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ABSTRACT: Zirconium oxide archored onto reduced graphene oxides
(ZrO,@rGO) was fabricated via a hydrothermal method and used for
Re(VII) removal from aqueous solutions. Scanning electron microscopy,
Fourier transferred infrared spectroscopy, X-ray diffraction, thermogravi-
metric analysis, and X-ray photoelectron spectroscopy were used to
characterize the as-prepared ZrO,@rGO. The results indicated that ZrO,

was successfully decorated on rGO. The maximum sorption capacity of
ZrO,@rGO toward Re(VII) was 43.55 mg/g. ZrO,@rGO exhibited
enhanced sorption capacity for Re(VII) in comparison with bare ZrO, or

rGO. The sorption kinetics could be described by the pseudo-second-order
equation. The sorption process of Re(VII) on ZrO,@rGO was
endothermic and spontaneous. X-ray photoelectron spectroscopy indicated ()
the formation of an ionic bond of Zr—O with Re(VII). According to the
density functional theory calculations, Og,—Zr bonds on the surface of the monoclinic ZrO, plane (m-ZrO,) (111) plane and
tetragonal ZrO, (t-ZrO,) (111) plane were formed when Re(VII) sorbs. The sorption energy of Re(VII) onto the t-ZrO, (111)
plane was 3.87 eV, being higher than that of Re(VII) onto m-ZrO, (1.26 V).
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B INTRODUCTION (nonradioactive metal element) to simulate the chemical and

. . I 99
Technetium-99 (Tc®) is the byproduct of U™ fission in physical properties of radioactive element ~Tec. . .
nuclear reactors. Tc” decays via /3 emission, presenting internal There are some reports on the removal of Re(VID), including

radiological hazards to internal organs and external hazards to modified nano-Al,0;, NZVI, PANI, mo§1ﬁed brown algae,
the skin.'™ Radioactive element *Tc exists in the most oranges_%eel (Zr (VI)-loaded)', and persimmon (formal'de-
thermodynamically steady heptavalent pertechnetate anion hyde). However, the sorption capacities of these materlhals
(TcO,”) predominantly.’ Once the groundwater is contami- were very low. Therefore, it is important to develop novel high
nated by radlonuchde waste, TcO,~ can diffuse through soil capacity sorbents for Re(VII) re'moval.. )

very easily.*”® Therefore, a promising efficient approach for the The bydrothermal met}.lod. 15 a §1mple, convenient, and
treatment of Tc(VII)-contaminated waste is necessary. Tc is economical method to modify Inorganic materials (.mterchange?,-
only available in limited quantities as man-made, radioactive able). All one needs to d(_) 1s add. these materials or their
isotopes. Therefore, a more readily available and nonradioactive precursors into a Teﬂo'n-hnec'l stalnlciss steel e}ut()'clave to
surrogate of ®Tc is needed to emulate its chemical and prepare organic—inorganic hyb'rld materl.als. Orgamc—.lnorgamc
sorption behavior. One of the most important promising hybrld.matelz?als hav_e leawn w1_de attention for. removing heavy
candidates for a Tc surrogate is Re.””” Re in the periodic table metal ions. Organlc_—lnorganlc bybrld materials show several
was selected as an attractive surrogate for Tc due to the remarkable and amazing properties, e.g, a very lflrge 'sgrface
proximities of Tc with Re based on the first-principles basis.* area to volume ratio and flexibility in surface functionalities, as

The most stable oxidation state of the Re and Tc species is +7

in solution or solid state. The main forms of Re and Tc are Received: September 24, 2016
ReO,” and TcO,™ anions in aqueous environments almost over Revised:  January 21, 2017
the entire pH range from 0 to 14." Therefore, we chose Re Published: January 27, 2017
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Figure 1. (A) XRD patterns of (a) ZrO,@rGO and (b) particles of ZrO,. (B) FT-IR spectra of ZrO,@rGO(90:800) and particles of ZrO,. (C) XPS

characterization of ZrO,@rGO before and after Re(VII) sorption.

