbon,25 and an oxidized graphene sheet has a Pb(II)
adsorption capacity 2 times higher than that of pristine
graphene.26 GO, commonly prepared by chemical oxidation of
graphite and subsequent exfoliation,27 contains various func-
tional groups such as O, OH, COOH, or H. Due to their
intrinsic difference in polarizability, these groups exhibit
different adsorption strengths toward metal cations. For Pb(II)
adsorption, Huang et al. hypothesized the important role of
COOH groups over other O-containing functional groups.26

Also for Pb(II) adsorption, density functional theory (DFT)
calculations predict that Pb(II) binds more strongly to COOH
groups than to O groups.28 This implies that the chemical
composition of GO is a key factor in controlling the adsorption
capacity of GO. Although there are numerous studies
dedicated to understanding effects of ionic strength29 or the
pH of solution,28,29 on the adsorption of metal cations on GO,
much less is known, especially at a molecular level, about the
influence of each different functional group.
In the adsorption of metal cations on GO, water certainly

plays an important role. Generally speaking, by solvation and
competitive adsorption, water weakens the interaction between
GO and the ions. This has been seen in the adsorption
phenomenon in many systems such as organics on solid
surfaces30 or CO2 in metal−organic frameworks.31 As the
hydration free energy of Pb(II) is relatively high, −1425 kJ/
mol,32 water certainly changes the adsorption strength of GO
toward Pb(II). Furthermore, ion separation using GO
membranes is significantly influenced by the distance between
GO layers as well as the adsorption and transport of ions
through interlayer spaces of GO.11,33 In an aqueous solution,
GO is also solvated, and this distance is changed by hydrogen
bonds and electrostatic interactions between water and
functional groups.34 How well water would solvate GO
essentially depends on the chemical composition of GO.
Nevertheless, the influence of individual functional groups on
the interaction of GO and a water solution has not been
understood yet. From a computational point of view, liquid/
GO interfaces represent a group of highly complex systems
which are not adequately modeled through simple static
optimization methods. Static DFT calculations can provide
information about the adsorption energy of the adsorbate in
the gas phase.28 Nevertheless, to understand the chemistry/
physics underlying a separation process, the dynamics of
solvents, the solvation, and the desolvation at the interface, the
speciation, together with the competitive adsorption between
water and cations in the system, must be addressed. This can
only be done by applying statistical mechanics-based
approaches with reactive potentials (e.g., DFT) to liquid/
solid systems. Very little has been done regarding this aspect.
Herein, we examine the reversible adsorption and diffusion

of Pb(II) through GO laminate membranes containing specific
surface oxygen functional groups by means of ab initio
molecular dynamics (AIMD) simulations and a combination of
experimental techniques. We modulate the surface function-
ality of GO by conducting Pb adsorption experiments at
different pH values (3 to 7). We explore whether lower pH
conditions protonate −COOH groups and higher pH values
deprotonate them (−COO−), thereby making them available
for adsorption of Pb(II) through formation of an electrostatic
bond. The interaction of the COOH groups on GO with
Pb(II), as well as the effect of deprotonation of −COOH on
the adsorption of Pb(II), was first observed in molecular
simulation and subsequently characterized using infrared,

Raman, and X-ray photoelectron spectroscopy (XPS). The
interlayer spacing of the GO laminates at different pH values
was determined by X-ray diffraction (XRD). The permeation
and diffusion of Pb(II) through the GO membranes was
determined by simulation and electrochemically using an ion
selective electrode and electrochemical impedance spectrosco-
py.

■ RESULTS AND DISCUSSION
In this section, we will discuss the structure and dynamics of
our systems through analysis of the molecular trajectories.
Details about the simulation systems can be found in the
“Computational Methods” section at the end of the article.
Statistical Analysis of Molecular Trajectories

Water Density. Figure 1 shows the water density against
the distance to carbon planes of functionalized graphene

sheets. Consistent with previous works,35 the first peak is
located at 3.1 Å while the second peak is at 6 Å (Figure 1a).
On reduced graphene (H-graphene) while at low coverage (see
Methods and section S1), the first peak height and position are
not changed much compared to the pristine graphene case; at
high coverage, both first and second peaks change in shape and
shift further their positions (Figure 1b). On oxidized graphene
(HO-graphene) at low coverage, the water density in the first
layer is the highest of all cases, whereas at high coverage, it is
similar to that on pristine graphene. On O-graphene, the first
peak is lower and broader compared to that on pristine
graphene; high coverage leads to a flatter second peak. Finally,
on HOOC-graphene, the density changes significantly
compared to the previous cases. At high coverage, the first
peak is at 5 Å because the higher −COOH density does not
leave enough space between the functional groups for water

