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� a-Zirconium phosphate (ZrP) pillared
reduced graphene oxide (rGO) was
prepared.
� rGO–ZrP possessed a higher BET

specific surface area than rGO.
� The reunite of rGO–ZrP was

interrupted by ZrP during storage.
� The maximum adsorption capacity of

MB onto rGO–ZrP was �1.38 g/g at
30 �C.
� Adsorption-desorption efficiency of

rGO–ZrP remained constant after six
cycles.
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In order to prevent the reunion of reduced graphene oxide (rGO) during storage, a-zirconium phosphate
(ZrP) was used as the modifier, and a peculiar adsorbent of ZrP–pillared rGO (rGO–ZrP) was prepared. The
features of rGO–ZrP were characterized by using Fourier transform infrared (FTIR), scanning electron
microscope (SEM), transmission electron microscopy (TEM), energy dispersion X-ray (EDX) spectrometer,
atomic force microscopy (AFM) and X-ray diffraction (XRD) measurements. Then, rGO–ZrP was employed
as the adsorbent and the adsorption characteristics of rGO–ZrP toward methylene blue (MB) were eval-
uated under laboratory conditions. The results showed that rGO–ZrP possessed a higher BET specific sur-
face area relative to rGO. The maximum adsorption quantity of MB onto the new prepared rGO–ZrP was
�1.38 g/g at 30 �C. With the increase of storage day, the BET specific surface area and the maximum
adsorption capacity of rGO–ZrP approximately remained unchanged. Under the maximum adsorption
capacity, the adsorption quantity of MB onto rGO–ZrP was dependent on the initial concentration of
MB, and higher temperature could facilitate the adsorption process. The efficiency of rGO–ZrP almost
remained constant during the first six cycles of adsorption–desorption process. In addition, the fluores-
cence spectra implied that the adsorption of MB onto rGO–ZrP was a p–p stacking adsorption
process, and the pillared structure of rGO–ZrP greatly enhanced the noncovalent adhesion. In conclusion,
rGO–ZrP could serve as a promising adsorbent for the removal of MB in waste water.
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1. Introduction

Dyes have become one of the main sources of severe water pol-
lution as a result of the rapid development of the textile industry
and their low production costs, brighter color, strong resistance
towards environmental factor and easy-to-apply factor [1,2].
Among them, methylene blue (MB) has the widest application,
which includes coloring paper, temporary hair colourant, dyeing
cotton, wool and coating for paper stock. The presence of dye in
water, even at very low concentration, is highly visible and unde-
sirable [3].

In the past years, several technologies have been employed for
the removal of heavy metals and dyes from aqueous solution, such
as adsorption, ion exchange, chemical precipitation and membrane
separation [4–6]. Among them, adsorption is the simplest and the
most cost-effective technique. In addition, adsorption does not
result in secondary pollution by producing harmful substance dur-
ing the process [7]. Numerous works have presented results for the
adsorption of dyes onto various materials like activated carbon,
natural and synthetic polymer, montmorillonite and its modified
composite, clay, zeolite, biomass, and agricultural and industrial
by-product [8–11].

In the past few years, graphene have attracted tremendous
interest in the world. Some reviews on graphene-based material
as adsorbent for the removal of pollutant are available [6,12]. Com-
pared to other carbon-based materials, the advantage of the use of
graphene is the adsorption ability to chemicals with benzene rings
through strong p–p interaction [6]. The selective adsorption ability
will make graphene serve as a promising adsorbent for the removal
of chemicals containing benzene rings in waste water. The main
shortcomings of graphene are the easy agglomeration during stor-
age, which result in the decline of adsorption capacity in practical
application. In order to solve the problem, physical [13] or chemi-
cal [14,15] modification of graphene or graphene oxide (GO) was
used, but the results are still not ideal. Therefore, it is necessary
to probe new methods which can solve the agglomeration
problem.

