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Abstract

Multilayered porous hierarchical structure of graphene/ZnFe,Oy4
hybrids was prepared via in situ hydrothermal growth of
ZnFe,O,4 nanocrystals within interlayer space of reduced gra-
phene oxide, which demonstrated a high specific area of 117
m?.g~" and rational porous structures. Batch adsorption studies
showed that the product possesses superior adsorption capacity
of dyes such as Congo red from aqueous solution. Adsorption
equilibrium and kinetic analysis indicated that the adsorption
isotherm was well fitted by Langmuir isothermal model with the
maximum adsorption capacity of 404.12 mg-g_l, and the
adsorption kinetics followed the pseudo-second-order kinetic
equation. Furthermore, this new product can be magnetically
separated and regenerated easily, presenting an effective
adsorbent for wastewater purification.

Introduction

Increasing compositional and structural complexity of mate-
rials has been recognized as one of the most important
strategies in the field of material chemistry, for the expanded
material functionality that could benefit a wide scope of
applications. Specific to nanomaterials, this principle has led
to considerable research efforts in the development of novel
hybrid/functional nanostructures, which increases the impact
of nanotechnology on semiconductor electronics [1], medi-
cine [2], catalysis [3—6], energy generation/storage [7,8] and

sensors [9]. In any case of constructing complex nano-
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structures, challenges exist in the controlling of composition, morphology and structure of different
nanoscale building blocks, as well as in the precise placement of these building blocks during rational
assembly.

In the past decade, graphene-based hierarchical structures composed by nanoscale building blocks have
emerged as a new class of hybrid materials due to the designable structure [10,11] coupled with other
building blocks, including polymers [12], metal and metal oxide nanostructures [13]. Existing
methods to synthesize graphene-based hybrids include layer-by-layer assembling of oppositely charged
reduced graphene oxide (rGO) and guest counterpart [14], simple blending of graphene with other
nanocomponents [15-17], as well as growing functional nanostructures over rGO nanosheets [18].

A particularly attractive application of this kind of hybrids is to develop a new class of adsorbent with
high adsorption and facile separation capacity for water purification [19]. In this context, it is critical
to design, controllably synthesize and tailor the hierarchical nanostructures to obtain desirable pore
network. According to previous reports, graphene or graphene oxide-related hierarchical nano-
structures could be achieved with various approaches [20-25]. Among those, template-free hydro-
thermal/solvothermal routes are more recommendable due to their simple operation procedures and
easily adjustable process parameters simultaneously. Previous studies have reported that typical
building blocks such as nanoparticles, nanorods, nanosheets and so on can achieve structures varying
largely in morphologies from spheres, hollow spheres to flower-like structures, and so on [26-28].
Though tremendous progress has been made in this field, how to fabricate effective large-scale hier-
archical self-assembly of some functional materials is still a challenge to material scientists.

In this study, a new class of multilayered hierarchical structure of rGO/ZnFe,Oy4 hybrid adsorbents
was synthesized via in situ hydrothermal growth of ZnFe,O4 nanocrystals within interlayer space of

rGO, which exhibit excellent adsorption capability of Congo red (CR) and potential recyclability.

Experimental

Synthesis of porous hierarchical rGO/ZnFe,O4 nanostructures

All reagents used were of analytical grade and were used as received without further purification. rGO
was purchased from the Sixth Element Carbon, Changzhou, China. In a typical procedure, 0.05 g of
rGO was ultrasonicated in 40 mL of deionized water for 1 h to obtain homogenous solution I. Then,
10 mmol of ZnSO47H,0 and 20 mmol of FeSOy4 (Fe:Zn=2:1) were placed into the above solution,
which was magnetically stirred for 1 h to form a transparent solution II at room temperature. Then,
the solutions I and II were mixed to form solution III, and then 30 mL of H,C,O4 (30 mmol)
aqueous solution was slowly dropped into the solution III to form the final solution IV (rGO/ZnFe,
(C,04)3). Then the mixed solution IV was transferred to a hydrothermal synthesis reactor and kept
at 120°C for 24 h (rGO/ZnFe,0y). The resulting solids were filtered from the suspension, washed
with deionized water and dried at 100°C. Finally, the solid was calcined in air at 400°C (heating rate
1°C min™ ") for 2 h.