Figure 1. (a−e) Density of water versus local height relative to C
atoms of the C plane.
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molecules to approach the carbon plane, even though the tail
of the water density peak toward the surface is longer than that
in other cases. The water density profiles suggest that water
molecules on low-coverage HOOC-graphene can desorb more
easily (section S2) and have lower coordination number
(section S3) than on other surfaces.
Number of Hydrogen Bonds (HBs). The HBs here are

categorized into intralayer and interlayer contributions,36 and
each “layer” in this context is defined as a “water slice” of 0.5 Å
thickness (Figure 2a). As shown below, the number of
intralayer HBs is strongly affected by the water density.
On pristine graphene, the number of intralayer HBs

anticorrelates with the number of interlayer HBs (Figure
2b). In agreement with previous studies, the number of HBs
per molecule in the interfacial layer is within the range of 3 to
3.6,35 whereas in the water bulk region (>8 Å from the
graphene surface), it is about 3.5.37

On H-graphene, low coverage has little effect on the total
number of HBs, wherease higher coverage increases it (Figure
2c,g), consistent with the higher water coordination number in
the case of the high coverage (see section S3). No water−
surface HBs were found.
On HO-graphene, −OH groups increase the number of

intralayer HBs (Figure 2d,h). Here, the water−surface HBs
play an important role as both the hydroxyl groups and the
water molecules have acceptor and donor sites. Interestingly, at
high coverage, in the layer closest to the surface, the total
number of water−water HBs is lower than the number of
water−surface HBs.
On O-graphene (Figure 2e,i), it is very similar to H-

graphene. Here though, the H atoms of water point downward

to the surface, forcing the waters to be less parallel to the
surface, thereby reducing the number of intramolecular HBs.
Nevertheless, the number of HBs is lower than in the case of
OH-graphene, partly because O-graphene has only acceptor
sites for HBs.
Similar to the HO-graphene case, on HOOC-graphene, the

number of water−water HBs is lower than that in the cases of
pristine, O-, and H-graphene, as the water−surface HBs are
prevalent (Figure 2f,j).
Although these results are not surprising given the

hydrophilic nature of −COOH and −OH groups and
hydrophobic nature of pristine and −H-functionalized
graphene, they are counterintuitive in the case of O-graphene,
whose interfacial structure is in closer alignment with the more
hydrophobic systems. This conclusion is further supported by
the orientation (section S4), diffusion, and relaxation times
(section S5) of water in the first layer at the interface. The
findings of this analysis show that at the hydrophilic surfaces
(−OH and −COOH) the diffusion of water in the interfacial
layer decreases to ∼1.6 × 10−5 cm2/s, while the residence
times increase, indicating interfacial dynamics slower than
those of hydropohobic surfaces. In addition, the water
polarizability and acting forces by the surface were calculated
using maximally localized Wannier functions (section S6),
further asserting the difference of the surface functionalization
on the water transport at the interface (section S5). The strong
polarization of water and vertical forces induced by the
hydrophilic −OH and −COOH groups result in asymmetric
force distributions due to strong hydrogen bonding (section
S6), which is in part attributed to the large atomic charges in
the functional groups (section S1).

Figure 2. (a) Slice (layer) of water of thickness Δz at the distance z from the carbon surface. Water molecules in green show an intralayer HB,
whereas a water molecule in green and one in blue show an interlayer HB. (b−j) Number of HBs per water molecule versus the distance to the
carbon surface, at different coverage and functionalization. The water−water HBs are from water in the same or different layers, and the thickness
of each layer here is chosen at 0.5 Å. Dashed lines indicate the first minimum positions in the density profiles in Figure 1.
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Pb(II) Adsorption. The adsorption of Pb(II) changes
significantly from one surface to another (Figures 3 and S7).
The broad distribution of Pb(II) on the pristine or H-graphene
and narrow distribution of Pb(II) on O-, HO-, and HOOC-
graphene surfaces suggest that Pb(II) is more strongly bound
to O-containing surfaces. Additionally, the functional coverage
also affects the distribution of Pb(II). On pristine and H-
graphene, the distribution of Pb(II) (Figure S7a,b) is diffuse,
indicating that Pb(II) is likely to move freely at these
interfaces. On HO-, O-, and HOOC-graphene, well-defined
distributions were found (Figure S7c−e) due to the strong
interactions between Pb(II) and the hydroxyl, epoxy, and
carboxylic groups. In all of these three cases, Pb(II) has well-
formed distributions with peak values at ∼4−5 Å depending on
the coverage. Details of coordination number changed with
functionality are provided in section S8.
The interaction between Pb(II) and the conjugated π-