Zirconium bis-(monohydrogen orthophosphate) monohydrate
(Zr(HPO4)2�H2O), also called layered a-zirconium phosphate (ZrP),
is drawing increasing attention because of its ability to serve as
ion exchanger, catalyst and carrier of intercalation [16,17]. With
self-organized lamellar structure and abundant hydroxyl group,
ZrP has the potential to be used as carrier for functional materials
because of its high exchange capability and excellent absorptive
performance.

In this study, ZrP was used as the modifier, and a peculiar adsor-
bent of ZrP–pillared reduced graphene oxide (rGO–ZrP) was pre-
pared. The methylene blue (MB) was chosen as a typical dye, and
the adsorption properties of rGO–ZrP were evaluated under labora-
tory conditions. As a new type of material, rGO–ZrP combined the
properties of rGO and ZrP, and behaved higher adsorption effi-
ciency than rGO after long-term storage.
w2. Materials and methods

2.1. Materials

Zirconium oxychloride octahydrate (ZrOCl2�8H2O, 98%) and
phosphoric acid (H3PO4, 85%, v/v) were obtained from Sigma–
Aldrich (Shanghai, China). Graphite powder (spectral pure),
KMnO4, P2O5, concentrated H2SO4, H2O2 and MB were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Hydrazine monohydrate (50 wt% in water) was purchased from
Aladdin reagent Inc. (Shanghai, China). All MB aqueous solutions
used in this study were prepared by dissolving a certain amount
m
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of MB in ultrapure water. All other reagents and solvents were
obtained from commercial suppliers. All aqueous solutions were
prepared with ultrapure water (>18 MX cm) from a Milli-Q Plus
system (Millipore).

2.2. Preparation of GO and ZrP

GO was synthesized from natural graphite powder by a modi-
fied Hummers method [18–21]. The ZrP was synthesized by hydro-
thermal method. Briefly, ZrOCl2�8H2O was dissolved in deionized
water with stir. Then, the solution was slowly added into phospho-
ric acid (H3PO4) to produce a sol–gel. The resultant sol–gel was put
into a round-bottomed flask, and hydrothermally treated at 120 �C
with reflux condenser for 7 days. After cooling to room tempera-
ture, the aggregates were filtered, washed with ultrapure water
until the neutral pH, and dried in vacuum at 65 �C for 24 h.

2.3. Fabrication of rGO–ZrP

The rGO–ZrP was prepared as follows: 2 g ZrP intercalated with
saturated methylamine [22] was dispersed in 50 mL ultrapure
water, to which 1 g GO was slowly added. Then, the reaction mix-
ture was sonicated vigorously at 60 �C for 6 h (KQ218, 60 W). After
that, 250 mL hydrazine monohydrate (50 wt% in water) was added
and the mixture was reacted at 85 �C for 48 h. Finally, a homoge-
neous incanus dispersion was obtained. The resulting solution
was then filtered through a polycarbonate membrane (0.22 lm
of pore size) and repeatedly washed by ultrapure water. After
freeze-dried, the powder was put into a semi-closed alumina cru-
cible with a cover. The crucible was heated at 450 �C for 100 min
(heating rate of 2 �C min�1) to burn the chemicals away. After cool-
ing to room temperature, the obtained product was named as rGO–
ZrP.

2.4. Characterization

Fourier transform infrared (FTIR) spectra were measured with a
Bruker Vertex 70 FTIR spectrophotometer using the KBr method.
The morphology of the sample was observed by scanning electron
microscope (SEM) and transmission electron microscope (TEM)
using PHILIPS XL-30 scanning electron microscopy and Phlilps
TECNAI-10 transmission electron microscopy, respectively. Energy
dispersive X-ray (EDX) spectra were measured with an Oxford
ISIS-300 EDX spectrometer. X-ray diffraction (XRD) patterns were
obtained on a PANalytical’sX’Pert Power X-ray Diffraction (40 kV,
30 mA) with Cu Ka radiation at a scanning rate of 2.4�/min. A
continuous scan mode was applied to collect 2h data from 2� to
40�. Atomic Force Microscopy (AFM) images were observed by an
atomic force microscope (Benyuan CSPM5500) on a flat mica sub-
strate. Fluorescence spectra were detected by a Hitachi F4600 fluo-
rescence spectrophotometer. BET (Brunauer–Emmett–Teller)
specific surface area was determined using Micromeritics ASAP
2010 instrument. Thermogravimetric analysis (TGA) was con-
ducted with a thermal analyzer (NETZSCH TG 209) under N2 flow,
and the temperature range of the measurements was 40–900 �C
and the scanning rate was 10 �C/min.