. . 14—16 s . .
well as superior mechanical performance. Zirconium oxide

(ZrO,) is an inorganic material that has been widely used as a
sorbent because it is nontoxic, chemically inert, and insoluble in
water.'”~*° Hristovski et al.'® used ZrO, as a sorbent to remove
As(V). Rodrigues et al>® reported Cr(VI) removal from an
aqueous solution by hydrous ZrO,. Luo et al.*' used ZrO, to
remove Sb(V) and Sb(III). Cui et al.** used nanostructured
ZrO, spheres for a fixed bed reactor to simultaneously remove
As(V) and As(IID).

In the present work, ZrO, particles were decorated on the
surface of reduced GOs (denoted by ZrO,@rGO) by a
hydrothermal method. Scanning electron microscopy (SEM),
X-ray diffraction, photoelectron spectroscopy (XRD and XPS),
Fourier transform infrared spectroscopy (FT-IR), thermogravi-
metric analysis (TGA), and zeta-potential measurements are
used to characterize ZrO,@rGO. The anion Re(VII) sorption
on ZrO,@rGO was studied using the change in shaking time,
pH, ionic strength, and temperature in batch experiments. We
proposed a possible removal mechanism for Re(VII) using X-
ray photoelectron spectroscopy (XPS) and density functional
theory (DFT) calculations. We demonstrated that ZrO,@rGO
was a promising candidate for Re(VII) removal.

B EXPERIMENTAL SECTION

Chemicals. All chemicals were analytical purity grade without
further treatment. All water in this experiment is Milli-Q (Milli-pore,
Billerica, MA, U.S.A.). Re(VII) stock solution (1.0 mmol/L) was
prepared by dissolving NaReO, in Milli-Q water.

Preparation of ZrO,@rGO. A simple hydrothermal method was
used to prepare ZrO,@rGO. The modified Hummer’s method was
used to prepare GOs.”® First, 90 mg of GO was dispersed in 50 mL of
isopropanol and then sonicated for 30 min before adding up to 800 mg
of ZrOCl,-8H,0. Subsequently, S mL of NaOH solution was dripped
into the above mixture and stirred for 2 h at room temperature. After
that, the mixture was transferred into a 100 mL Teflon-lined autoclave
and maintained at 180 °C for 16 h. The obtained sample was washed
with Milli-Q water and ethanol repeatedly. Finally, the prepared
sample was dried by vacuum freeze-drying (—60 °C) for about 12 h.
As a comparison, ZrO,@rGO composites with the mass ratios of ZrO,
to GO (200:90, 400:90, 1600:90) were synthesized the same way.

Characterization and sorption experiments are described in the
Supporting Information.

2164

Theoretical Interatomic Sorption Analysis by DFT. All the
calculations based on DFT were carried out using Vienna Ab initio
Simulation Package code,””*® using the projected-augmented-wave
potential (PAW) method.””*® General gradient approximation
calculations were carried out by using the exchange-correlation
functional parametrized.>’ The valence states of 2s22p* of O,
5£5d%s> of Re, and 4d*5s*> of Zr were included in the PAW
potentials.The convergence of plane-wave expansion was obtained
with a cutoff energy of 400 eV. The monoclinic ZrO, (m-ZrO,) and
tetragonal ZrO, (t-ZrO,) surface on (111) planes were represented by
aslabin a (2 X 2) supercell, and the model bottom was fixed with a 1§
A vacuum layer. The k-point meshes in the Brillouin zone (BZ) were
sampled by 4 X 4 X 2. All structures were optimized to the forces on
all unconstrained atoms less than 0.01 eV/A.

The adsorption energy (E,4) of the Re(VII) molecule was calculated
as

Ead = Esurface + ERe - ERe/surface

(1)

where E .. is the surface energy, Eg, is the Re(VII) molecule energy,
and Eg, /quace i the total energy of the Re(VII) molecule sorbed on the
surface. A positive E 4 value implies a stable sorption.

B RESULTS AND DISCUSSION

Characterization of ZrO,, rGO, and ZrO,@rGO. Figure
S1A shows that the rGO sheets are smooth and delicate, and
the sheets have a slight wrinkled-layer structure. Figure S1B
shows that ZrO, is irregularly particles. Figure S1C shows that
ZrO,@rGO is cracked and coarse on the surface. It is evident
that ZrO, is homogeneously aggregated and embedded on the
rGO sheets.

