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Interactions between graphene oxide (GO) and organic molecules play a role in processes such as environ-
mental remediation and water treatment. However, little is known about underlying molecular level pro-
cesses with the presence of ions. In this study, we utilized atomic force microscopy (AFM) in chemical
force mapping (CFM) mode to directly probe their adhesion interactions. AFM tips were functionalised to
serve as models for nonpolar and polar organic molecules, i.e. with alkyl, -CHs, and carboxyl, -COO(H). For
experiments with -COO(H) tips, adhesion between GO and tips decreased in the order: Ba’* > Ca®" >
Mg®* > Na*, whereas for the -CHs tips, ion dependent adhesion was relatively low but followed the same:
Ba®* > Ca®" > Mg®* ~ Na™. Calculations with Derjaguin-Landau-Verwey-Overbeek (DLVO) theory and the
Schulze-Hardy rule could not account for the observations. We propose that ion bridging plays a definitive
role in adhesion between -COO(H) tips and the GO surface. This is consistent with proposed models with
density functional theory (DFT) calculations. Adhesion of -CHjs tips is a response to the hydrophilic interac-
tions and the ion dependent part is suggested to arise from ion bridging between slightly negative charged
—-CHs tips and the GO surface. High pH had a notable influence on the adhesion of the -COO(H) tip but a
negligible effect on the -CHs tip. These results offer important insights into interactions between solutions
and mineral surfaces with adsorbed organic molecules.
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Environmental significance

Ton effect is important for the adhesion of organic materials on graphene oxide (GO) surface, such as in the processes of environmental remediation and
water treatment. Herein, using chemical force mapping mode of atomic force microscopy, the underlying molecular interactions were directly measured.
Adhesion behaviors of organics terminated with polar and nonpolar groups of ~-COO(H) and -CHj; followed similar order: Ba>* > Ca®* > Mg”" ~ Na".
Calculations with Derjaguin-Landau-Verwey-Overbeek (DLVO) theory and Schulze-Hardy rule could not explain the observed cation effect and we
proposed ion bridging played a definitive role in the adhesions. This was consistent with density functional theory (DFT) calculations. It was also found
that larger adhesion response was observed for the ~-COOH tip at high pH, while response was relatively low but significant for the -CH; tip. These results
provide important insights into the interaction processes between solutions and mineral surfaces with adsorbed organic molecules and offer clues for
improving remediation strategies, such as the application of GO as adsorbents, membranes, catalysts and coating materials.

1. Introduction to remain a flexible planar sheet,*” with a high surface to vol-
ume ratio. Together with these structural characteristics, GO

Graphene oxide (GO) is a two dimensional nanomaterial fea- 1o wige potential applications in environmental remedia-

turing a variety of chemically reactive functionalities, such as
carboxyl, hydroxyl and epoxy at the edges and on the plane of
GO sheets," which can be differentially functionalized.* In
spite of oxygen configurations, a significant proportion of the
sp> hybridized carbon network remains intact,” allowing GO
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tion,® water treatment,”'® drug delivery,'" catalysis,»'* energy
storage.">'* Among them, the large surface area (theoretical
limit to 2630 m*> g')"> endows GO with excellent perfor-
mance in adsorption of many kinds of organic compounds
from aqueous solution, such as pesticides,'® aromatic com-
pounds,'” antibiotics,"'® and organic compounds.'® Therefore,
understanding molecular interaction processes between or-
ganic molecule and GO is essential for determining the mo-
bility and transport of organic contaminants and to provide
clues for improving remediation strategies.

The oxygen containing functional groups in GO tend to
bind hydrophilic species through ionic interaction, hydrogen
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bonding, van der Waals, electrostatic interaction or Lewis
acid-base interaction, while the graphitic parts of GO are
affinitive to hydrophobic organic compounds by n-n stacking
and hydrophobic effects.’”**>* As one kind of the most com-
mon organic contaminants, polycyclic aromatic hydrocarbon
and its derivatives can be adsorbed by GO and reduced
graphene oxide (rGO) because of its aromatic character.'”>*?
Tetracycline antibiotics also have aromatic rings, except n-n
interaction, and the cation-n bonding may happen between
protonated amino groups and graphene rm-electrons for the
adsorption on GO."™ Cationic dyes such as methylene blue
and rhodamine B could electrostatically bind to the nega-
tively charged GO and hence removal is expected to be effec-
tive.>* Hydrophobic and oleophilic rGO-wrapped sponge are
promising candidates for oil-spill remediation, enabling fast
clean-up of viscous crude-oil spill.*®