electron-rich system graphene surface is electrostatic in
nature.38 In an aqueous environment, this interaction is
shielded by the solvation shell of the cation, resulting in
minimal interaction, as indicated in the distribution of Pb(II)
(Figure S7a). Except for high-coverage HOOC-graphene, the
dominant solvation interactions between Pb and water are
similar across the different substrates or degree of function-
alization (Figure 3a−e). The first solvation shell has a
maximum at ∼2.6 Å and the second shell at 4.5 Å. The
coordination number slightly increases to ∼7 at the interface
compared to 6.6 in bulk water.
Finally, we looked at the radial distribution function (RDF)

between Pb(II) and the functional groups (Figure 3f−i). Not
surprisingly, the O-bearing functionalization has the biggest
effect on the Pb RDFs and hydration structure. However, it is

clear that in the case of −OH and −O, the Pb functional group
interaction is distinctly weaker, with Pb−Ofunc ∼ 4 Å or higher,
with Pb showing two distinct hydration shells. This is
consistent with the formation of outer-sphere Pb−aqua
complexes. In the case of −COOH, the Pb−Ofunc distance is
much shorter with the first max of the RDF at ∼2.5 Å, which is
indicative of a direct Pb−Ofunc bond and inner-sphere
coordination complex (Figure 3i). This is consistent with
other reported values of first coordination Pb−O distances in
the literature.39 The strong bond in this case is further
demonstrated with the bonding charge density (Figure 3j; also
see section S9). This is also reflected in the extended solvation
structure of Pb(II), exhibiting three solvation shells within 8 Å
(Figure 3e). These stable complexes of Pb are critical in
impacting the diffusion of Pb at the interface, by retarding the
cation diffusion by 1−2 orders of magnitude relative to pristine
graphene; see section S10 and Table S4 in the Supporting
Information.
HOOC-graphene is the most prominent example of how

chemical functionalization would affect the adsorption
behavior of Pb(II) from an aqueous solution on graphene.
Closely following the structure in the vicinity of Pb(II), we
observe the deprotonation of a −COOH group, resulting in a
carboxylate anion interacting with Pb(II) and a hydronium
molecule (section S11). This suggests that the adsorption
strength of Pb(II) on HOOC-graphene can be controlled by
the pH of the solution, which can also be used as a pH swing
for the adsorption/desorption of cations.26

Figure 3. (a−e) Radial distribution function of the Pb−O pairs (O of water). (f−i) Radial distribution of Pb−X pairs (X of functional groups, X =
H in H functionalization, X = O in O, OH, HOOC, functionalization). (j) Bonding charge density difference (defined as the difference in the
change density of the whole system minus that of isolated Pb(II) and the remaining components) at the isosurface value of 0.01 au from a frame in
the high-coverage COOH-graphene simulation.
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Experimental Determination of Reversible Pb(II)
Adsorption and Diffusion through Functionalized GO
Membranes

To validate our theoretical predictions, we experimentally
studied the reversible adsorption and diffusion of Pb(II)
through GO membranes with different functionality. For the
Pb(II) adsorption experiments, we modulated the functionality
of GO by conducting experiments at different pH (3−7). We
anticipated that lower pH will protonate −COOH groups,
whereas higher pH will deprotonate them (−COO−), making
them available for Pb(II) adsorption. The interaction of
−COOH groups with Pb(II) and the effect of deprotonation
on adsorption were characterized using Fourier transform
infrared (FTIR), Raman, and XPS (Figures 4 and S12−S16).
Coordination of Pb(II) by COOH groups was observed as

peak shifts in the IR40 and Raman spectra (Figure 4a,b).41 The
carboxyl C−OH (1401 cm−1) and CO (1736 cm−1) peaks
in neat GO were red-shifted to 1383 and 1722 cm−1 in PbCl2/
GO (pH = 7), respectively. The G band of GO was shifted
from 1582 cm−1 in neat GO to 1590 cm−1 in PbCl2/GO (pH =
7), likely due to electron transfer and/or physical stress on the
GO sheet cross-linked by −(COO)2Pb at the edges. XPS
confirmed and quantified formation of −(COO)2Pb complexes
on GO. In Figure S12, the C 1s XPS spectra were
deconvoluted into five peaks at 283.8, 284.9, 286.9, 287.5,
and 289 eV assigned to sp2, sp3 carbon, C−O, CO, and
−COOH, respectively. Increasing the pH of the PbCl2 solution
causes the C 1s electron binding energy of −COOH to shift
higher (289.5 eV) than the corresponding −(COO)2Pb
complex. The C 1s spectra also revealed that PbCl2/GO