The XRD patterns of ZrO,@rGO and pure ZrO, particles
are shown in Figure 1A. It is evident that ZrO, is the t-ZrO,
and m-ZrO, mixture phases in the pure ZrO, particles
(according to PDF 37-1484). After ZrO, was doped into
GO, the tetragonal ZrO, plane (t-ZrO,) was the predominant
phase (according to PDF 42-1164). The reduction of most m-
ZrO, peaks of ZrO,@rGO demonstrates that the ZrO,
nanoparticles are dispersed on the surface of rGO nanosheets
and do not aggregate into well-formed large crystal sizes for
strong sharp XRD peaks.”’ The dramatic attenuation or
disappearance of ZrO,’s m-ZrO, characteristic peak in
ZrO,@rGO may contribute to stacking of rGO nanosheets
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Figure 2. (A) TGA curves of ZrO, and ZrO,@rGO. (B) N, adsorption—desorption isotherms of ZrO, and ZrO,@rGO. (C) Distributions of pore
diameter of ZrO, and ZrO,@rGO. (D) Zeta potentials of GO, rGO, ZrO,@rGO (90:800), and particles of ZrO, vs pH. Here, m/V = 0.1 g/L and I

= 0.01 mol/L NaNO;,.

or incorporation of ZrO,@rGO into the composites. Although
the intensity in different materials of ZrO, between t-ZrO, and
m-ZrO, is changing, the most distinctive peak near the 26 angle
of ~30.4° is typical of a t-ZrO, structure zirconia and is still
present. In the XRD patterns of ZrO,@rGO, there is an
unimpressive peak at 26 = 26°, representing the characteristic
peak of rGO, which makes a small peak at 20 = 24.34° in ZrO,
become stranger and broader in ZrO,@rGO. Figure S2 shows
the XRD patterns of GO (used as the original material in our
experiment) and rGO nanosheets. The peaks of 9.02° and 26°
are the characteristic peaks of GO and rGO, respectively.
The FT-IR spectra of GO and rGO are presented in Figure
S3. The absorption peaks at 1735, 1625, 1385, 1227, and 1081
cm™" in the FT-IR spectrum of GO are due to C=0, aromatic
C=C, carboxyl O=C-0, epoxy C—-O, and alkoxy C-O
stretching vibrations, respectively. The FT-IR spectra of rGO
consist of apparent peaks at 1623 and 1556 cm™'
corresponding to the aromatic C=C stretch, whereas the
peak at 1234 cm™' represents the C=0, and epoxy C—O
peaks are not completely reduced. The FT-IR spectra of
ZrO,@rGO and the pure ZrO, particles are presented in Figure
1B. The strong absorption peaks at 3420, 1631, and 1558 cm™"
of pure ZrO, are owing to stretching vibrations of the
stretching v (—OH) and bending § (—OH) of coordinated
water or the water molecules retained in the ZrO, matrix. The
FT-IR spectra of ZrO,@rGO consist of apparent peaks at 1577
and 1686 cm™' corresponding to the aromatic C=C stretch,
whereas the weak peak at 1224 cm™' represents the epoxy C=
O or C=O0 peaks, which are not completely reduced in rGO.
The chemical composition of ZrO,@rGO before and after
Re(VII) sorption was analyzed by XPS (Figure 1C). The peaks
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corresponding to Zr 3d, O 1s, C 1s, and Re 4f are identified in
the scan spectrum clearly. The presence of Re 4f in the
resultant sample further confirms Re(VII) sorption onto
ZrO,@rGO. The expatiation of all the XPS fitting results,
including peak position and assignment, is discussed in the XPS
Analyses section.

The TGA curves of raw ZrO, and ZrO,@rGO (800:90) are
shown in Figure 2A. The mass loss below 200 °C may be due
to the mass loss of water evaporation. The first mass losses of
Zr0O, and ZrO,@rGO were calculated to be 4.43% and 7.49%,
respectively. The second mass loss process appearance in ZrO,
may be owing to the crystal water doping from the synthetic
process or in the interlayer. The second mass loss of ZrO,@
rGO ascribes to the oxidative decomposition of the rGO
framework. All results above confirm that ZrO, has been
decorated on the surface of rGO successfully with 66.9% of the
content approximately.