2.5. Adsorption experiment

The adsorption tests of MB onto the rGO–ZrP were conducted in
batch experiment at 30 �C. A series of 100 mL solution in 250 mL
flask were used and each flask was filled with rGO–ZrP at various
mass loadings (0.05–0.3 g) and MB solution at different initial con-
centrations. The flasks were agitated in an orbital shaker at
150 rpm and treated at a given time interval. The suspension was
centrifuged at 4500 rpm for 10 min to separate liquid from solid
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phase, and then the supernatant liquid was analyzed for MB. MB
was determined spectrophotometrically by measuring the absor-
bance at 664 nm (Spectronic 20 Genesys Spectrophotometer).
The pH values of the samples were adjusted by adding 0.1 mol/L
HCl or NaOH, and were measured using a pH meter (METTLER
TOLEDO, FE20).

At equilibrium, the adsorbed amount of MB per unit mass of
adsorbent (qe, mg/g) was determined according to the following
mass balance:

qe ¼
ðC0 � CeÞV

M
ð1Þ

where V was the liquid volume (L), C0 was the initial concentration
in the solution (mg/L), Ce was the equilibrium concentration (mg/L),
and M was the amount of the adsorbent MB onto a dry basis (g),
respectively.To evaluate the maximum adsorption capacity and
the adsorption–desorption property of rGO–ZrP, 0.1 g of rGO–ZrP
was put into a conical flask containing 100 mL of MB aqueous solu-
tion (5 g/L). The flask was covered well and shaken in the water
bath shaker at 30 �C for 4 days. Then, the adsorbed rGO–ZrP was fil-
tered using 0.22 lm membrane filter, and heated at 450 �C for
100 min to burn the chemicals away. The adsorption–desorption
process was repeated for six times. The adsorption capacity was
the difference between the initial and final concentration of MB
aqueous solution, and the desorption capacity was the difference
between the initial and final weight of the adsorbed rGO–ZrP.
m
.c

Fig. 1. The FTIR spectra of ZrP (a), GO (b), rGO (c) and rGO–ZrP (d).
www.sp
3. Results and discussion

3.1. Characterization of rGO–ZrP

The FTIR spectroscopy was carried out for confirming the chem-
ical composition of the prepared composite. According to the FTIR
spectrum of ZrP (Fig. 1a), the bands at 3595, 3510 and 3155 cm�1

were due to the AOH stretching mode of PAOH of ZrP structure;
the bands at 1250 and 595 cm�1 were caused by the stretching
vibration of in-plane deformation vibration of PAOH; the strong
bands near 988 and 966 cm�1 were probably caused by the
stretching vibration of PAO in the infrared spectra, according to
MacLanchian [23]. Therefore, we could determine the chemical
composition of ZrP was a-Zr(HPO4)2�H2O.

In the FTIR spectrum of GO (Fig. 1b), a broad and intensive peak
appeared at 3430 cm�1 was assigned to AOH stretching band,
which might originate from water molecules adsorbed inside GO.
Besides, peaks at 1726, 1622, 1385 and 1052 cm�1 corresponded
to C@O, CAOH, C@C and CAOAC vibration frequencies, respec-
tively. These peaks suggested that graphite had been already oxi-
dized to GO [24]. As GO was reduced to rGO (Fig. 1c), the
adsorption bands of oxygen functionalities disappeared and only
the peaks at 1052 and 1622 cm�1 remained, which was similar to
that of pristine graphite. In the FTIR spectrum of rGO–ZrP
(Fig. 1d), all peaks of rGO and ZrP appeared, and the bands of peaks
belonging to rGO and ZrP became weak. These results illustrated
that rGO had been composited with ZrP, and rGO–ZrP was indeed
obtained.

