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Batch Experiments

The sorption of Cd(II) and/or P(V) on GO were studied using batch technique in a set
of vials equipped with Teflon—lined screw caps. The desired concentrations of
different components were obtained by adding the GO stock suspension and the stock
solution of Cd(II), NaCl, and/or P(V) into the vials. Negligible volumes of 0.01 or 0.1
mol/L HCI or NaOH were added to the suspensions in each vial to achieve the desired
initial pH values (2.0 — 12.0). After the vials involving these mixtures were put on a
horizontal shaker and shaken at a constant speed of 120 rpm for 24 h, these vials were
placed on a flat surface for 12 h without any disturbance to make sure of the complete
settlement of the large sized GO aggregates. Finally, the residual concentrations of
GO in the supernatant (mg/L) were measured by using UV—vis spectrophotometer
(UV—-2550, Perkin—Elmer) at a wavelength of 227 nm." For the determination of
unsorbed Cd(II)/P(V) concentrations in supernatant, the liquid and solid phases were
separated by centrifugation at 15000 rpm for 20 min, and then the supernatants were
filtered through 0.22 pm filtering membrane. The Cd(II) concentration in the
supernatant was determined by the atomic absorption spectrophotometry. The
phosphate concentration in the supernatant was determined by the blue
phosphate—molybdate complex at the wavelength of 700 nm. The removal
percentages of Cd(II) or P(V) on GO were calculated from the difference between the
initial concentration (Cy, mmol/L) and the final one (C., mmol/L) (Removal

percentage (%) = (Co—C.)/Cox100%). All the experimental data were averages of
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triplicate determinations, and the relative errors of the data were approximately 5%.
Theoretical Calculation.

For simplification, a graphene 5x4 supercell with the lattice constant of 2.46 A
modified by a hydroxyl group on the surface was employed as a computational
model,”* shown in Figure S2. The dangling bonds of the graphene fragment were
saturated by adding hydrogen atoms. To optimize the geometry, the quasi—relativistic
small—core pseudo—potential ECP28MWB and associated ECP28MWB valence basis
sets were adopted for cadmium,” while the 6-31G(d) basis set was applied for the
other light atoms H, C, O and P. The neutral GO and deprotonated GO (dGO) were
considered to simulate qualitatively low and high pH solution state, respectively. A
hexa—coordinated [Cd(H,0)s]*" is the dominant species in aqueous, hence, the
coordination number of Cd(II) cation are set to 6 for all initial optimized structures.
Based on the different addition sequences in experiment, the structures of
[Cd(H,0)6]*", [Cd-P—5H,0]", [GO-Cd—5H,0]*", and [GO-Cd-P-4H,0]", and the
corresponding deprotonated states were optimized at the B3LYP/6-31G(d) level of
theory in the aqueous state. Their Gibbs free energies, including the thermal
contribution, obtained at the same level were used to calculate the change of the
Gibbs free energies of the reactions, which can indicate the relative binding ability of

the GO with Cd(II).
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Effect of Ionic Strength on Cd(II)/P(V) Removal

Evaluation of ionic strength effect on sorption behavior is an effective macroscopic
method of inferring sorption mechanisms. To help compare and analyze the role of
ionic strength variation, experiments are conducted to determine the sorption of Cd(II)
on GO in 0.001 and 0.01 mol/L NacCl electrolyte solutions since the fact that C1 is the
common ion in aqueous environment. One can see from Figure S3 that the removal
percentage of Cd(II) on GO is not affected by ionic strength. It is well known that ion
exchange or outer—sphere surface complexation is affected by ionic strength, whereas
inner—sphere surface complexation is influenced by pH values. ® From the ionic
strength independence, one can deduce that inner sphere complexation of Cd(Il) with
oxygen containing functional groups of GO is the main mechanism for Cd(IT) removal
by GO in the presence of P(V). Similarly, the P(V) removal is independent of ionic
strength (Figure S14), suggesting surface complexation or strong chemical sorption is
the dominate mechanism for P(V) removal by GO in the presence of Cd(II).