Material characterization

Field emission scanning electron microscope (SEM, XL30ESEM-FEG) was used for morphological
characterization of the rGO/ZnFe,O4. The crystalline phase of the as-prepared samples was inves-
tigated by X-ray powder diffraction (XRD) using a D8 advance X-ray diffractometer with Cu Ka
radiation operating at 40 kV and 200 mA. Measurement of the specific surface area and analysis of the
porosity for the rGO/ZnFe,O4 product were carried out through measuring N, adsorption
—desorption isotherms at 77 K with a Quantachrome NOVA-3000 system. The absorbance of the
solutions was analyzed by a UV—Vis spectrophotometer (Model 721, Shanghai Precision & Scientific
Instrument Co., Ltd., China).
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Evaluation of adsorption performance

Typically, a stock solution of CR (1000 mg L™") was prepared using Ultrapure® water, and then the
reaction solutions with different initial concentrations (20—800 mg-L_l) were obtained by successive
dilutions. Adsorption experiments were performed by adding 0.02 g of as-obtained porous hierarchical
tGO/ZnFe,Oy into various initial CR aqueous solutions, and then the solutions were put in an air
bath thermostatic rotary shaker (shaken at 120 rpm) at various temperatures and natural pH. At the
end of the adsorption process, the concentrations of the CR solutions were analyzed by using ascorbic
acid method to monitor the absorbance at 518 nm with a spectrophotometer. The adsorption capacity,
ge (mg-g_l), was calculated using the following equation [29]:

q.= (Co— CQYVIW (1)

where Cj, is the initial concentration of CR (mg~L_1), C. is the equilibrium concentration of CR after
adsorption (mg-L™"), Vis the volume of CR solution (mL) and W is the weight of the synthesized
adsorbent (mg).

The kinetics of adsorption was determined by adding tGO/ZnFe,O4 sample (20 mg) into 50.0 mL of
the CR solution (50 mg-L™"). The isotherm for the adsorption of CR on rGO/ZnFe,O4 was per-
formed by adding 20 mg of the rGO/ZnFe,O4 sample into 50 mL of the CR solution with various
concentrations (20, 50, 100, 200, 300, 400, 500 and 800 mg LY. The adsorption capacity was
evaluated on the basis of a mass balance between the initial and the immediate or final CR concen-
trations.

Results and discussion

XRD patterns

The crystal phase of the as-prepared samples was investigated by XRD technique. XRD pattern (a) in
Figure 1 confirmed the formation of Zinc ferrite (JCPDS, No. 380430). The characteristic diffraction
peaks at 26 = 18.8°, 29.7°, 35.2°, 42.3°, 53.7°, 56.4° and 62.1° represent the corresponding indexes (111),
(220), (311), (400), (422), (511) and (440), respectively. When compared with the parent ZnFe,O4
peak, the peak of rtGO/ZnFe,O 4 was found to be similar, except for the typical small peak around 25°,
and this was attributed to the rGO inside, which can be confirmed by SEM morphology picture.

Structure characterization of the porous hierarchical rGO/ZnFe,O4 nanostructures

The morphology and microstructure of rGO, ZnFe,O4 and as-obtained rtGO/ZnFe,O4 composite
were investigated using SEM. Figure 2a shows the rGO. It can be seen that the structure consists of
stacking layers, and the layers overlap closely. The surface is full of crumples like waves, and there are
also part of the reunion and secondary accumulation. The ZnFe,Oy in Figure 2b exhibits a regular
rod-like hierarchical nanostructure self-assembled by nanorods. The detailed morphology of the
hierarchical nanostructure is shown in the top left corner, from which we can see that the fuzzy
nanorod ends are composed of large amounts of nanorods across the entire bowknot. The morphology
and microstructure of as-obtained rGO/ZnFe,O4 composite are shown in Figure 2c. It is observed
that the characteristic structure of rGO was destroyed and self-assembled into a regular multitude
nanostructure with several stacking layers. This indicated that the additional ZnFe,O4 mixed well with
rGO, and there were also well-defined pore structures present in it. Under higher magnification, naked
rGO sheets of smaller scale were clearly spotted in the surface layer.

On the basis of these results, the morphogenesis of rGO/ZnFe,Oy hierarchical architectures cannot be
simply ascribed to the formation of the macroscopic structure via the physical process of rGO and
ZnFe,Oy blending, which was contributed neither by nanosheets nor by rod-like multilayers. During
the hydrothermal reaction (Figure 3), ZnFe,Oy4 played an important role in the growth of hybrid
composite because of the interaction of ZnFe,Oy4 with the surface of graphene, where a small amount
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Figure 1. XRD pattern of ZnFe,O4, rGO/ZnFe,O,4 and rGO samples.

of functional group existed after its reduction [30]. Under electrostatic attraction, the presence of these
functional groups can position the ZnFe,Oy crystal nucleus, which can inhibit the growth of rGO
aggregation in the process of ZnFe,Oy crystallization and, thus, lead to a high specific surface area of
hybrid composite.