The representative SEM image of ZrP was shown in Fig. 2a.
Fig. 2b showed the EDX spectrum of ZrP, revealing that ZrP con-
tained elements of O, P and Zr, which meant it was a-Zr(HPO4)2�H2O
[25]. The representative SEM image of rGO–ZrP was shown in
Fig. 2c. The rGO–ZrP contented a mass of particles on the surface
and in the interlayer sheets of rGO, which suggested to be ZrP.
The layered structure of rGO–ZrP exhibited a much rougher surface,
which would provide more active sites for the adsorption of dye or
heavy metal ion and help to enhance the adsorption activity of
rGO–ZrP. Fig. 2d showed the EDX spectrum of rGO–ZrP, revealing
that rGO–ZrP contained elements of C, O, P and Zr. The presences
of O, P and Zr atoms corroborated the existence of ZrP, and the ele-
ment of C could be related to rGO.

The XRD patterns were presented in Fig. 3. For ZrP, a typical dif-
fraction peak at 11.71� corresponded to a basal spacing (d002) of
0.76 nm (Fig. 3a) [25]. For GO, the peak at 2h = 9.3�, corresponding
to the interlayer spacing of 0.950 nm (Fig. 3c), might be due to high
degree of exfoliation and disordered structure of GO. For rGO, the
peak at 2h = 24.8� represented the interlayer spacing of 0.359 nm
(Fig. 3d). This value was slightly larger than that of graphite, which
was mainly due to the residual functional groups that might exist
between the rGO layers.

In order to increase the layer spacing of ZrP, ZrP was firstly
intercalated by methylamine. As shown in Fig. 3b, the diffraction
peak emerged at lower 2h value of 7.31�, corresponding to the
increased d002 basal spacing of 1.21 nm. The results implied that
methylamine was intercalated into the interlayer of ZrP, which
increased the interlamellar spacing of ZrP. For rGO–ZrP before heat
treating, a new peak centered at 2h = 5.52�, corresponding to the
d002 basal spacing of 1.60 nm (Fig. 3e), might be due to the interca-
lation of rGO into the layer spacing of methylamine intercalated
ZrP. As for rGO–ZrP, the characteristic peak of rGO–ZrP before heat
treating disappeared, and a well-defined new peak appeared at
7.61� with 1.16 nm d002 basal spacing (Fig. 3f), which might be
ascribed that the heat treating burned the methylamine away,
resulting in the ZrP-pillared rGO.

In order to further illustrate the above XRD results, TEM and
AFM were used. As shown in Fig. 4a, ZrP had well-ordered layered
structure. The surface of ZrP particles was smooth, and the size of
ZrP was about 0.2 – 0.5 lm (length) � 0.1 – 0.5 lm (width). As
shown in Fig. 4b, the ultrasonic treatment of rGO kept some singer
layer in solution, and the thickness of singer layer rGO was about
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Fig. 2. SEM micrographs of ZrP (a) and rGO–ZrP (c); EDX spectra of ZrP (b) and rGO–ZrP (d).

Fig. 3. XRD patterns of (a) ZrP, (b) ZrP intercalated with saturated methylamine, (c)
GO, (d) rGO, (e) rGO–ZrP before heat treating, and (f) rGO–ZrP.
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0.4 nm which depended on the degree of deoxidation [26]. The size
of ZrP was about 3 – 4 lm (length) � 2 – 3 lm (width).