The N, adsorption/desorption isotherms of ZrO, and
ZrO,@rGO are shown in Figure 2B and Figure S4A. The
N,—BET surface areas of ZrO,@rGO(800:90) and ZrO, were
calculated to be 272.73 and 25.90 (m?®/g), respectively. The
N,—BET surface areas of the rGO and ZrO,@rGO composites
with the mass ratios of ZrO, to GO of 200:90, 400:90, and
1600:90 were calculated to be 296.00, 18.47, 40.29, and 223.90
(m®/g), respectively. The BET surface area of ZrO,@rGO is
higher than ZrO, and therefore provides more sorption sites.
With the increasing mass ratios of ZrO, to GO, the BET
surface area of ZrO,@rGO increases first and then decreases.
From the distributions of pore diameters of ZrO, and ZrO,@
rGO (Figure 2C and Figure S4B), ZrO,@rGO possesses more
large amounts of macropores (>500 A) in its structures than
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Figure 3. (A) Effect of contact time on Re(VII) sorption onto ZrO,@rGO(800:90): pH 4.0 + 0.1, m/V = 0.1 g/L, Cire(vmJinitia = 10.00 mg/L, and
T =293 K. (B) Fitting of the pseudo-first-order (imaginary line) and pseudo-second-order (solid line) kinetic models. (C) Effect of pH on Re (VII)
sorption to different mass ratio ZrO,@rGO: m/V = 0.1 g/L, Clre(vin)Jinitil = 10.00 mg/L, I = 0.01 mol/L NaNOj, and T = 293 K. (D) Effect of ionic
strength on Re(VI) sorption on ZrO,@rGO(800:90): pH 4.0 + 0.1 and m/V = 0.1 g/L.

ZrO,. Furthermore, there are micropores (<20 A) and
mesopores (20—500 A) in the structures of ZrO,@rGO. The
growth of ZrO, crystals on the rGO surface will block the rGO
mesopores, leading to the amounts of mesopores decreasing.
However, with the ratio of ZrO, increasing, new mesopores will
be formed between ZrO, particles growing on the surface of
rGO. The porous structure favors the rapid diffusion of sorbate
by providing interconnected and low-resistance channels for
the sorbent, which is beneficial for the sorption.

Zeta potential (ZP) values of GO, rGO, ZrO,, and ZrO,@
rGO were measured and are shown in Figure 2D. The surface
of GO and rGO is negatively charged within the pH range from
3.0 to 11.0, while the ZP values of rGO is higher than GO. It
can be explained that GO with abundant functional groups is
difficultly protonated and positively charged, and the reduction
of GO to rGO reduces the functional groups. The positively
charged ZrO, is easily decorated on the negatively charged
surface of rGO because of the electrostatic attraction. The
ZrO,@rGO surface is positively charged ranging from pH 1.5
to 6.2 due to the positively charged ZrO, decorated on the rGO
surface. The point of zero charge (pHpzc) value of ZrO,@rGO
is 6.2. Such considerations that predict the impact of pH on
anion Re(VII) to ZrO,@rGO are evaluated later.

Sorption Kinetics. Figure 3A shows the impact of shaking
time on the sorption of anion Re(VII) on ZrO,@rGO. The
sorption of the Re(VII) anion on ZrO,@rGO increases quickly
at first; after that, it remains stable with the rising time. The
shaking time in all the later experiments is fixed 24 h to ensure
the Re(VII) anion sorption process complete equilibrium. The
kinetics sorption was described by the pseudo-first- order (eq 1)
and pseudo-second order (eq 2) rate equations:*””’
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1 X t
1 — = —
8(a, —g) =18(q) — ——— 2)
t 1 1
— 72 +—t
9% 2Ka 4 (3)

where g, (mg/g) and g, (mg/g) are the sorption capacities at
equilibrium and time t (h), respectively, k; (h™') is the rate
constant of first-order sorption, and k, (g/(mg h)) is the one of
the second-order reaction. The fitting results of pseudo-first-
order (plot of lg(q. — g.) versus t (h)) and pseudo-second-
order (plot of t/g, versus t (h)) are shown in Figure 3B. The
relevant parameters are shown in Table S1. The correlation
coefficient of the pseudo-second-order rate equation is 0.997
(pseudo-first-order: 0.863), which confirms that the rate
equation of pseudo-second-order fits well the sorption kinetics
of Re(VII).>*%¢