Although significant research has been conducted on or-
ganic material interacting with GO in water,"”>* few studies
have considered their interactions in the presence of various
ions. A complex mix of organic contaminants and ions often
coexist in the aqueous solution.>® The adsorption of ions
would affect the mobility and transport of organic com-
pounds.”” To date, there are extensive study about the colloi-
dal behaviour, adsorption, aggregation, dispersion and mor-
phological transformation of GO in the presence of salt ions
and heavy metal ions.>®* ! It needs to understand the details
how the ions affect the interaction processes between organic
molecules and GO because the coexistence of metal ions and
organic contaminants would cause different coadsorption
mechanisms. We therefore constructed a model system to
better understand the interaction and thus allow fine tuning
for improved performance of organics adsorption. The
atomic force microscopy (AFM) in chemical force mapping
(CFM) mode was used to study the effect of ions on the inter-
action between GO and organic molecules. The AFM tips
were coated with a self-assembled monolayer (SAM) with spe-
cific functionalities to interact with GO surface. As aromatic
compounds have been extensively studied,'”?”** this work
mainly focus on common organics terminated with polar
groups, ~-COO(H) and nonpolar groups, -CH;. Our group has
widely applied CFM to investigate interactions between or-
ganics and various solid surfaces, such as sandstones,®***
chalk®® and sapphire.*® GO itself could also be used as a
model for other surfaces.

In this study, we set out to improve understanding of the
underlying molecular level processes of common environ-
mental ions (Na*, Mg?*, Ca®>") and heavy metal ion (Ba>*) on
interactions between GO and two types of tips that represent
organic compounds, with physicochemical properties of the
tested cations in Table 1.>**” The divalent cations from the
same group with different ion radii and hydrations could in-
fluence the adhesion between GO and organic molecules.
Few studies also investigated the removal of heavy metal ion
of Ba** from contaminated soil and produced water.***° The
main objective of this study was: i) to gain insight into the
processes that affect adsorption behavior on GO surfaces
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Table 1 Physicochemical properties of the tested cations

Ionic Hydrated Polarizability
Cations  radii (A)  radii (A) Electronegativity ~ (107>* cm®)
Na* 0.95 3.58 0.93 24.08
Mg 0.65 4.28 1.31 10.06
Ca** 0.99 4.12 1.01 25.00
Ba>" 1.35 4.04 0.89 39.70

with presences of various ions, ii) to compare the results
from -COO(H) and -CHj tips that represented polar and non-
polar organic compounds and analyze the influence of pH,
iii) to offer theoretical explanations (using DLVO theory and
DFT calculations) and possible modifications to the
adhesions.

2. Experimental
2.1. Graphene oxide

Commercial graphite powder (Grade 3061) was obtained from
Asbury Carbon Mills. H,SO, (95-98%), KMnO, and H,O,
(33%) were obtained from Sigma Aldrich and NaNO; was
obtained from Merck. All the chemicals were reagent grade
or better and were used as received. GO was prepared by
harsh oxidation of the graphite powder by the modified
Hummers method described previously.>*® For each sample,
we dropped a 30 pL aliquot of GO solution on the silicon wa-
fer with a speed of 3000 rpm and waited for one minute, then
repeated the procedure six times. The full cover of GO on the
silicon wafer ensured the force measurements conducted on
the GO rather the silicon substrate.

2.2. Solutions

All solutions were made with ultrapure deionized water
(Milli-Q, resistivity >18.2 MQ cm). To keep equivalent posi-
tive charge, the concentration of divalent cation solutions
(Mg>*, Ca**, Ba>": 0.3 M) is half of NaCl solution of 0.6 M. Sa-
linity for the NaCl solution is roughly equivalent to seawater.
In our previous study,’’ we investigated the effect of mixed
cation solutions at high salinity (similar to seawater) and low
salinity concentrations on adhesion. Here we focus on the ef-
fect of certain sets of cation on the adhesion. Maintaining
moles of charge was important to investigate the effect of an
ion exchange process where there was an equivalent amount
of positive charge available for interactions with GO surface.
The results based on the high concentration of divalent cat-
ion would not affect the conclusions about the proposed cat-
ion bridging mechanism. In an environmental context, the
aqueous solution always contains mixed cations and our re-
sults provide important insights onto the role of certain types
of divalent cation in the adhesion between GO and organic
molecules. With low cationic strength, the degree of the con-
tribution of cation bridging to the total adhesion could de-
crease due to the decreased number of bridges. For most of
the experiments, the pH of solutions was adjusted to 5.5,
while we increased the pH to 8.8 when we investigated the

This journal is © The Royal Society of Chemistry 2019
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adhesion at higher pH, which the -COO(H) and functional
groups of GO can be more deprotonated. All measurements
were conducted at room temperature.

2.3. AFM and CFM probes

The GO surface was scanned in tapping mode with standard
silicon probes from Olympus (OMCL-AC240), that had a nom-
inal spring constant of 2 nN nm™" and resonance frequency
of ~80 kHz. To measure the adhesion force and generate
force maps, we used Olympus biolever AFM probes. The
chips are equipped with two cantilevers with nominal spring
constants of 30 and 6 pN nm . Before each experiment, the
deflection sensitivity of each tip was determined. Actual
spring constants varied from 20 to 30 pN nm™" for the stiff
cantilevers and from 4 to 8 pN nm™" for the soft cantilevers.
In our experiments, we chose the stiff cantilevers. Before use,
the biolevers were rinsed with ethanol, then dried with a jet
of nitrogen, and UV ozone treated for 20 min. They were im-
mediately submerged in an ethanol solution of ~5 mM
1-undecanethiol (HS(CH,);0CH3) or 11-mercaptoundecanoic
acid (HS(CH,);,COOH) for at least 24 h.’*** The
functionalised tips were rinsed with ethanol for half hour
just prior to use to minimise the amount of molecules that
were not firmly bonded.