As shown in Fig. 4c, the small size of particle was ZrP and the
large size of particle was rGO, since the characteristic peak of
mrGO disappeared (Fig. 4c). Moreover, some small particles were pil-
lared into the rGO (Fig. 4c). We suggested that ZrP pillared the rGO,
and rGO–ZrP (Fig. 4d) was got. This insinuation was consistent
with the SEM, EDX and XRD results.

As shown in Fig. 5, the BET specific surface area of rGO–ZrP and
rGO were 573 and 312 m2 g�1, respectively. The discrepancy on as-
obtained data and theoretical value of surface area of rGO
(2620 m2 g�1) was attributed to the incomplete exfoliation and
aggregation during reduction process because of the unavoidable
van der Waals force between each single layer of rGO. The higher
BET specific surface area of rGO–ZrP relative to rGO was due to
the pillar of rGO by ZrP. With the increase of storage day, for exam-
ple, after 120 days, the BET specific surface area of rGO was
decreased to 44 m2 g�1, while the BET specific surface area of
rGO–ZrP was only decreased to 523 m2 g�1. p–p bonding interac-
tion had been used to interpret this phenomenon. Since the rGO
contained p electrons to interact with the p electrons of the nearby
rGO through the p–p electron coupling [27,28], rGO would reunite
with the increase of storage day, while the reunion of rGO–ZrP was
interrupted by ZrP. These results showed that ZrP could increase
the storage stability.
3.2. Adsorption speed and capacity of MB on rGO–ZrP and rGO

rGO–ZrP and rGO expressed different adsorption speeds and
different maximum adsorption capacities for MB. As could be seen
from Fig. 6a, for rGO–ZrP, the concentration of MB was sharply
decreased at the first 10 min from 250 mg/L to below 37 mg/L;
for rGO, the concentration of MB was decreased at the first
10 min from 250 mg/L to below 69 mg/L. With the passage of time,
the slope of rGO–ZrP was larger than rGO, which meant that rGO–
ZrP expressed faster adsorption speeds than rGO. The physisorp-
tion of organic molecule was a noncovalent functionalization
involving p-stacking interaction and corresponding to a weak



ww.sp
m

.co
m

.cn
Fig. 4. (a) TEM image of ZrP, (b) Tapping-mode AFM image of rGO on a clean mica surface and cross-sectional profile of GO indicated by a blue line, (c) the TEM image of
rGO–ZrP, and (d) the schematic of rGO–ZrP. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. The BET specific surface areas of rGO–ZrP and rGO with different storage
days.
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wbinding energy. The p–p bonding interaction between rGO (or
rGO–ZrP) and MB was affected by the BET specific surface area.
Since rGO–ZrP had larger BET specific surface area than rGO,
rGO–ZrP expressed faster adsorption speeds than rGO.

As could be seen from Fig. 6b, the maximum adsorption capac-
ities of MB onto the rGO and rGO–ZrP were �0.73 g/g rGO and
�1.38 g/g rGO–ZrP at 30 �C. With the increase of storage days in
water, the maximum adsorption capacities of MB onto the rGO
was dramatic decreased to �0.09 g/g rGO at 30 �C, while the max-
imum adsorption capacities of MB onto the rGO–ZrP was only
decreased to �1.21 g/g rGO–ZrP at 30 �C. The results might be
related to the reunite of rGO in water, while the reunite of
rGO–ZrP in water was interrupted by ZrP, which was consistent
with the result of BET specific surface area.

3.3. Effects of the initial concentration and adsorption time on
adsorption of MB onto the rGO–ZrP

The effects of the initial concentrations and adsorption time on
adsorption of MB onto the rGO–ZrP were shown in Fig. 7. It could
be seen that the concentrations of MB in all initial concentration
experiments was decreased sharply at the first 10 min, and then
reduced slowly until the adsorption equilibrium was reached after
60 min. These results indicated that under the maximum adsorp-
tion capacity, the adsorption quantity of MB onto the rGO–ZrP
was dependent on the initial concentration of MB [27,28].