Effect of Solution’s pH and Anion. The solution’s pH
impacts the surface complexation process through changing the
electric charge of the sorbate and sorbent surface.'® The
sorbent surface will be positively charged once the pH of the
solution is lower than the pHp, ¢ (point of zero charge). On the
contrary, when the pH is higher than the pHp; of the sorbent,
the sorbent surface will be negatively charged. The effect of the
solution’s pH on the sorption of Re(VII) onto ZrO,@rGO
with the mass ratios of ZrO, to GO of 200:90, 400:90, 800:90,
and 1600:90 was studied from pH 2.0 to 11.0. As shown in
Figure 3C and D, the sorption of Re(VII) depends strongly on
the extra anion strength and the solution’s pH. The sorption on
the different mass ratios of ZrO,@rGO decreases slow at pH
values from 2.0 to 4.0 and then decreases sharply with the

DOI: 10.1021/acssuschemeng.6b02317
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Table 1. Values of Thermodynamic Parameters for Re(VIL) Sorption on ZrO,@rGO

Langmuir Freundlich D-R
T (K) Comx (mg/g) b (L/mg) R Ky (mg'™ L"/g) n R B (mg*/kJ*) Comax (mg/8) R
293 43.55 0.210 0.987 11.15 0.410 0.885 1.75 X 107¢ 34.24 0.975
313 47.39 0.877 0.999 24.47 0.224 0.863 446 x 1077 43.37 0.976
333 62.50 1.345 0.999 50.77 0.060 0.830 1.37 X 1077 58.66 0.980

increase in pH value from 4.0. This phenomenon is similar to
the trend of the ZP’s changing of ZrO,@rGO. From pH 2.0 to
4.0, ZrO,@rGO shows the largest sorption capacity of Re(VII).
Therefore, the experiments of sorption kinetics and isotherms
were conducted at pH 4.0 in this study. The pH,,. of ZrO,@
rGO with different ratios is increasing from 4.8 to 6.0,
indicating that at pH below 4.8 the ZrO,@rGO is carrying
positive charges because of the surface protonation. The
electrostatic attraction probably plays an significant impact on
the sorption process of Re(VII) onto ZrO,@rGO. The
perrhenate anions (ReO,”) predominate over almost the entire
pH range from 0 to14 under solution conditions.”

When pH ranges from 2.0 to 4.0, the surface of ZrO,@rGO
is positively charged and keeps decreasing slowly. So, the
electrostatic attraction between ReO,” and ZrO,@rGO
decreases very slowly, leading to the gradual decrease in
Re(VII) sorption.

Re(VII) sorption on the ZrO,@rGO can be through
electrostatic attraction and surface complexation

=SOH," + ReQ,” — = SOH,"~-ReO,” ()

However, from pH > 4.0, the concentration of ReO,” increases
and the positive charge of ZrO,@rGO reduces. The electro-
static attraction force between ReO,” and ZrO,@rGO
gradually was weakened, leading to reduction of Re(VII)
sorption on ZrO,@rGO.

From pH above 6.0, ZrO,@rGO(800:90) is negatively
charged because of the deprotonating process of competitive
sorption of hydroxyl on the surface. At the same time, most
Re(VII) is in the form of ReO,  anions. ZrO,@rGO and
Re(VII) ions will repel each other through the charge repulsion.
The increase in pH probably results in increasing the
electrostatic repulsive force and the concentration of OH,
which decreases the sorption capacity of Re(VII) on ZrO,@
rGO. The repulsion force will increase with the rise in the
solution’s pH. This is the reason why the sorption capacity
decreased extremely low from pH 4.0 to 11.0 gradually. The
same phenomenon was also discovered in the sorption process
of Re(VII) onto the modified nano-ALO;.” and the dye
(negative electricity) adsorption on PANI/@-ZrP had the same
consequence."”