(pH = 6 and 7) have lower intensities of C−C and C−O/C
O peaks than other GO membranes, likely resulting from
layers of Pb(OH)2 precipitate in basic PbCl2 solutions, as
indicated by the Pb 4f spectra. Formation of −(COO)2Pb
complexes at increasing pH was confirmed by the major peak
at 139.4 eV (Figure 4c).42 By accounting for the Pb
contribution from Pb(OH)2, the atomic concentration of
−(COO)2Pb was determined (Figure 4d), revealing a
substantial increase from <1% in PbCl2/GO (pH = 3) to
14% (pH = 7), which is attributed to more deprotonated
COO− groups available for Pb(II) adsorption. XPS imaging
revealed spatial heterogeneity of the C−O and Pb distributions
on GO at different pH, corroborating the increased Pb
adsorption at higher pH (Figure S13).
The reversibility of Pb coordination by carboxyl acid groups

was investigated by protonating the −(COO)2Pb complexes
on GO by performing an acid wash on the PbCl2/GO (pH =
5) with 1.05% Pb atomic concentration (Figure S14). After the
acid wash, the atomic concentration of Pb decreased to <0.4%,
indicating that Pb adsorbed on −COO desorbs through a pH-
driven mechanism. The XPS results presented in Figure S15
show the atomic concentration of Pb(II) ions at the top,
middle, and bottom regions of the GO layers after adsorption
of PbCl2. As noted in Figure S15b, we observed a similar
concentration of Pb(II) ions in the top and middle regions,
which indicates uniform adsorption of Pb(II) ions throughout
GO membranes. This uniform distribution of Pb(II) ions may
be ensured by keeping the pH of the feed solution around 5 to
prevent uneven deposition of Pb(OH)2 precipitate on one side
of the GO membrane.

Figure 4. (a) FTIR spectra of GO membranes filtered with PbCl2 solution at different pH (3−7). Inset: FTIR spectra of carboxyl C−OH and C
O bands on GO showing peak shifts as a function of increasing pH; (b) Raman spectra of GO membranes filtered with PbCl2 solution at different
pH showing the shift of the G band as a function of increasing pH; (c,d) Pb 4f XPS spectra and corresponding Pb atomic concentration determined
from GO membranes filtered with PbCl2 solution at different pH showing an increase in Pb adsorption with higher pH.
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Electrochemical Impedance Spectroscopy and Cyclic
Voltammetry Measurements

XPS revealed a uniform distribution of Pb(II) across GO,
which is attributed to facile diffusion through GO membranes.
Theoretical calculations predicted a dependence of the
diffusion and adsorption of Pb(II) on GO on O-functional
groups. To support these findings, we experimentally
investigated Pb(II) diffusion through GO membranes with
different concentrations of O groups. Controlling the func-
tional groups present on GO is challenging, but recent studies
have shown that the content of hydroxyl/epoxide or carboxyl
groups on GO sheets may be modulated by varying the
content of water in a modified Hummers synthesis method.43

Reagents such as ethanol, ethylene glycol, and glycerol may
also be used to selectively reduce epoxy groups on GO while
hydroxyl and carboxyl groups remain unchanged. Hydrazine
hydrate may be used to reduce most oxygen functional groups
except for carboxyl groups.44 GO-containing hydroxyl, epoxy,
carbonyl, and carboxyl groups have been shown to lose mainly
hydroxyl and epoxy groups during reduction, whereas carboxyl
species remain untouched.45 Informed by these previous
works, we hydrothermally reduced GO to prepare samples
with different concentrations of O groups. GO and reduced
GO (rGO) were immobilized on glassy carbon electrodes, and
the adsorption and diffusion of Pb(II) were determined using
cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS). In addition to the surface O-functionality,
the solvated nanopore environment in GO may control
diffusion and adsorption.46 We characterized the surface O-
functionality of GO and rGO using XPS. The C 1s spectra
presented in Figure S16 indicate lower coverage of O groups in
rGO with ∼50% decrease in epoxides and hydroxyls and a
∼12% decrease in carboxyls and carbonyls compared to GO.
CV measurements were performed on the GO and rGO
electrodes, revealing different double-layer capacitance (Figure
S17). The rGO showed a relatively flat capacitive region
compared to GO due to increased conductivity47 and a redox
peak at 0.2 V, which may be due to residual redox-active
quinones/hydroquinones.48 Such peaks on GO may be
suppressed by lower electrical conductivity. Based on the CV
capacitive region, the number of Pb(II) ions in the double-
layer region, including inside the pores, was estimated to be 2.6
× 1016 and 14 × 1016 ions/cm3 for GO and rGO, respectively.
Considering that rGO has a lower coverage of CO and
COOH groups, which may result in lower adsorption capacity,
one may expect GO to have more Pb(II) ions. The lower
Pb(II) density on GO compared to rGO may be due to
initially adsorbed Pb(II) ions that block surface pores,
preventing diffusion of further ions into the GO membrane.
Without enhanced adsorption of Pb(II) and blocked pores,
Pb(II) ions can sieve through rGO and increase the density of
ions compared to GO. Increased diffusion rates of cations in
GO with fewer O groups has been reported in the literature.49