3.4. Effect of temperature and pH on adsorption of MB onto the rGO–
ZrP

The effect of temperature on adsorption was shown in Fig. 8a.
After 30 min, the concentration of MB was decreased from the ini-
tial concentration of 250 mg/L to 25, 24 and 19 mg/L, respectively
under the temperatures of 20, 30 and 40 �C. It seemed that higher
temperature facilitated the adsorption of MB onto the rGO–ZrP.
The increase of temperature might produce a swelling effect within
the internal structure of absorbent, penetrating the large dye mol-
ecule further [29]. Standard free energy change (DG0) provided
information about the interaction between the surface of
rGO–ZrP and the MB. The DG0 could be calculated from the
relationship [30]:

DG0 ¼ RT ln Kd ð2Þ

where R was the universal gas constant (8.314 J mol�1 K�1), T was
the temperature in Kelvin, and the distribution adsorption coeffi-
cient, Kd, was calculated from the following equation:
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Fig. 7. Effects of the initial concentration and adsorption time on adsorption of MB
onto the rGO–ZrP.
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w.sKd ¼
C0 � Ce

Ce
� V
m

ð3Þ

where C0 was the initial concentration (mmol/L), Ce was the
equilibration concentration after centrifugation (mmol/L), V was
the volume (L) of the suspension, and m was the mass of adsorbent
(g). The adsorption equilibrium constant, K0, could be calculated by
plotting ln Kd versus Ce and extrapolating Ce to zero. The value of the
intercept was that of ln K0.
ww

Fig. 8. (a) Effect of the temperature on adsorption of MB onto the rGO
om
.DG0 values calculated from Eqs. 2 and 3 were listed in Table 1.

The negative DG0 indicated that the adsorption was a spontane-
ous process. Moreover, the value of DG0 became more negative
with the increase of temperature, indicating that the adsorption
process was more favorable at higher temperature.

It is well-known that the pH of the system was an important
variable in the adsorption process. Fig. 8b showed the variation
of adsorption of MB (150 mg/L) on rGO–ZrP at various pH values.
It demonstrated that the rGO–ZrP had a good adsorption capacity
in acid range, and the highest adsorption kept nearly constant
between 2 and 11. Similar results was also report [31].
m
.3.5. Adsorption–desorption property of rGO–ZrP

In order to better explain the reasons that the maximum
adsorption capacity of rGO–ZrP almost remained constant during
the first six cycles of adsorption–desorption process, the TGA test
and BET test were used to explain this results instead of adsorption
isotherms. The TGA curves of rGO–ZrP and MB/rGO–ZrP were
showed in Fig. 9a. The decomposition of rGO–ZrP clearly occurred
in two general regions below 900 �C: (1) evaporation of free
(absorbed) and interlayer water residing between the layers and
comprising the hydration spheres of the cations was between
50–200 �C; (2) dehydroxylation of the ZrP and rGO lattice was
between 500 and 700 �C. By contrast, the TGA curves of MB/rGO–
ZrP might be conveniently divided into three regions [17]: (1)
desorption of absorbed water and gases was below 200 �C; (2)
decomposition of the MB was between 200 and 500 �C; (3) dehydr-
oxylation of the ZrP and rGO lattice was between 500 and 700 �C.
So, 450 �C was used to burn the MB away.
–ZrP; (b) effect of the pH on adsorption of MB onto the rGO–ZrP.



Table 1
DG0 of MB adsorption on rGO–ZrP at 20, 30 and 40 �C.

20 �C/293.15 K 30 �C/303.15 K 40 �C/313.15 K

DG0 (kJ mol�1) �10.19 �10.73 �11.25
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With regard to the efficiency evolution of rGO–ZrP during
adsorption–desorption cycles, it could be seen in Fig. 9b that dur-
ing six cycles, no appreciable change in the amount of adsorbed MB
was found, and each value agreed with its corresponding desorbed
quantity (within experimental error of (2%)). We also test the BET
specific surface areas of rGO–ZrP during six cycles, and the BET
specific surface area of rGO–ZrP were 573, 554, 547, 551, 553,
and 549 m2 g�1 after six cycles, respectively. That meant the regen-
eration of rGO–ZrP was complete under the working conditions
and the efficiency of rGO–ZrP almost remained constant during,
at least, the first six cycles of the adsorption–desorption process.