The interaction between ZrO,@rGO and the extra ions in
the solution system is also studied. The surface of ZrO,@rGO
is positively charged and has lower adsorption capacity to
cations at pH < 6.2 due to the electrostatic repulsion.
Therefore, the effect of cations was neglected. The sorption
of Re(VII) may be affected by extra anions in solution from two
modalities: (1) the competing ion-exchange with extra anions
(NO;7) and (2) the general impact of the “saline effect” and
“ionic atmosphere” caused by all the extra ions (Na*, OH™, and
all other), while ignoring the possible sorption on the surface.
Here, the impact of NO;~ concentration on the sorption
mainly comes from the competing sorption effect.'” The
sorption of the Re(VII) anion onto ZrO,@rGO is the highest
in the solution without extra NO;~, while the lowest in the
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solution with 0.5 mol/L NO;~. With the rise in
NO,; concentration, the sorption capacity of Re(VII) reduces
gradually. The above results make it clear that the outer-sphere
complexation contributes to Re(VII) sorption on ZrO,@
[ GO

Sorption Isotherms. The sorption isotherms of Re(VII) at
293, 313, and 333 K on ZrO,@rGO (800:90) are illustrated in
Figure SSA. The sorption capacity of Re(VII) on ZrO,@rGO
increases with the temperature rising, which demonstrates that
higher temperature favors the sorption of Re(VII). To better
understand the sorption mechanism and quantify the sorption
data, the Langmuir, Freundlich, and D—R models (described in
the Supporting Information) are used to describe the
experimental data.

Figure SSB—D show the simulated results. The relative
parameters calculated from the three sorption models are
shown in Table 1. Through comparing the correlation
coefficients, we find that the Langmuir model describes the
experimental data better than the other two sorption models.
The values of C,,,, calculated from the Langmuir model at T =
333 K for Re(VII) sorption on ZrO,@rGO are the highest,
while calculated at T' = 293 K are the lowest, indicating that the
sorption process of Re(VII) is enhanced by the rising
temperature.

The thermodynamic parameters (AH’, AS°, and AG°) for
Re(VII) sorption on ZrO,@rGO are calculated from the
temperature-dependent sorption isotherms. The Gibbs free
energy change (AG’) is calculated by the following equation:

(10)

where K° is the constant of sorption equilibrium. Values of In
K° are calculated by plotting in Ky versus C, and extrapolating
C. to zero (Figure S6A). Its intercept with the vertical axis gives
the value of In K,

AG = —RTIn K°

In(K°) = AS _ %

R (11)

where the R is the constant of the universal gas (8.314 ] mol K)
and T is the temperature in Kelvin. By plotting In K° versus 1/T
(Figure S6B), we can obtain the —AH’/R value from the slope
and the AS°/R value from the intercept.

The positive value of AH® (Table S2) proves the
endothermic sorption process. A possible reason for the
positive value of AH® is that the Re(VII) anion can be
dissolved in the water well, while the hydration sheath from
anion Re(VII) needs to be broken before it is sorbed on the
ZrO,@rGO surface.

The process of dehydration needs energy to break the
hydration sheath, which will be promoted at higher temper-
ature. The energy surpasses the anion sorption exothermicity
on the solid surface.'””® This hypothesis proves that the
endothermcity in the process of desolvation is higher than the
sorption enthalpy to some extent. The negative change of AG’
indicates a spontaneous process. The values of AG® decrease
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Figure 4. (A) Sorption isotherms of Re(VII) sorption onto ZrO,, rtGO, and ZrO,@rGO (800:90):pH 4.0 = 0.1, I = 0.01 mol/L NaNO3, m/V = 0.1
g/L, and T = 293 K. (B) Sorption isotherms of Re(VII) sorption on ZrO,@rGO with mass ratios ZrO, to GO of 200:90, 400:90, 800:90, and
1600:90. (C) Color change of the sorbent we used in this work. (D) Recycling of ZrO,@rGO in the removal of Re(VII).