Banda et al. showed the increased diffusion of cations in GO
sheets with diamine pillars that react with oxygen functional
groups and decrease their coverage.49

To understand the diffusion of Pb(II) ions at the surface and
inside the pores of GO and rGO, EIS measurements were
performed from 1 MHz to 1 Hz with a perturbation amplitude
of 10 mV. Nyquist plots of the EIS data for GO and rGO
electrodes are presented in Figure 5. The high-frequency
region (i.e., 1 MHz) of EIS typically represents the polarization
of the working electrode controlled by charge transfer kinetics

involving adsorption/desorption of electrolyte ions to and
from the double-layer region. The lower frequency region (i.e.,
100−1 Hz) represents the polarization of the electrode
controlled by diffusion of ions through pores of layered GO
and rGO. Compared to GO, the rGO electrodes showed an
inductive loop due to relaxed diffusion of ions inside the pores.
This observation confirms our hypothesis, based on CV, that
Pb(II) ions are sieving through rGO laminates. Based on our
EIS and CV observations, we postulate that the diffusion of
ions and distortion of the double layer were facilitated by
reduction of surface O groups in rGO. These observations
agree with the theoretical prediction of less favorable ion
adsorption on rGO. To quantify the diffusion properties, the
EIS data were fit with an equivalent circuit model (Figure 5c).
The ion diffusion coefficients were determined to be 1.0 ×
10−5 and 1.3 × 10−5 cm2/s for GO and rGO, respectively.
These values are consistent with the theoretical predictions: on
low O-content graphene oxides (rGO), the diffusion
coefficient is higher than that on high O-content graphene
oxides (GO). Specifically, the diffusion coefficient is 0.25
(×10−5 cm2/s) and 0.14 on O-graphene and HO-graphene,
respectively, whereas it is 0.06 on HOOC-graphene. See Table
S4 for more details. Overall, our combined theoretical and
experimental studies indicate that functionalization of GO
controls the adsorption/diffusion properties of Pb(II) at
water/GO interfaces, which is key to controlling and
improving the efficiency of GO membranes for separations
and desalination.

Figure 5. Nyquist plots obtained from EIS measurements of cells
containing: (A) GO and (B) rGO. The * marks the inductive loop
due to diffusion of ions inside pores. (C) Equivalent circuit model
used to fit the EIS data (Re, electrolyte resistance; Rct, charge transfer
resistance; Cdl, double-layer capacitance; Rm, resistance inside pores;
Cm, double-layer capacitance derived at membrane pores; Zw,o,
Warburg impedance).
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Experimental Determination of Reversible Pb(II)
Adsorption and Diffusion through Functionalized GO
Membranes

In addition to the Pb(II) adsorption experiment, we also used
an electrochemical H-cell to investigate the effect of the pH of
the PbCl2 feed solution on the permeation of Pb(II) through
the GO membrane. By individually keeping different pH values
(3, 4, and 5) of the PbCl2 feed solution, the corresponding
Pb(II) concentrations on the permeate side at different times
were measured using an Pb ISE. The data are plotted in Figure
6a.
The permeation of Pb(II) ions, which is a linear function of

permeate time (Figure 6b), was used to calculate the Pb(II)
permeation rates and diffusion coefficients based on eq 1 in the
Experimental Methods section below. As shown, these two
parameters dramatically decreased as the pH of the feed PbCl2
solution increased. Since the d-spacing of the GO layers
measured with XRD was not substantially changed after
adsorption of Pb(II) at different pH values (Figure S18), the
effect of the pH of PbCl2 on the permeation of Pb(II) through
the GO membranes was mainly attributed to the adsorption of
Pb on GO. Specifically, when testing a PbCl2 solution with
higher pH in the feed, more Pb(II) ions adsorb onto the GO
layers (Figure 4). Consequentially, less Pb(II) permeates
through GO membranes, resulting in a lower Pb(II)
permeation rate and diffusion coefficient. The diffusion
coefficient calculated using the H-cell (DCP) is lower that the
values determined using the electrochemical cell (DPP, the
Pb(II) diffusion coefficient due to potential polarization). This
difference may be due to factors such as an increased
concentration of PbCl2 and potential driving force employed
during the electrochemical measurements, whereas the
diffusion of Pb(II) ions through the ion sieving channels of
the GO membrane is driven only by concentration polarization
(CP). Moreover, different concentrations of PbCl2 in the feed
solution (2.5, 12.5, and 25 mM) were studied, revealing a
linear relationship between the Pb(II) permeation rate and
concentration of the PbCl2 feed solution. It should be noted
that PbCl2 feed solutions at pH = 6 and 7 were not
investigated in the permeation experiments since substantial
amounts of Pb(OH)2 precipitate would have formed and been

concentrated on one side of the GO surface, likely blocking the
permeation of Pb(II).