3.6. Adsorption mechanism

In order to reveal the dominant adsorption mechanism of MB
onto the rGO–ZrP, XRD patterns and fluorescence spectra were
used. According to XRD pattern, the (002) interlayer spacing of
www.sp
m

Fig. 9. (a) TGA curves of rGO–ZrP and MB/rGO–ZrP; (b) adsorbed and desorbed qua

Fig. 10. (a) XRD patterns of rGO–ZrP and the rGO–ZrP adsorbed by MB (MB/rGO–ZrP); (b)
L) in aqueous solution with an excitation wavelength of 660 nm (25 �C); (c) the schema
.cn

rGO–ZrP shifted from 1.16 nm to 2.54 nm after adsorption of MB
onto the rGO–ZrP (Fig. 10a). This could be explained by the inter-
calation of MB molecule into the interlayer of rGO–ZrP. Each car-
bon atom in rGO–ZrP sheet had a p electron orbit which was
perpendicular to the surface of rGO–ZrP, so organic molecules con-
taining p electrons, such as organic molecules with C@C double
bonds and benzene rings, could form p–p bond with rGO–ZrP.
The quenching phenomenon could be used as an indicator of trans-
annular p–p interaction [32]. Therefore, the fluorescence spectra of
MB and MB/rGO–ZrP (rGO–ZrP adsorbed by MB) in water were
recorded.

As shown in Fig. 10b, MB had a strong emission with the maxi-
mum at 689 nm, and the significant quenching of the MB fluores-
cence by rGO–ZrP was caused by effective photoinduced charge
transfer between MB and rGO–ZrP [33,34]. Given the chemical
structure of MB, we could speculate that the intermolecular force
between MB and rGO–ZrP might be p–p stacking interaction. More-
over, the complete quenching of the MB fluorescence in MB/rGO–ZrP
revealed that MB and rGO–ZrP closely stacked in a compact manner,
and finally formed a thin-layer object (Fig. 10c). These results sug-
gested the strong p–p stacking interaction between the benzene
rings of MB and the rGO–ZrP surface, and the pillared structure of
rGO–ZrP greatly enhanced the noncovalent adhesion.
.co
m

ntities (g MB/g rGO–ZrP) for six cycles using rGO–ZrP as adsorbate (n = 3, ±SD).

fluorescence spectra of MB (1.6 mg/L) upon gradual addition of rGO–ZrP (0–2.0 mg/
tic of p–p interactions between the MB and the surface of rGO–ZrP.
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4. Conclusion

In this study, ZrP-pillared rGO as a peculiar adsorbent was pre-
pared. Due to the pillar of rGO by ZrP, the BET specific surface area
of rGO–ZrP (573 m2 g�1) was higher than that of rGO (312 m2 g�1).
The rGO reunited with the increase of storage day, while the
reunite of rGO–ZrP was interrupted by ZrP. The rGO–ZrP behaved
faster adsorption speeds than rGO, and the maximum adsorption
capacity of MB onto the new prepared rGO–ZrP was �1.38 g/g at
30 �C. The absorption quantity of MB onto the rGO–ZrP was depen-
dent on the initial concentration of MB. Moreover, the negative
DG0 indicated that the adsorption was a spontaneous process
and higher temperature could facilitate the adsorption process.
The efficiency of rGO–ZrP almost remained constant during the
first six cycles of the adsorption–desorption process. The fluores-
cence spectra implied that the adsorption of MB onto the rGO–
ZrP was a p–p stacking adsorption process. The results were
important to understand the potential application of rGO–ZrP in
environmental pollution management.
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