2.4. AFM imaging and force mapping

We used an MFP-3D atomic force microscope from Asylum
Research, Santa Barbara, USA. AFM images, to show the topo-
graphic features of the surface, were acquired in tapping
mode (512 x 512 pixels) in air. Chemical force maps were col-
lected with 30 x 30 data points, over an area of 2 x 2 pm?
such as shown in the inset of Fig. 1. To collect the data for a
force map, the tip and sample are brought into contact and
then separated again, generating a force-distance curve such
as that shown in Fig. 1. This is repeated for each point in a
grid over the surface to produce the pixels required for a
map. At each point, the tip starts ~1 pm away from the sur-
face. It moves toward the surface from a point where the can-
tilever and the surface are not in contact (the part A of
Fig. 1a), comes into contact (the part B), and eventually stops
when the surface resists with a force (the part C), that is
predetermined in the software of the instrument, in this case,
600 pN.*' The tip is then retracted from the surface and as it
moves away (the part D), adhesion between tip and sample
causes the cantilever to deflect. At some displacement, the
tip snaps free until the applied force is sufficient to separate
the tip from the surface (the part E). The force at that point
is the adhesion, which provides one pixel for the force map.
The full set of adhesion force measurements is arrayed in x,
y space and given false colour to reflect the relative adhesion
force, which produces the map.

We performed different sets of experiments, with Milli-Q
water, NaCl, MgCl,, CaCl, and BaCl, solutions. Each set has
different orders of exchanging solutions. In the fluid cell, the
sample and tip were initially in contact with ~3 mL of origi-

This journal is © The Royal Society of Chemistry 2019

View Article Online

Paper
() Approach Retraction
A F
B C D E
(b)
600 1 1 1 1
400 -
2 »5 Approach B
= ——
= L a
§ 0 Retraction ¢ ~
=) —
m w
-200 -
Adhesion force
400 - High "] =
\_l
Low
600 —

0 200 400 600 800
Tip-surface separation (nm)

Fig. 1 (a) Schematic illustration of the tip movement during the
approach and retraction processes in a force curve experiment. A: The
cantilever starts from a point where it is not in contact with the
surface, B: point of contact, C: the cantilever would be retracted after
maximum given force is reached, D: point of zero deflection, E:
maximum adhesion to separate the tip from the surface, F: retract. (b)
A typical force-distance curve from oxidised graphene, measured with
a -CHs functionalised AFM tip. The red curve marks the approach and
the blue curve shows the tip withdrawal from the surface. The
adhesion force is measured where the tip springs free of the surface
during retraction. The inset is a representative chemical force map,
with each pixel showing one time of force curve.

nal solutions that was one of above solutions and the force
maps were repeated at least three times until the adhesion
was relatively stable. For each experiment, the initial solution
was then replaced by the alternate solution. This was done by
extracting ~2 mL from the liquid cell and then injecting ~2
mL of the new solution. After five solution exchange cycles,
99.6% of the solution had been replaced. This kept the sam-
ple from drying and the tip from losing contact with the im-
aging location. After each solution exchange, which took
around 5 minutes, the new force maps were acquired and the
solution was changed again and so on. In this way, maps
could be generated at precisely the same site on the sample,
with the same tip during exposure to a series of solutions.

2.5. X-ray photoelectron spectroscopy

The chemical state and the element composition of GO were
determined with XPS (Kratos Axis Ultra DLD), using mono-
chromatized Al Ka (hv = 1486.6 eV) as the excitation source.
The data were analyzed using commercial software, CasaXPS,
and a Shirley background fit. The absolute energy scale was
calibrated to the carbon C 1s peak of 284.5 eV. Uncertainty in
XPS binding energy is about 0.1 eV. Uncertainty in the atomic
percentages determined from XPS data is on the order of 5-
10%.
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2.6. Derjaguin-Landau-Verwey-Overbeek (DLVO) theory

The DLVO theory is a continuum theory that describes the
force between two surfaces or particles that interact through
a liquid medium, such as an aqueous solution. There are at-
tractive components to the adhesion force between the AFM
tip and the substrate surface that come from van der Waals
(vdW). To determine the vdW forces, we used the standard
expression that describes these forces between a sphere and
a planar surface*

ot @
where A represents the Hamaker constant, R represents the tip ra-
dius of curvature, D is the tip-surface distance. If the surface is
charged, an electric double layer (EDL) will form in the solution-
GO interface. The force from the EDL felt by an approaching sur-
face, such as our tip, depends on the ionic strength of solution
and the surface charge of the AFM tip and GO surface. We used
an expression presented by Butt® to derive the force exerted on
an AFM tip by the EDL, assuming that the charge density does
not change as the tip approaches the surface:

Fp = 2T;}ZR |:(O'T2 +<752).e-20/zu +20,0p¢ J’ @)
0

where ¢, (8.854 x 107> C* ' m™), the dielectric permittivity of
vacuum, ¢, the relative permittivity of the medium, is assumed to
be that of water, ie. 78.4. oy and o, the surface charge densities
of the tip and surface, and /p, the Debye length, expressed as

®)

In this case, k represents Boltzmann's constant, 7, temper-
ature, e, the elemental charge, p..;, the number density in the
bulk (m™) of the ion, i, and z represents the valence of ion i.
The total adhesion (F,q) is the sum:

Faq = Fyaw * Fepr- (4)

2.7. Density functional theory (DFT) calculations

All DFT calculations were performed with the TURBOMOLE
program, v6.5, using the Becke-Perdew (BP) functional, the
triple-C valence plus polarization (TZVP) basis set, and the
COSMO implicit solvent model.**** The COSMOtherm pro-
gram with parameterization BP_TZVP_C30_1301 was used for
all COSMO-RS calculations at 298 K. We modelled the -
COO(H) tip using a dimer of octanoate, where we fixed the six
carbon atoms furthest from the -COO(H) during the optimiza-
tion. The length of nonterminal part of alkane chains will not
affect the calculations. The adsorption energy for ions to the -
COO(H) tip was determined in the reaction panel of
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COSMOtherm, which calculated the free energy of a reaction
in solution (excluding the effect of the partition functions).
The COSMOtherm flatsurf module was used to calculate free-
energy differences that are required for transferring a molecule
from a bulk solvent to an interface between two solvents.

The interactions between the -COO(H) tip and the GO sur-
face, in solutions with cations (i.e. -COO-M, where M = cat-
ions) and without (i.e. the -COOH dimer alone), were
modelled. We used several types of molecule surfaces to
model GO, which were the main functional groups of GO, as
well as graphene. The models for the -COO(H) tip were the
fully deprotonated carboxyl dimer with bound cations as well
as the protonated acid. We compared the interaction energy
of a dimer carrying a divalent ion in Fig. 2a to that of a fully
protonated dimer in Fig. 2b, by calculating the differences in
chemical potential, x4, between the dimers interacting with
the surface phase, S, and the dimers solvated in the water
phase, W. The difference in chemical potentials of the dimers
carrying cations, Apcoowm, and the protonated dimers,
Mptcoon, in two phases (S and W) can be described as,

AMt = Micoom — Mcoon = (ﬂcoo-M(S) - ﬂcoo-M(W))
— (Ucoou(S) — fcoon(W)), (5)

where fcoom(S) and pcoo-m(W) represent the chemical poten-
tials of the COO-M dimer in the two phases and gcoon(S) and
Hcoou(W), the chemical potentials of the protonated dimers.
We used the double difference in chemical potential, AAy, as
a measure of how the surface interaction of the tip decorated
with divalent ions compares with a tip without adsorbed
ions. The ion bridging will take place if Aucoom < Afcoon,
and then AAy < 0. The predicted difference in chemical po-
tentials are shown in Table 2.

3. Results and discussion
3.1. Structural characterization of GO

Fig. 3a shows an AFM height image of a typical surface of
GO, such as we used in the subsequent chemical force map-
ping. The height varies mostly with single layers of graphene,

(@) (b)
c. L c C
AV AN WA

M2+
Aicoo-m \)

GO surface

Apicoon ﬁ

GO surface

Fig. 2 Octanoate dimers interacting with a surface in their (a)
deprotonated form, -COO-M carrying a divalent ion, and (b) in their
protonated form, -COOH. The difference in chemical potential
between the dimers in the water phase and on GO surface is used to
estimate the likelihood of ion bridging between the -COO(H) tip and
GO surface.

This journal is © The Royal Society of Chemistry 2019
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Table 2 COSMO-RS predictions for the difference in chemical potential,
AAu(S), between a -COO-M dimer (M = cations), and a -COOH dimer,
which are transferred from the water to the model surface®

Surface model (S) Mg>* ca** Ba>*

Benzene 37.3 37.6 45.7
Benzoate -3.8 -13.6 -22.1
Benzoic acid 9.8 9.6 8.7
Phenolate -4.6 -17.7 -29.1
Phenol 8.3 7.0 4.6
Epoxide 22.6 20.9 25.4

“ We considered charged and neutral surfaces of GO according to the
presence of possible functional groups.

with the average deviation in height of 1.7 nm. Folds in the
otherwise small patches of GO can be observed, such as a
narrow bright curve indicated by the white arrow in the mid-
dle of the 2 pum x 2 pm image. The XPS spectrum of C 1s of
GO is presented in Fig. 3b, with four most prominent
deconvoluted components. One peak (blue) represents the
main peak at 284.5 eV because of graphitic carbon and other
peaks associated with oxygen functional groups such as C-O
(red) in hydroxyl and epoxy at 286.5 eV, C=0 (cyan) in car-
bonyl at 287.9 eV and O-C—=O0 (pink) in carboxylic and/or es-
ter at 290.3 eV. Our results agree well with previously
reported data for GO.>**' The relative concentrations were
48.3% for C-C, 43.1% for C-O, 7.3% for C=0 and 1.3% for
0-C=0, indicating high oxidation of GO.