■ CONCLUSION

We report on a combined theoretical and experimental study
of the effects of graphene functionalization on the adsorption
behavior of water and Pb(II). Through large AIMD
simulations, a detailed picture of the structure at the interface
emerges: on HOOC-graphene, Pb(II) forms inner-sphere
coordination complexes with a concurrent restructuring of the
water interface and the solvation structure of the cation. In
contrast, on the HO- and O-graphene, Pb forms outer sphere
complexes without further affecting the solvation structure of
the cations. Our results indicate that HOOC-graphene shows
outstanding adsorption capacity attributed to the deprotona-
tion of the carboxyl groups. This, in turn, suggests that
adsorption/desorption can be gated by adjusting the pH,
which was validated by subsequent Pb adsorption and diffusion
experiments. This work also emphasizes the need for extended
molecular models that can imitate the real systems that not
only include the adsorption site but also take into account the
solvation, desolvation, and reactive events that take place
during separation phenomena. FTIR, Raman, and XPS
characterization of GO membranes used for PbCl2 filtration
at different pH demonstrated the increase in Pb adsorption as a
function of pH (3−7). Additional CV and EIS electrochemical
measurements on variably reduced GO show that rGO with a
lower coverage of O-containing groups allow higher Pb(II)
permeability through the membrane. Taken together, these
results indicate that HOOC-GO is best suited as an adsorbent
rather than as a sieve for Pb(II) separations, and it can be
easily regenerated by a simple pH swing. pH-dependent
permeation experiments suggest that a pH around 5 is best
suited to guarantee significant deprotonation of the COOH
groups while avoiding precipitation of Pb(OH)2 at higher pH
values. In addition, the low water density at the interfacial layer
on HOOC-graphene could potentially impact the water flux in
nanochannels of a sieving system, decreasing the separation
efficiency. While HO-graphene does not bind Pb(II) as
strongly as HOOC-graphene, its ability to form hydrogen
bonds with water results in better water penetration, while still

Figure 6. (a) Plot of Pb(II) concentration on the permeate side of the GO membrane versus permeate time at different pH values of the PbCl2 feed
solution. (b) Fitted linear equations of permeating Pb(II) ions per GO membrane area versus permeate time at different pH values of the PbCl2
feed solution. The calculated Pb(II) permeation rates and diffusion coefficients at different pH values of the PbCl2 feed solution are provided in
Table S5.
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slowing down solvated cations. As a result, O- and HO-
graphene may be the best candidates for Pb(II) separation by
sieving.

■ METHODS

Computational Methods

Motivated by open issues mentioned above, we have carried out a
state-of-the-art theoretical investigation on the role of functionaliza-
tion in the interaction of water liquid with GO and in the adsorption
of Pb(II) from an aqueous phase on GO. Here, we conducted AIMD
simulations using the CP2K program.50 Interatomic forces were
calculated at the PBE-D3 density functional level of theory.51,52 We
employed the hybrid Gaussian plane-wave basis set scheme,53 in
which the molecular optimized double-ζ Gaussian basis sets54 were
used to expand Kohn−Sham orbitals and a plane-wave cutoff of 440
Ry was used to compute electrostatic terms. The norm-conserving
pseudopotentials55 were adopted to describe the core electrons. Only
Γ-points were sampled in the self-consistent calculations. The surface
dipole correction56 for asymmetric slabs was applied. Molecular
dynamics simulations were carried out within the canonical (NVT)
ensemble. The Verlet algorithm57 for the integration of the equation
of motions with the time step of 0.55 fs was used. To equilibrate each
system, we adopt the following protocol: starting from a local
minimum, a 5 ps run at 330 K was followed with a 15 ps run at 500 K,
the system was then annealed for 3 ps to approximately 10 K. Next, a
5 ps 330 K run was conducted. Finally, a 40−50 ps production run at
330 K was used to analyze properties of the system.
While O, OH, and COOH are fundamental functional groups of