following the increasing temperature, which is more beneficial
to the sorption process at higher temperature. At higher
temperature, anions are easily desolvated, and then, the process
of sorption becomes more easy. The sorption process of
Re(VII) onto ZrO,@rGO is endothermic and spontane-
ous.””* The positive value of entropy change (AS°) indicates
some structural changes of sorbate and sorbent during the
sorption process, leading to the disorderness of the solid—
solution systems. What is more, the Re(VII) anion is encircled
by a strong bound hydration layer of highly ordered water
molecules in the solution. While the Re(VII) anion comes into
close interaction with the hydration surface of the sorbent, the
ordered water molecules in the two hydration layers compel
and disturb each other, which increases the AS° of the water
molecule.'*

Figure 4A shows the typical isotherms of Re(VII) sorption
on ZrO,, rGO, and ZrO,@rGO. ZrO,@rGO showed a more
intensive sorption capability of Re(VII) than individual ZrO,
(24.85 mg/g) and rGO (9.50 mg/g) because of its more
positively charged active binding sites than rGO and higher
specific surface area than ZrO,. The positively charged ZrO,
and high BET surface area of rGO provided more active
binding sites, which was expected to explain the high Re(VII)
sorption on ZrO,@rGO.”" Table S3 shows the gy, values of
anion Re(VII) on other sorbents. The sorption capacity of
ZrO,@rGO (43.55 mg/g) is the highest compared to the
former reported sorbents. For example, the sorption capacity of
modified BA is 37.20 mg/ g,6 the modified nanoaluminum oxide
is 1.85 mg/g,9 and so on.

As a comparison, ZrO,@rGO composites with mass ratios of
ZrO, to GO of 200:90, 400:90, 800:90, and 1600:90 were
prepared. From Figure 4B, the sorption of Re(VII) on ZrO,@
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rGO composites with the mass ratio of ZrO, to GO of 200:90
is the lowest, and with increasing ZrO,, the content of sorption
increases. This is due to the sorption capacities from the
positively charged ZrO, through electrostatic attraction.
However, with an increase in mass ratios from 800:90 to
1600:90, the sorption capacities decrease because much ZrO,
not only occupied active sites of rGO but also decreased the
BET specific surface area. Futhermore, rGO has a limited load
capacity of ZrO,. Thus, with an increasing content of ZrO,,
some ZrO, cannot successfully decorate on the surface of rGO.
However, it will form individual ZrO,, and therefore, the
sorption capacity decreases.

Figure 4C shows the color change of the sorbent. The color
of GOs is claybank. Through hydrothermal reduction, claybank
GOs turn into black rGO, while the color of ZrO, is milky. The
color of different ratios of ZrO,@rGO becomes shallow
gradually with the increase in the ratio of ZrO,.

The recycling of ZrO,@rGO (200:90) was also studied. In
brief, the sorbent after Re(VII) sorption was rinsed with 6 mL
of NaOH dilute solution (0.05 mol/L). Then, the suspension
solution was centrifuged after a day, and the solid was dispersed
with 6 mL of dilute HNO; (0.05 mol/L) and then rinsed with
Milli-Q water. After centrifugation, ZrO,@rGO was dried at
—60 °C by vacuum freeze-drying and reused.'’ Figure 4D
shows that the sorption of Re(VII) on ZrO,@rGO decreases
slightly with the increase in recycling times. However, the
reduction is less than 5% after recycling five times, showing the
good reusability of ZrO,@rGO.

XPS Analyses. The chemical composition of ZrO,@rGO
before and after the sorption of Re(VII) was measured by XPS.
Table S4 shows the XPS details of ZrO,@rGO before and after
Re(VII) sorption. As shown in Figures 1C and S of the scan
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Figure S. XPS survey spectra of (A) C 1s, (B) O 1s, (C) Zr 3d, and (D) Re 4f.
spectra, there are the obviously peaks corresponding to C 1s, O N
1s, Zr 3d, and Re 4f. The presence of Re(VII) in the resultant Re
sample further confirms Re(VII) sorption onto ZrO,@rGO. "
The peak at a binding energy of 284.77 €V is assigned to C 1s 2.06 A\ 7r 216A /

(Figure SA), and no obvious change of C 1s has been identified
before and after Re(VII) sorption.