3.2. The -COO(H) interaction with GO

Fig. 4 shows the average adhesion measured between the -
COO(H) terminated tip and GO surface in different solutions
at pH 5.5. Each bar in the plot represents the adhesion aver-
aged from five force maps as we repeated the measurements
five times for each kind of solution, with each map compris-
ing 900 force curves generated over a 2 x 2 um?” area, such as
the inset force map in Fig. 1b. The error bar therefore repre-
sents the standard deviations of 4500 force curves in adhe-
sion measured over the same surface with the same AFM tip
collected over five force mapping measurements. They do not

—_~
=
-~

—— Original spectrum
- -0-C=0
- -C=0

Intensity (a.u.)

292 288 284 280

Binding Energy(eV)

Fig. 3 (a) AFM height image of GO surface, with white arrow
indicating a fold structure. (b) XPS spectrum of the C 1s region from a
sample of GO. The black solid line shows the original data. The
individual peaks represent the intensity of photoelectrons originating
from bonds of C-C (blue), C-O (red), C=0 (cyan) and O-O=C (pink).
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represent the error in the true sense of uncertainty but rather
reflects the range of variability in the adhesion over the sur-
face. For example, the adhesion in CaCl, solution of -COO(H)
set 3 is 275 + 6 pN. The experiments show that the adhesion
with -COO(H) tip is highest in CaCl, solution, almost twice
the adhesion in NaCl solution and minimum in pure water.
Even though there were negligible ions in control (H,0) sce-
narios, adhesion forces were ~100 pN. In our recent study,*’
we derived hydration forces of ~62 pN for the -COO(H)-
COO(H) hydrophilic system, which was consistent with the
reported value from Butt et al.** The source of adhesions in
the current setup could therefore originate from hydration
forces between the -COO(H)-GO hydrophilic surfaces.

To determine van der Waals force F,qw with eqn (1), R,
the tip radius of curvature, is reported by the manufacturer
to be 30 nm. The Hamaker constant was 6.26 x 102" J for
GO-GO nanomaterials®® and 5.02 x 10" J for ~COO(H)
SAMs*® so that using the geometric mean we got a Hamaker
constant in our system to be 5.6 x 107" J. D, the distance be-
tween the tip and surface, could not be determined from our
measurements so we estimated it from experiments with the
-CH; tip and core plug sandstone grains, ie. ~1 nm.** Our
GO is highly hydrophilic; thus, it could result in a larger dis-
tance, i.e. as much as 2.5 nm. The space was likely filled with
a water film and hydrated or partially hydrated cations and
anions. Using eqn (1), we calculated Fyqw to be in the range
of 4 to 13 pN, which was much lower than the experimental
results (mostly above 100 pN) in -COO(H) set 1-3. It is there-
fore unlikely that the adhesion was caused by van der Waals
force alone.

Using eqn (3), the Debye length in the NaCl solution was
0.39 nm and it was 0.32 nm in the CaCl, solution, meaning
that the EDL thickness was suppressed to length scales com-
parable to single water molecules in these high salinity solu-
tions. To be able to use eqn (2) to calculate Fgpy, we had to
estimate the surface charge densities of the tip and GO sur-
face. For our surfaces, there were two possible charging
processes,

(I) Deprotonation of carboxylic groups

-COOH + H,0 = -COO™ + H;0%, (6)
(I1) Deprotonation of enolic and phenolic groups
C-OH + H,0 = C-0O™ + H;0". (7)

The reaction I affords negative surface charges for the -
COO(H) tip, while the surface charge of GO could be affected
by both reactions. In previous study we have estimated the
surface charge of the tip or in similar solutions to —0.26 C
m™>.*" Bei et al.® found a zeta potential of -10 mV for GO
surface in high salinity solutions. If we combine this result
with Grahame equation, g of GO surface in Na* and Ca®" so-
lution should be around -0.018 and -0.023 C m™>. We de-
rived the repulsive Fgpy, from eqn (2), producing a range of 0-
24 pN, which might have reduced the adhesion a bit but not

Environ. Sci.: Nano, 2019, 6, 2281-2291 | 2285
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Fig. 4 Adhesion of -COO(H) functionalized tips in different salt solutions on GO surface with pH 5.5. (a) -COO(H) set 1 started with H,O, then
NaCl. (b) -COO(H) set 2 started with NaCl, then CaCl,. (c) Set 3 in the order of H,O, NaCl and CaCl,. Each set conducted the measurements with -
COO(H) tips on different GO areas. We provided a step-by-step investigation on ion effects at different experiment sets by separated comparisons
between two or more kinds of cations and/or changing measurement order. The error bars represent the standard deviation of the mean adhesion

collected at each solution, which repeated five times.

to a level that could have affected the overall tendency with
the different levels of increased adhesion with different ions.
Since F,qw and Fgp;, cannot explain the adhesion we ob-
served, the DLVO model does not account for cation effect on
adhesion, suggesting that there must be additional contribu-
tion for adhesion. The obvious alternative is bridging formed
by the divalent cations between the negative surfaces.