GO,5,27,58 for completeness, we also considered H functionalization
since in many cases GO operates in an acidic solution where protons
are available to interact with an “intact” (unfunctionalized) area of
GO. The monovalent species H, OH, and COOH were added to the
“top” sites, while the divalent species O was added to the bridge sites
of graphene sheets. To stabilize the monovalent species on graphene,
for each functional group, we added one more H atom to the opposite
side of the graphene to saturate unpaired π electrons of the carbon
surface.59 Functional coverage effects were examined through three
coverages: 0 monolayer (pristine graphene, no functional group),
0.125 monolayer (one functional group on every 8 graphene atoms),
and 0.0625 monolayer. A (8 × 4) rectangular graphene 2D unit cell
(∼19.8 × 17.1 Å2, containing 128 C atoms) was adopted see Figure
S1 in the Supporting Information. Although in GO functional groups
are randomly distributed60 and the local structure of GO is rather
complicated,61 for the purpose of this study, we adopted a uniformly
distributed pattern of functional groups. Each GO thin film supports
180 water molecules. We then added one Pb cation and two
counterions of Cl to an equilibrated frame from systems that contain
only water and surfaces.
The density (g/cm3) as a function of the distance to the carbon

surface is given by ρ = ⟨ ⟩z m( ) n z
dV
( ) , where ⟨ ⟩n z

dV
( ) is the average number

of water molecules per volume unit between two planes, parallel to
graphene, at z and z + dz relative to the carbon plane, and m is the
mass of a water molecule.
We defined the hydrogen bond between two water molecules

OH···O HB by two parameters, the O−O distance (<3.5 Å) and the
∠HOO angle (<30°) based on a work by Luzar and Chandler.62

Experimental Methods

The adsorption and diffusion of Pb(II) ions in GO membranes with
different surface functional groups were studied by conducting
filtration experiments at different pH values and electrochemical
experiments with two different concentrations of surface O groups,
respectively.

Pb(II) Adsorption−Filtration Experiments

In order to experimentally characterize the interaction between
−COOH groups on GO and Pb(II) ions, as well as the effect of
deprotonation of −COOH on Pb(II) adsorption, filtration experi-

ments were performed by passing aqueous lead chloride (PbCl2)
solutions with different pH through GO membranes. Specifically, the
GO membranes were formed by vacuum-filtering 50 mL of a 0.01
mg/mL GO suspension in water through a polyvinylidene fluoride
(PVDF, 47 mm diameter, 0.45 μm pore size, Millipore) support
substrate, followed by addition of 50 mL of a 0.25 mM aqueous lead
chloride solution (PbCl2, Sigma-Aldrich) with a predetermined pH
value. After filtration, 50 mL of deionized water was passed through
the membranes to remove non- or weakly bonded Pb(II) ions from
the hydrated membrane, which was then vacuum-dried over 48 h at
room temperature. Solutions of 1 M hydrochloric acid (HCl) or 0.1
M ammonia hydroxide (NH4OH) were used to adjust the pH of the
PbCl2 solutions, which were measured using a Thermo Scientific
Orion Star Benchtop pH meter. All of the membranes, including the
neat GO membrane and the GO membranes with adsorbed Pb(II) at
different pH, were characterized by FTIR spectroscopy, Raman
spectroscopy, and X-ray photoelectron spectroscopy. Specifically,
around 0.5 mg of GO was peeled from the PVDF substrate and mixed
with 100 mg of KBr, which was pressed into 8 mm diameter pellets
for FTIR analysis. The FTIR spectra (4000−800 cm−1) were
recorded with a resolution of 2 cm−1 and 1500 scans per sample
using a Bruker Vertex 70 FTIR spectrometer (Bruker Optics, Billerica,
MA). Background FTIR spectra were collected using pure KBr pellets.
Raman spectroscopy was also carried out by passing the output of a
633 nm excitation laser through a tube lens and onto the samples. The
backscattered light was collected through the same tube lens, filtered
through a dichroic beamsplitter/long-pass filter assembly, and fiber-
coupled to a spectrometer charge-coupled device detection system
(Andor, Shamrock 303i and iDus 416). Low laser power (<5 mW)
and long exposure times (15 min) were used to prevent radiation
damage to the samples and suppress fluorescence noise, respectively.
The presence of different surface functional groups on GO and rGO
was characterized using X-ray photoelectron spectroscopy. The C 1s
XPS spectra were collected using a Kratos Axis Ultra DLD
spectrometer with a high-performance Al Kα monochromatic X-ray
source (1486.6 eV) and a high-resolution hemispherical analyzer. The
power of the X-ray source was set at 150 W. Emitted photoelectrons
were collected using a detector aligned normal to the sample surface.
Data were collected from a 700 × 300 μm2 area with a pass energy of
40 eV. Charge neutralization was achieved using low-energy electrons
(<2 eV). The data were analyzed using the Casa XPS software. All
data were peak-corrected to a C 1s binding energy of 285 eV. The
XPS peaks were fit using a Gaussian−Lorentzian (GL30) peak shape
after performing a Shirley background subtraction. The assignment of
the C 1s peaks is based on energy values reported in the
literature.63−66