Size distributions of GO

The size distributions of the GO particles as a function of pH values in different
systems have been monitored by a Zetasizer Nano—ZS90 Instrument (Malvern Co.,
U.K.) at 25 °C and presented in Figure S5. The responses of average sizes of GO in
the 1 mmol/L NaCl solution and solution containing 1 mmol/L NaCl and phosphate
(0.3 mmol/L P) to varying pH are contrary to those of residual concentrations of GO

nanosheets in the supernatant (Figure 2A), with GO average sizes being quite constant
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(~220 nm) from pH 4.0 to 12.0, then increasing sharply as pH decreases from 4.0 to
2.0. This increased average sizes (>1000 nm) below pH 4 are due to a reduction in the
hydrophilicity of GO. The average sizes of GO in the presence of Cd(II) and
Cd(ID)+P(V) are very large in the pH range of 4.0 — 12.0. These is consistent with the
results that the noticeable aggregations of GO in the presence of Cd(II) and
Cd(ID)+P(V) are observed in the whole tested pH ranges (Figure 2B in the manuscript).
Figure S5 also shows that the average sizes of GO in solution containing Cd(II) and
phosphate are larger than that of GO in solution only containing Cd(Il), which is
inconsistent with visual images of GO aggregate in solution only containing Cd(II)
and in solution containing Cd(II) and phosphate (Figure 4B in the manuscript). We
think the visual images of GO aggregate showed in Figure 4B are more credible.
The larger GO aggregates are easier to sediment. The fast depositions of the large GO
aggregate in the solution containing Cd(I) make them escape detection by particle
size analyzer. Although particle size analyzer can provide the trend of GO size
perturbations, it is not the accurate method to determine the actual GO sizes.

Effect of Initial Cd(II)/P(V) Concentration on P(V)/Cd(II) Removal

The batch experiments as a function of the Cd(II)/P(V) initial concentrations (Cd:P
ratio) were conducted by taking different concentrations of Cd(Il)/P(V) at a fixed
initial pH (7.50 £ 0.05). The presence of Cd(II) can bridge negatively charged GO and
P(V) anions, compress the double layer, neutralize negative charges of GO and P(V),

and thus increase the affinity between P(V) and GO. Besides, Cd(Il) can form
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precipitate with P(V). In the presence of Cd(Il), the retention percentage of P(V) (0.3
mmol/L P, pH 7.5) on GO increases from ~0% to ~40% as initial Cd(II)
concentration increases from 0.07 to 0.25 mmol/L, and then maintains unchanged at
Cd(II) concentration higher than 0.25 mmol/L (Figure S6). With the increase of initial
Cd(IT) concentration, more and more Cd(II) ions can form complexes with GO and
provide more sorption sites for P(V), resulting in an increase of P(V) retention on GO
through the formation of type A ternary surface complexes with Cd(Il) as the bridge
molecular. With the further increase of initial Cd(II) concentration, more Cd(II) ions
can form precipitate with the limited P(V). This also leads to the increase of P(V)
retention. However, the results of our addition sequences effect on the GO stability
suggest that the formation of precipitate can stable GO. While, there is almost no GO
in the supernatant in the presence of Cd(I) regardless of P(V) initial concentration.
Therefore, the formation of Cd—P precipitate can be excluded. In contrast, the
different initial concentrations of P(V) (0.03 — 0.3 mmol/L P) has no effect on Cd(II)
(0.3 mmol/L, pH 7.5) retention on GO (Figure S7).The dependence of P(V) sorption
on Cd(II) initial concentration and the independence of Cd(II) sorption on P(V) initial
concentration further support the formation of type A ternary surface complexes,
where Cd(II) bridges the GO surfaces and P(V) ions.

Sorption Isotherms of P(V) on GO

Figure S11 shows the sorption isotherms of P(V) on GO in the absence and presence