The monovalent cation of Na" should not have specific in-
teractions with functional groups on GO surface or tip, be-
cause the free energy of interaction with carboxylic groups is
most likely weak (-2.98 kJ mol™).*” The higher adhesion with
the presence of Na' in solution than in pure water can be
explained by the thicker double layer in the pure water which
causes an increased EDL repulsion. The increased charge
screening that the added Na* provided to the charge surface
decrease the double layer repulsion between GO and tip.
Based on Schulze-Hardy rule,*®* Ca** could produce more
charge screening than Na'. It is also important to consider
the effect of water molecules, which align themselves around
cations form a hydration shell. The cations with relatively
smaller ionic radii have higher hydration numbers and larger
hydrated radii, whereas cations with larger ionic radii have
weaker hydration shells and tend to more easily detach their
hydration layers.*>*® Thus, Na* with small ionic radii can
only form outer-sphere complexes and cannot serve as bridg-
ing agents. However, the calculated values from the DLVO
model and the hydration forces, assuming that this is all the
forces involved, fits well with the observed value for the adhe-
sion in NaCl solution of ~100 pN.

In the presence of Ca”*, the adhesion picture gets more
complicated because divalent cations can not only screen the
surface charge but also bind to surface functional groups of
GO, forming inner-sphere complexes. It is well known that
Ca® can form complexes with carboxylic acids, such as
m-hydroxybenzoic acid and 3,5-dihydroxybenzoic acid,”* and
with carboxyl groups on humic and fulvic acids.”®
Accordingly, Ca** could result in strong cation bridge by
forming complexes with surface functional groups of GO and
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—-COO(H) tip. There are three types of cation bridging that
may cause the higher adhesion: (1) bridging the ~-COO(H) lo-
cated in edge and/or plane of GO with -COO(H) tip, (2)
bridging the enolic and phenolic groups located in plane of
GO with -COO(H) tip, (3) cation-n interaction through resid-
ual 7m-conjugated domains in GO and -COO(H) tip. The first
two types come from the deprotonated or partially
deprotonated oxygen functional groups by reaction I and II
bridging the ~-COO(H) tip that was identified with model sur-
faces of benzolate and phenolate in our DFT calculations in
Table 2. From our benzene model surface with rich n electron
donors, this kind of cation-n interaction seems negligible
and ion bridging from (deprotonated) negatively charged sur-
face sites appear to be the major contribution to the
adhesion.

To further test this theory and its implications, we
performed a new set of experiments where we tested solu-
tions with other sets of divalent ions. Fig. 5a show a plot of
the average adhesion from sequential force maps obtained
with the addition of MgCl, compared to Fig. 4. The adhe-
sions in the different solutions were found to have the order
CaCl, > MgCl, > NaCl. With the presence of BaCl, in
Fig. 5b, the adhesion became even stronger than in a CacCl,
solution in the three experimental sets where we included a
BaCl, solution. The adhesion followed the order BaCl, >
CaCl, > MgCl, > NaCl. Table 3 summarizes the adhesion dif-
ference (AF,q) between NaCl and divalent salt solutions and
the relative increase in adhesion (% Inc) defined as,

AFqq = Fad(MeClz) - Fad(NaCl)y (8)

% Inc = 100 X (Fag(vect,) ~ Fadacy)/FadNacy)- )

The adhesion increased in all divalent cation solutions.
The increase percentage for Mg>" was smaller ranging from
21 to 56% in experiment set 5-7 and for Ca*", it was 32-

112%. While Ba®>" had strongest increase ratio as high as
135%, indicating a specific cation dependent response.

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 lon effects on adhesion of ~-COO(H) tips on GO surface with pH
5.5. (@) -COO(H) set 4 was in the order of MgCl,, NaCl, MgCl, and
CaCl,. The twice tests in MgCl, before and after NaCl were to verify
reproducible data and that different measurement orders would not
affect the results we obtained. (b) -COO(H) set 5-7 were in the order
of NaCl, MgCl, CaCl, and BaCl,. These sets included Ba’* and
measurements were performed on different samples with the same
kind of tip.