Determination of the Diffusion of Pb(II) Ions through GO
Membranes

Electrochemical methods, such as cyclic voltammetry and electro-
chemical impedance spectroscopy were performed on GO and rGO
and followed by postcharacterization using XPS. A commercially
available GO water dispersion (25 mg/mL) was purchased from MSE
Supplies. To synthesize rGO, a stable dispersion of GO at a
concentration of 1.67 mg/mL was prepared by adding deionized
water to the concentrated GO dispersion and sonicating it for 30 min.
The resulting GO suspension was transferred to a Teflon-lined acid
digestion vessel (4749, Parr Instrument Company) and hydro-
thermally reduced by heating the vessel in an oven at 160 °C for 6 h.65

The hydrothermal treatment resulted in the formation of hydrophobic
rGO aggregates. The aggregates were removed from the water and
redispersed in acetonitrile to a final concentration of ∼1.67 mg/mL.
Analysis of the GO and rGO by XPS revealed that the C/O ratio
increased from 2.0 to 6.6 following hydrothermal reduction of the
GO.67 Separate electrodes were prepared by drop-casting approx-
imately 20 μL of GO and 30 μL of rGO suspensions in acetonitrile on
glassy carbon (GC) surfaces. SIGRADUR G plates (10 mm × 10 mm
× 4 mm, one side diamond polished) purchased from HTW
Hochtemperatur-Werkstoffe GmbH were used as GC working
electrodes. The drop-cast solutions were dried under vacuum at
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room temperature for an hour. The volume of the drop-cast solutions
was varied to achieve a similar dried mass loading of 50 μg on both
the GO and rGO immobilized electrodes. The dried electrodes were
used as the working electrodes in the electrochemical measurements.
To characterize the properties of Pb(II) in GO and rGO, CV and EIS
experiments were used to determine the adsorption and transport
properties of the prepared electrodes using Versastat 3 (Princeton
Applied Research, Oakridge, TN). Note that the presence of a thin
layer of GO or rGO creates a membrane−electrode interface, allowing
us to study the transport properties inside the porous region. These
results can be compared to the diffusion properties derived from
theoretical calculations. Electrochemical cells were constructed using
GC as the working electrodes, platinum as the counter electrodes, and
silver wires as the reference electrodes. A 10 mM solution of PbCl2
dissolved in deionized water was used as a model electrolyte. To
determine the charges and double-layer adsorption behavior on the
layered GC electrodes, CV measurements were made between −0.2
and +0.7 V. EIS experiments were also performed to examine the
diffusional resistance inside the pores of the GO layers. In EIS, a
sinusoidal perturbation with an amplitude of 10 mV and frequency
over a range of 1 MHz to 1 Hz is applied across the electrochemical
cell and the impedance across the circuit is measured as a function of
the frequency.

pH Effects on Pb(II) Permeation Experiments
We used an electrochemical H-cell (redox.me) to investigate the
effect of the pH of the PbCl2 feed solution on the permeation of
Pb(II) through GO membranes. The Pb-ion-selective electrode (ISE)
(Orion Lead Electrode, model 9682BNWP, Thermo Fisher
Scientific)68,69 was used to measure the concentration of Pb(II) on
the permeate side of the GO membranes. Before the measurements,
several standard PbCl2 solutions with specific concentrations (0.05,
0.25, 1.25, and 2.5 mM) were prepared separately to calibrate the
Pb(II) ISE. Specifically, 5 mL of HCl solution with pH = 4 was used
as the background electrolyte to maintain constant ionic strength.
One hundred microliter aliquots of a PbCl2 standard solution were
sequentially added to achieve specific Pb(II) concentrations of 1 ×
10−6, 5 × 10−6, 1 × 10−5, and 5 × 10−5 M. The Pb ISE was used to
record the potential of each solution to generate a linear calibration
plot of Pb(II) concentration versus potential. During the measure-
ments, 2.5 mM PbCl2 with a certain pH and deionized water were
used as the feed and permeate solutions, respectively. A 100 μL
aliquot was taken every 30 min from the permeate side of the GO
membrane and added into 5 mL of HCl solution with pH = 4 to be
measured using the Pb ISE. The Pb(II) concentration was recorded
versus time, and the data were used to generate a linear plot.
According to eq 1, the slope and x-axis intercept of the linear equation
may be used to calculate the Pb(II) permeation rate and diffusion
coefficient:70,71

i
k
jjjjj

y
{
zzzzz= −Q P t

l
D6t

2

CP (1)

In eq 1, Qt (mol m−2) is the total amount of permeate Pb(II) ions
per unit surface area of GO membrane, t (h) is the Pb(II) permeation
time, P (mol m−2 h−1) is the permeation rate of Pb(II), l is the
thickness of the GO membrane (125 μm), and DCP (cm

2 s−1) is the
Pb(II) diffusion coefficient due to concentration polarization.
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