From Figure SB, the Oy, (lattice oxygen: C—O and C—O—
Zr) peak strength decreased after Re(VII) sorption on the
surface, and there is a new Re—O peak appearing, which is
primarily attributed to the fact that Re(VII) is bonded in Op,—
Zr. The binding energy of O,y (adsorb oxygen: O—Zr—0)
increased from 5$32.10 to 532.55 eV, indicating that Re(VII)
formed complexes with the surface oxygen-containing ZrO,.

As displayed in Figure SC, the peak of Zr 3d can be
decomposed into four peaks. The peaks at approximately
182.82 and 185.23 eV are attributed to Zr—O bonds, and the
peaks at approximately 183.58 and 185.98 eV are the metallic
Zr bonds (Zr—Zr). In addition, the strength of the Zr—O peaks
reduce after Re(VII) sorption because Re(VII) is bonded on
ZrO,. The core level shifts indicated an electron transfer in the
valence band involving the reaction between Re(VII) and ZrO,
on the surface of rGO. This finding indicates that the Zr—O site
plays a dominating role in the sorption of Re(VII). The two
peaks around 46.51 eV are attributed to Re 4f. The appearance
of the Re 4f peak in Figure SD indicates that Re(VII) is sorbed
on ZrO,@rGO.

DFT Calculations. To distinguish the O atoms of ReO,~
from that of ZrO,, we name the O atoms of ReO,” as Og,.
Re(VII) is sorbed at surface Zr sites through an Og,—Zr bond,
as shown in Figure 6A and B; this is found to be the stable
molecular adsorption structure (one oxygen of Re(VII) down).
For the t-ZrO, (111) plane (as shown in Figure 6A), the
adsorption energy is 3.87 €V, higher than the m-ZrO, (111)
plane (1.26 eV), and the bond length of O—Zr is 2.06 A. For
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Figure 6. Optimized (A) t-ZrO, (111) plane and (B) m-ZrO, (111)
plane slab models for Re(VII) sorption. O atoms are red. Zr atoms are
blue. Re atoms are gray. The actual sorption sites as part of the slab are
shown above sorbed Re(VII) onto the plane slabs.

the m-ZrO, (111) plane (as shown in Figure 6B), the bond
length of O—Zr is 2.16 A.

In order to further understand the molecular adsorption
modes, projected density of states (PDOS) analyses were
carried out. Figure S7 shows the sorption of the Oy, —Zr
configuration for O in Re(VII) and closed surface Zr. As
illustrated in Figure S7a for t-ZrO,, the Zr d and s orbitals
located in the range from —5 and 0 eV overlap with the O
orbitals to favor the charge transfer leading to the ionic species,
contributing to stabilize the structure.

Four oxygen atoms surround the Re atoms, and the Re atoms
cannot easily interact with the surface zirconium atoms directly;
therefore, the sorption occurred by the Og.—~Zr bond. The
difference of distribution of oxygen on the surfaces for t-ZrO,
and m-ZrO, may have an influence on the adsorption energy,
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leading to the adsorption energy of t-ZrO, being higher than
m-ZrO,.

B CONCLUSIONS

In this study, ZrO,@rGO was fabricated via a hydrothermal
method. Re(VII) sorption kinetics on the ZrO,@rGO can be
fitted by the pseudo-second-order rate equation well. The
thermodynamic parameters imply that Re(VII) sorption on
ZrO,@rGO is spontaneous and endothermic. ZrO,@rGO has
a maximum Re(VII) sorption capacity of 43.55 mg/g and
exhibits enhanced sorption capacity for Re(VI) in comparison
with bare ZrO, or rGO. The mechanism of Re(VII) sorption
on ZrO,@rGO could be briefly illustrated as follows: Re(VII)
sorption on the ZrO,@rGO is dependent on the solution’s pH
and extra ionic strength, indicating that the electrostatic
attraction and outer-sphere complexation play a dominating
impact on Re(VII) sorption onto ZrO,@rGO. On the basis of
DFT calculations, Og,—Zr bonds on the surface of the
monoclinic ZrO, plane (m-ZrO,) (111) plane and tetragonal
ZrO, (t-ZrO,) (111) plane were formed when Re(VII) sorbs.
These results are significant for evaluating the sorption capacity
of Re(VII) on ZrO,@rGO. Furthermore, we can infer that
Tc(VII) has a similar property of sorption on ZrO,@rGO.
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