According to the Schulze-Hardy rule,’® the same valent
cations should produce similar charge screening effects. In
our experiments, divalent cations displayed different adhe-
sion behaviors, indicating that the interaction between tip
and GO was a more complex process rather than only a sim-
ple EDL suppression process. This specificity could be linked
to the hydration shell thickness of cations. As discussed
above, cations with small ionic radii have large hydrated radii
and can only form outer-sphere complexes, whereas cations
with large ionic radii tend to form inner-sphere complexes.””
The Mg®" is a smaller ion with a valence of 2 and can
strongly hold its first hydration shell with 6 water molecules
and it also has 9 to 12 water molecules coordinated in its sec-
ond hydration shell, whereas Ca** has only 3 to 6.>* The
larger divalent cation of Ba®>" holds its hydration relatively
less strongly. Mg>" is much more hydrated than Ca** and
Ba>" is less hydrated than Ca®'. So the order of adhesion co-
incides with the order of hydration. It therefore makes sense
that the ion bridging is more or less strong depending on the
amount of water surrounding the ions. Our DFT calculations
of the chemical potentials shown in Table 2 confirmed this
order. To estimate the contribution of ion bridging to the to-
tal adhesion, the calculated surface charge of GO in Ca®" so-
lution was —0.023 C m 2, which was assumed the same for
Ba®" and Mg”* solutions. If the coverage of the tip with diva-
lent ion is 100% and the estimated contact area between the
tip and the sample was 365 nm?>! we approximated the
number of ion bridges to be 52. Taking the benzoate model
surface for GO, the AAx for Mg?*, Ca** and Ba®* is -3.8,
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-13.6, —22.1 kJ mol ", respectively. Thus, it would give a total
energy —197.6, —707.2, —1149.2 k] mol ', which amount to a
surface energy of 0.9, 3.2, 5.2 mJ m 2. The Johnson-Kendall-
Roberts theory gives the relation between the adhesion and
surface energy (W),*

(10)

where the tips radius, R, is assumed to be 30 nm. As a result,
the contributions of ion bridging to adhesion are 127, 452,
735 pN for Mg>*, Ca** and Ba”". The values and their differ-
ences from the proposed model fall well within the same or-
der of magnitude as the measured values. This serves to
show that the ion bridges and ion specific differences in the
hydration shells is a likely process behind the observed adhe-
sion and ion specific differences. Nevertheless, the theoreti-
cal calculations exceed the total adhesion for Ca** and Ba**,
but this is most likely because of variations in amount of ac-
tual ions at the tip surface interface, tip radius, or variations
in the local surface charge of GO. Additionally, the calcula-
tion of adhesion with the phenolate model surface is also
comparable to the benzoate surface.

3.3. The -CH; interaction with GO

To quantitatively compare the results obtained with -CH;
tips, we plotted average adhesion as a function of experiment
sets, as shown in Fig. 6. Throughout each set, we kept the tip
and substrate the same and varied only the salt solution. For
all measurements, the adhesion varies from solution to solu-
tion and for most it follows the same order as observed for
the ~-COO(H) terminated tip with: Ba®>" > Ca®>" > Mg”* ~ Na'.
There is also similar average adhesion in Na* solution around
130 pN. Mg”* causes a slight increase in adhesion up to 140-
150 pN in one experiment but with a decrease in adhesion in
another experiment. Ca®" causes a bigger increase up to 180
pN, while Ba®>" induces highest adhesion up to 250 pN. The
adhesion response for the solution containing Mg>* shows an
interesting behavior: it can be both positive and negative but
without much difference to Na*. Compared to -COO(H) set
5-7, the adhesion responses in -CH; set 1-3 are generally
less for each divalent salt solutions, as shown in Table 3.

We again use DLVO theory as starting point and the van
der Waals force F,qy is calculated with eqn (1). R is given by
the manufacturer to be 30 nm. The Hamaker constant was

Table 3 Average adhesion difference (AF,4) between divalent cation solutions and NaCl, and the relative increase in adhesion (% Inc) that was in

brackets

With -COO(H) of AF,q (% Inc) With -CHj; of AF,4 (% Inc)

Set 5 Set 6 Set 7 Set 8 Set 9 Set 1 Set 2 Set 3 Set 4 Set 5
Mg 24 (21) 37 (28) 41 (56) 108 (172) 105 (108) 18 (13) 5 (4) -20 (-13) -4 (-3) -46 (-27)
ca* 36 (32) 147 (112) 56 (77) 234 (372) 186 (192) 50 (38) 10 (8) 19 (11) 38 (36) 35 (21)
Ba*" 131 (117) 177 (135) 71 (97) 288 (460) 250 (257) 119 (89) 62 (54) 92 (57) 84 (78) 181 (107)
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Fig. 6 Adhesion of -CH3z functionalized tips in different salt solutions
on GO surface with pH 5.5. (a) -CHs set 1 in the order of MgCl,, NaCl,
MgCl,, CaCl, and NaCl. The reoccurrence of the NaCl test showed
that the adhesion was reversible. (b) -CHz set 2 and 3 in the order of
NaCl, MgCl, CaCl, and BaCl,.