N, adsorption—desorption measurement

Figure 4a and 4b presents the N, adsorption—desorption isotherm and the pore size distribution of the
materials. As shown in Figure 4a, the isotherm of the sample exhibited type IV isotherm with a type
H3 hysteresis loop, according to the de Boer’s classification [31]. There was the distinct hysteresis loop
in the P/Py range of 0.8—1.0 because of capillary condensation, and multilayer adsorption indicated
the mesoporous characteristics of the sample. The Brunauer, Emmett and Teller surface area of the
particles was estimated to be 177 mz-g_l. High surface area was probably because the ZnFe,Oy4 can
effectively decrease the aggregation of the rGO layers (since the strong van der Waals interactions
among these reduced graphene sheets could result in aggregation) [32]. Pore size distribution was
calculated by the Barrett, Joyner and Halenda method using desorption branches (Figure 4b). Total
pore volume and average pore diameter were estimated to be 0.35 cm” g~' and 49 nm.

The adsorption of Congo red onto rGO/ZnFe;04

Adsorption kinetics

Generally, if materials possess porous hierarchical structures and high surface area, it would possess
more available active adsorption sites and efficient transport pathways and might exhibit excellent
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Figure 2. SEM images of rGO (a), ZnFe,O4 (b) and rGO/ZnFe,0,4 (c), with each inset featuring increased

magnification.
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Figure 3. Schematics of the synthesis procedure for rGO/ZnFe,O4 hybrid composites.

RGO / ZnFe:04
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Figure 4. (a) N, adsorption/desorption isotherms of rGO/ZnFe,O, and (b) pore size distributions calcu-
lated from the N, desorption isotherms according to the BJH model.

adsorption performance [33]. Herein, the kinetic curves for CR removal at 298, 308 and 318 K from
aqueous solutions with fixed initial CR concentration of 50 mg-L™" onto composite (0.02 g) are
shown in Figure 5a. For CR removal from solution at all three temperatures, it can be seen that
adsorption capacity increased sharply in the initial stage and then tended to gradually reach adsorption
equilibrium in about 40 min. This is probably due to the decreasing solution concentration and the
exhaustion of the adsorption sites with the adsorption time. A further increase in temperature from
298 to 318 K only resulted in a slight increase in the equilibrium CR adsorption from 118.19 to
119.03 mg-g~".

To evaluate the adsorption kinetic process, various kinetic models, such as pseudo-first-order kinetic
model [34] and pseudo-second-order model [35], were used to examine the diffusion mechanism
involved during the adsorption process. The experimental kinetic data were fitted to the following two
typical kinetic equations to provide a better understanding of the CR sorption process in rGO/
ZnFe,0y, where K; (L min™") is the rate constant of pseudo-first-order adsorption; g. and ¢, (mg-g_l)
denote the amounts of contaminant adsorbed at equilibrium and at time (#), respectively. K, (mgg_1
min~") is the rate constant of pseudo-second-order adsorption. The kinetic parameters for the
adsorption kinetic models are summarized in Table 1. The fitting results of the experimental data to
the models are shown in Figure 5c and 5d. For the pseudo-second-order kinetic model, the R* values
were found to be higher than 0.99, and the calculated 4. values (g., 1) were found to agree very well
with the values of experimental data (g, cxp), which indicated that the pseudo-second-order kinetic
model provided the best correlation for all of the adsorption process. The adsorption process was well
presented in Figure 5b. The solution color decreased lightly with increasing time, and it became
colorless and transparent in 40 min.

2)
3)

Pseudo-first-order equation In g, = In(g, — ¢) — Kj#/2.303

Pseudo-second-order equation #/g, = 1/ (1(2qu) + tlq,

Adsorption isotherm

The adsorption isotherm curves of CR removal at 298, 308 and 318 K from aqueous solutions onto
mesoporous rGO/ZnFe,Oy4 are shown in Figure 6a. The adsorption isotherm studies in different
temperature were carried out to determine the rate of CR removal from solution by rtGO/ZnFe,Oy. As
shown in Figure 6a, the adsorption equilibrium capacity was found to increase with increasing
temperature. The equilibrium CR adsorption capacity was found to be 358.76, 379.38 and 404.12
mg-g_l, respectively, with different temperatures at 298, 308 and 318 K, indicating that the as-
prepared mesoporous rtGO/ZnFe,O4 can be used as a potential adsorbent for the removal of CR.
More importantly, the mesoporous rGO/ZnFe,Oy4 can be magnetically separated from the solution
containing CR.
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Figure 5. (a) Effect of contact time on the adsorption kinetics of CR (50 mL, 50 mg-L™2); (b) Pictures of
absorption of CR after different periods of time; (c) Pseudo-first-order plots; (d) pseudo-second-order
kinetics.