of Cd(Il) (C; = (Co—Ce)/mgoxV, where C; (mmol/g) was the concentration of P(V)
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sorbed on GO, V' (L) was the volume of the suspension, and mgo (g) was the mass of
the sorbents). One can see that in the absence of Cd(II), no P(V) ions were sorbed on
GO at low P(V) concentrations. While the sorption of P(V) ions on GO increased with
increasing P(V) concentration at high P(V) concentrations. This observed
phenomenon may be attributed to P(V) form precipitates with the residual Mn®" in
GO suspension from GO preparation at high P(V) concentrations. The sorption
isotherm of P(V) on GO in ternary system containing Cd(II) is higher than that of P(V)
on GO in binary system without Cd(II). The positive effect of Cd(II) on P(V) sorption
can be explained by Cd(Il) complexation with oxygen containing functional groups of
GO, reducing the electronegativity of GO and providing the sorptive sites for P(V), or
by Cd(Il) complexation with P(V), forming Cd—P aqueous complexes which have
higher affinity to GO as compared with P(V), or by the formation of Cd-P
precipitates. The first two suggests a surface—binding of P(V) through Cd(II) “bridge”
between the GO surface and P(V). According to the Visual MINTEQ calculation
(Figure S16), the Cd3(PO4), become the thermodynamically favored phase with the
increase of P(V) concentration. However, as mentioned above, there is almost no GO
in the supernatant in the presence of Cd(Il) regardless of initial P(V) concentration.
Therefore, the formation of Cd3(POy), precipitate can be excluded. One can deduce
that the enhanced sorption of P(V) by Cd(Il) is mainly due to the formation of type A
ternary surface complexes, and that the sorption of Cd(II) on GO occurs more quickly

than its precipitation. The latter suggests that the presence of GO will hinder the
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formation of Cd3(PQy); precipitate.

Sorption Isotherms of Cd(IT) on GO

The sorption of Cd(II) on GO as a function of Cd(II) concentration in the absence and
presence of P(V) was studied at pH 7.5 by varying Cd(II) concentration from 0.07 to
0.4 mmol/L, while keeping all other parameters constant. As shown in Figure S15, the
sorption of Cd(Il) is found to decrease in the order of ternary (GO+Cd+P) system >
binary (GO+Cd) system. In both systems, the sorption capacity first increases rapidly
and then increases slowly with increasing Cd(II) equilibrium concentration, which
belongs to an L—type isotherm. At low initial Cd(Il) solution concentration, the
surface area and the availability of sorption sites are relatively high, and the Cd(II)
ions are easily sorbed and removed. At higher Cd(II) initial solution concentration, the
total available sorption sites are limited, thus resulting in a slow increase in the
sorption capacity of GO. The sorption capacity in ternary (GO+Cd+P) system
increases much more rapidly than that in binary (GO+Cd) system, which may be
attributed to the formation of type A ternary surface complex or Cd3(PO,), precipitate.
As shown in Figure S16, as the initial P(V) concentration is higher than 0.003 mmol/L
P, Cd3(POy), precipitate become thermodynamically favored phase for an aqueous
system containing 0.001 mol/L NaCl and 0.3 mmol/L Cd(II) in contact with an
atmosphere containing 0.00035 atm CO, at pH 7.5, based on MINTEQ calculation.
The Langmuir isotherm model was used in the present study to describe and

understand the sorption mechanism. The sorption experimental data of Cd(II) onto
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GO in the absence of P(V) fit the Langmuir model well, while that of Cd(II) onto GO
in the presence of P(V) cannot, indicating the sorption of Cd(Il) onto GO in the
presence of P(V) may not be monolayer formation on a homogeneous surface. This
further support that the exposed P(V) in type A ternary surface complexes as a bridge
between the sorbed Cd(II) and the dissolved one and/or the formation the Cd-P
precipitate.

UV-vis Absorption Spectra of GO, Cd(Il), P(V), GO with Cd(II), and GO with
Cd(II) and P(V)

The UV-vis absorption spectra of GO, Cd(II), P(V), GO with Cd(Il), and GO with
Cd(II) and P(V) are shown in Figure S17. The Cd(II) and P(V) do not have a
characteristic peak within the studied wavelength range (200 — 600 nm). GO has a
characteristic peak at 227 nm. Meanwhile, the presence of Cd(Il) and P(V) does not
change the shape of GO’s UV—vis absorption spectrum and characteristic peak. These
results indicate that the presence of Cd(Il) and P(V) does not affect the UV—vis
measurement of GO.