6.26 x 107" J for GO-GO nanomaterials*® and for the tip we
assume the Hamaker constant can substituted for hydropho-
bic dodecane surface to 5 x 102" J.** The average Hamaker
constant in the system is therefore 5.6 x 107" J. D, the dis-
tance between the tip and surface, is assumed to be around
~1 nm.*® The attractive van der Waals F,qy was therefore
~23 pN, which could explain small contribution to the adhe-
sion in -CH; set 1-3. The -CH; terminated tip is often as-
sumed to be neutral and carries no surface charge. As we
used the same setup of solution as in -COO(H) case, the re-
pulsive EDL force Fgpy, should still be negligible compared to
the measured adhesions. Therefore, the forces predicted by
the traditional DLVO model do not fit our observations. The
-CH; tip is hydrophobic and ions should not specifically
bind to the tip. Because GO contains abundant oxidized
groups as shown by our XPS analysis, the surface should be
highly hydrophilic. Consequently, the hydrophilic interac-
tions could play the primary role for the interaction between
-CHj; tip and hydrophilic GO surface, which cannot be deter-
mined easily theoretically.>* However, we could not rule out
the possible contributions from the hydrophobic interactions
between aromatic regions of GO and -CH; for the adhesion.
The hydrophilic forces are influenced by the adsorbed cat-
ions as well as the intrinsic surface properties of GO. The cat-
ions most likely form a thin hydrated layer on the surface of
GO, with the thickness depending on hydrated radius of the
ions: Mg”* > Ca** > Ba®" in Table 1. On the surface the part
of the hydration layer that is towards the GO surface is most
likely stripped off. Thus, Ba** has the shortest interaction dis-
tance with -CHj3; tip, leading to highest adhesion.

Moreover, Schwierz et al. calculated a negative surface
charge of 0.0035 C m™* for the -CH; terminated SAM similar
to our -CH; tip,”® which was much smaller than the surface
charge of -COO(H) tip. As a result, the -CH; tip can be con-
sidered as poorly deprotonated ~-COO(H) tip carrying low neg-
ative charge that is important for the attractive adhesion for
GO. To use the same model that we explained ion bridging
for -COO(H) tip, we approximated the number of ion bridges
to be 8 with the -CH; tips. The contributions from this type
of ion bridge can therefore be calculated to be 20, 70, 113 pN
for Mg>*, Ca®* and Ba®" using the benzoate model surface.
The values and their differences from this model fall well
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within the same order of magnitude as the measured differ-
ences in adhesion. This serves to show that the crude model
with ion bridges to -CH; terminated tip is consistent with ob-
served ion specific differences.

3.4. Adhesions in high pH

Fig. 7 shows the adhesions with ~-COO(H) and -CH; tips at
pH 8.8. As expected for -COO(H) tip, there are significant dif-
ferences of -COO(H) set 8 and 9 compared to ~-COO(H) set 5-
7 in Table 1. Each divalent cation almost doubles their adhe-
sion responses compared to Na' and the adhesion still fol-
lows the pattern Ba®>* > Ca** > Mg>* > Na". The situation for
-CHj; tip does not change much compared to -CH; set 1-3.
We can also find negative adhesion response for Mg**, a low
positive response of Ca®* and a little higher response for
Ba®*. The pK, for a surface-bound carboxyl** has been esti-
mated to be in the range 4.7-5.5 that is close to the previous
low pH solutions. We expect the -COO(H) functionalized tip
to be more deprotonated at high pH. The surface charges of
GO could be affected by pH through the ionization of the oxy-
gen functional groups on GO of eqn (4) and (5), which is also
favored at high pH. It is further supported by the fact of
larger zeta potential of GO at high pH.>*>*® In comparison
with -COOH groups, the deprotonation of -OH is much
weaker and may not contribute much to the surface charge
development on GO when pH increases.””*® Combined
above-mentioned discussions with -COO(H) tips and ion
bridging model, it could have stronger ion bridge effects in
high pH, leading to a higher adhesion response. However,
there should be negligible influence on adhesion with -CH;
tip that is consistent with the observed low adhesion
response.

4. Conclusions

The natural aquatic environments contain abundant electro-
lytes, various cations and many different organic contami-
nants. The findings of this study demonstrate that these ions,
which vary in charge, size and complexing capability, can
greatly affect the adhesion of organic materials on GO sur-
face, especially for organics terminated with polar groups of
-COO(H). For experiments with ~-COO(H) tips, adhesion de-
creased in the order: Ba>* > Ca®>" > Mg>" > Na“, whereas for
-CHj; tips, ion dependent adhesion was relatively low but
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Fig. 7 lon effects on average adhesion of -COO(H) tips (a) and -CH3
tips (b) on GO surface at pH 8.8.

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9en00274j

Open Access Article. Published on 20 June 2019. Downloaded on 4/26/2024 10:34:49 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Environmental Science: Nano

followed the same: Ba** > Ca*>" > Mg>" ~ Na’. An important
observation of the study was that classic DLVO theory and
Schulze-Hardy rule could not account for cation effect on ad-
hesion. We propose that ion bridging plays a definitive role
in adhesion between -COO(H) tips and the GO surface. This
is consistent with density functional theory (DFT) calcula-
tions. Adhesion of -CH; tips is a response to the hydrophilic
interactions and the ion dependent part is suggested to arise
from ion bridging between slightly negative charged -CHj;
tips and the negative surface. It is also found that larger ad-
hesion response can be observed for the -COOH tip at high
pH, while response is relatively low but significant for the
-CHj; tip. These results provide important insight into inter-
action processes between solutions and mineral surfaces with
adsorbed organic molecules and offer clues for improving re-
mediation strategies, such as environmental remediation and
water treatment with GO, which can be used as adsorbents,
membranes, catalysts and coating materials.
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