Effect of Initial Cd(IT) Concentration on GO Colloidal Behavior

The effect of initial Cd(II) concentration on GO colloidal behavior in the absence and
presence of P(V) was studied at pH 7.5 by varying Cd(II) concentration from 0.067 to
0.4 mmol/L. Figure S18A shows that the increase of Cd(II) initial concentration
decreases the GO concentration in solution. In the presence of P(V), the values of GO

concentration decrease from 25 mg/L to ~ 2 mg/L as initial Cd(II) concentration
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increases from 0.1 to 0.25 mmol/L, and then maintain unchanged at Cd(II)
concentration higher than 0.25 mmol/L (Figure S18A). No matter whether the P(V)
presents or not, Cd(I) can compress the electric double layer of GO, neutralize
negative charges of GO, and coordinate with the oxygen containing groups of GO,
resulting in destroying the stability of GO in solution. With the increase of initial
Cd(II) concentration, more and more Cd(II) ions could interact with GO and make
more GO aggregate, resulting in a decrease of the GO concentration in solution. At
the low initial Cd(II) concentration of 0.15 mmol/L, the excess amounts of P(V) (0.3
mmol/L P) weaken the effectiveness of Cd(I) in destabilizing GO, so the value of GO
concentration in the presence of P(V) is higher than that in the absence of P(V). At the
initial Cd(II) concentration high than 0.15 mmol/L, the presence of P(V) has no
notable effect on the colloidal behavior of GO in the Cd(II) aqueous solution.

Effect of Initial P(V) Concentration on GO Colloidal Behavior

The change in the GO concentration as a function of P(V) concentration in the
absence and presence of Cd(Il) was studied at pH 7.5 by varying P(V) concentration
from 0.03 to 0.3 mmol/L P. Figure S18C showed both in the absence and presence of
Cd(ID), the initial P(V) concentration had no effect on the values of GO concentration.
In the absence of Cd(Il), the behaviors of the GO aggregation can be described as a
balance between the anion (ClI° and H,PO, ) and cation (Na') interfacial
concentrations. On one hand, the Na' concentrations increased from 1.03 to 1.3

mmol/L with increasing P(V) initial concentration, which is far below the critical
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coagulation concentration values of GO (44 mmol/L NaCl reported by Chowdhury
and coworkers’ and 188 mmol/L NaCl reported by Wu and coworkers®). On the other
hand, the presence of HPOs can weaken the effectiveness of Na' in destabilizing
GO." So, in the absence of Cd(II), GO is highly stable in the whole tested P(V) initial
concentration.

In the presence of Cd(Il), the values of GO concentration decreased notably. The
supernatants in all vials became transparent. The great effect of Cd(II) on
destabilizing GO was mainly due to the binding capacity with oxygen—containing
groups of GO nanosheets by Cd*". The sorption isotherms of P(V) on GO in the
presence of Cd(II) (Figure S13) show that the presence of Cd(II) has a positive effect
on P(V) sorption due to the formation of type A ternary surface complexes at low P(V)
concentrations and/or to the formation of Cd;(POs4), precipitate at high P(V)
concentrations. Based on the results of our addition sequences effect on the GO
stability, the formation of precipitate can stable GO. However, there is almost no GO
in the supernatant containing Cd(Il) regardless of P(V) initial concentration (Figure
S18D). Therefore, the formation of Cd;(PO,), precipitate can be excluded. And the
enhancement of P(V) removal and the reduction of GO stability in the presence of
Cd(II) for ternary system is mainly attributed to the formation of the type A ternary
surface complexes under our experimental conditions.

XPS Characterization and Analysis

In order to determine surface element composition, the XPS spectra were recorded
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using a Thermo Escalab 250 electron spectrometer with an Al Ka radiation at 150 W.
The XPS data were analyzed using the XPSPEAK software (version 4.1). The
Gaussian—Lorentzian fitting were used following Shirley background subtraction.

The XPS spectra of survey and high resolution scans for the C 1s, O 1s, Cd 3d, and P
2p of GO before and after adsorption were shown in Figure S19. Deconvolution of the
C 1s, O 1s, and Cd 3d spectra gives three peaks, three peaks, and two peaks,
respectively. The peaks associated with oxygen functional groups in C 1s spectrum
and the O Is spectrum of GO without metal ions differs significantly from spectra for
GO with adsorbed metal ions, both in the shape and the maximum position, providing
the evidence that the oxygen—containing functional groups on the surface of GO take
part in adsorption of metal ions. The slight differences (both in intensities and peak
positions) can be observed for Cd 3d spectra without and with phosphate. Meanwhile,
the occurrence of characteristic single peak of P 2p is observed in ternary system.
Both suggest phosphate participate in Cd(II) adsorption in ternary system.
Consideration the negatively charged GO and phosphate are electrostatically
unfavorable, the formation of ternary surface complexes with Cd(II) as a bridge is the
dominant mechanism.

According to XPS analysis, the element compositions of each sample are summarized
in Table S1. The GO has a high content of O concentration (about 26%), indicating
the existence of many potential adsorption sites. The P content of the (GO+Cd+P)

sample is found to be 3.95%. The ratio of Cd to P for this sample is found to be about
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1.4, which is lower than that in Cd3(POs); (1.5). Therefore, the Cd3(POs4), precipitate
is not formed under this condition, in accordance with the results of batch experiments
and GO stability, which indicate that the removal of Cd(Il) is not attributed to
Cd;(PO4), precipitation at pH < 9.5 when Cd(II), phosphate and GO are added
simultaneously. The ratio of Cd to P in the (GO+Cd+P) sample is higher than 1, which
further supports our deduce that the exposed P(V) in type A ternary surface complexes
can act as the new sorptive sites to adsorb the dissolved Cd(II) in solution

continuously via electrostatic attraction and complexation.
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Figure S1. Saturation index of Cd3(PO4),, Cd(OH),, Cd(OH)CI, halite, natron, otavite,
and thermonatrite calculated using Visual MINTEQ for an aqueous system containing
0.001 mol/L NaCl, 0.3 mmol/L Cd(Il), and 0.3 mmol/L P(V) in contact with an

atmosphere containing 0.00035 atm CO,.

Figure S2. The graphene 5x4 supercell with lattice constant of 2.46 A size modified

by a hydroxyl group on the surface for the computational model.
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Figure S3 Effect of ionic strength on Cd(II) sorption on GO in the presence of P(V). T
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Figure S4 The concentrations of Cd(II) species at various pH values. Cicqanyinitial = 0.3
mmol/L. Cd(Il) species were calculated by a chemical speciation model (Visual
MINTEQ version 3.0), which is downloaded freely from
http://www?2.lwr.kth.se/English/OurSoftware/vminteq/download.html.
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312 Figure S15 Sorption isotherms of Cd(II) on GO in the absence and presence of P(V).

313 pH = 7.5, CP(V)initial = 0.3 mmol/L P, CGO(iniﬁal) =25 mg/L, and /= 0.001 mol/L NaCl.
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314

315  Figure S16 Saturation index of Cd3(PO4), as a function of initial P(V) concentration
316  calculated using Visual MINTEQ for an aqueous system containing 0.001 mol/L NaCl
317  and 0.3 mmol/L Cd(Il) in contact with an atmosphere containing 0.00035 atm CO, at

318  pH7.5.
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Figure S17 UV—vis absorption spectra of GO, Cd(II), P(V), GO with Cd(II), and GO

with Cd(IT) and P(V).
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Figure S18 (A) Residual concentrations of GO nanosheets in the supernatant as a
function of the Cd(II) initial concentration in the absence and presence of P(V); (B)
Optical photograph showing the dispersion of GO as a function of the Cd(II) initial
concentration in the absence and presence of P(V). pH = 7.5, Csoginitialy = 25 mg/L,

Cp(vyinitial = 0.3 mmol/L P, and 7/ = 0.001 mol/L NaCl. (C) Residual concentrations of
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329 GO nanosheets in the supernatant as a function of the P(V) initial concentration in the
330 absence and presence of Cd(IT); (D) Optical photograph showing the dispersion of GO
331 as a function of the P(V) initial concentration in the absence and presence of Cd(II).

332 pH = 7.5, CGO(initial) =25 mg/L, CCd(II)initial =0.3 mmol/L, and /= 0.001 mol/L NaCl.
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336  Figure S19 XPS survey scan and high resolution scans of GO, GO+Cd, and

337  GO+Cd+P. (A) Total survey scans, (B) C 1s peaks, (C) O 1s peaks, (D) Cd 3d peaks,
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339
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341

342

(E) P 2p peak. Cgo =25 mg/L, pH="7.5,1=0.001 mol/L NaCl.
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343  Table S1 Elemental compositions of GO before and after Cd(Il) and phosphate

344  adsorption as determined through XPS

Sample

Element composition

GO

GO+Cd

GO+Cd+P

C(%)

74.21

60.96

54.46

0(%) Cd(%) P(%) Na®%) Cl(%)
25.79 0 0 0 0
2218 299 0 598  7.89
3341 561 395 18 0.7

345
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