Table 1. Kinetic constants for CR removal onto mesoporous rGO/ZnFe,O,.

Temp Pseudo-first-order Pseudo-second-order

K1 Qe R? K> Qe R?
298 K | —-0.16151 | 4.07250 | 0.93911 | 0.0076547 | 120.48 | 0.99988
308 K | =0.17192 | 3.77751 | 0.93151 | 0.011677 120.48 | 0.99990
318 K | —0.15797 | 3.62974 | 0.87950 | 0.012302 120.48 | 0.99993

The Langmuir [36] and Freundlich [37] isotherm equations are widely used to describe the sorption
processes in sorption experiments. The linear form of the isotherm equations expressed in Eqs. (4) and
(5) was used for modeling these adsorption isotherm data, where C, (mg-L_l) and g. (mg-g_l) are the
equilibrium adsorbate concentrations in the aqueous and solid phases; ¢, (mg-g~") is the maximum
adsorption capacity, and & is the binding constant, which is relate to the heat of Langmuir adsorption;
K is the Freundlich equilibrium constant, indicative of adsorption capacity, and 1/# is the Freundlich
adsorption constant, the reciprocal of which is indicative of adsorption intensity.

4)
)

Clq. = Clg, + 1/Kq,

Ing, =InK¢+ 1/nln C,
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Figure 6. (a) Effect of initial concentration on the adsorption of phosphate in 50 mL solution at natural
3.0. (b) Photos of initial CR (50 mg-L™) aqueous solution treated by the rGO/ZnFe,O, after 2 h.

Table 2. Values of Langmuir and Freundlich constants for adsorption of phosphate onto mesoporous

rGO/ZnFe,0,.
Temp Langmuir Freundlich
Q. K. R? Ke n R?
25 347.22 | 0.1505 | 0.99926 | 73.57 3.57 | 0.8259
35 361.01 | 0.1760 | 0.99915 | 1.7994 | 3.57 | 0.85108
45 37175 | 0.5886 | 0.9971 108.5 4.41 | 0.82709

Fitted constants for the Langmuir and Freundlich isotherm models along with regression coefficients
(R?) are summarized in Table 2. The R* values obtained for Langmuir isotherms were higher than
those for Freundlich isotherm, indicating that the Langmuir adsorption model was more suitable to
describe the adsorption process. The maximum adsorption capacity of the porous hierarchical rGO/
ZnFe,O4 for CR was calculated to be 404.12 mg-g_l. This ultrahigh removal efhiciency could be
largely attributed to the highly porous structure and large surface area of the spheres, as well as the
electrostatic attraction between the rGO/ZnFe,Oy4 surfaces and CR. Table 3 shows the adsorption
capacities of the hollow nest-like a-Fe,O3 spheres and those of some previously reported materials. It
appeared that the adsorption capacity of the as-prepared rtGO/ZnFe,O4 composite for CR was much
higher than that for the majority of various adsorbents reported in the references.

Conclusion

In this study, a magnetically separable adsorbent rGO/ZnFe,O4 with multilayered porous hier-
archical structure has been synthesized via in situ reduction of rGO in the presence of ZnFe,(C,04);
and sequential calcinations. The as-prepared nanocomposites were demonstrated to possess superior
specific area (117 m*-g™") of rational porous structures. In batch adsorption studies, the composite
revealed efficient adsorption capacity of Congo red from aqueous solution. Adsorption equilibrium
and kinetic experiments indicated that the adsorption isotherm data were well fitted by Langmuir
isothermal model with the maximum adsorption capacity of 404.12 mg-g~', and the adsorption
kinetics follows the pseudo-second-order kinetic equation. Furthermore, the used materials can be
magnetically separated and regenerated. The as-prepared multilayered porous rGO/ZnFe,O4 hybrid
composite has proved to be a promising adsorbent for effective removal of Congo red from
wastewater.
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Table 3. BET surface area and the maximum Congo red removal capacity of various adsorbents.

Adsorbent sample BET surface Maximum adsorption | Reference
area (m2.g7%) | capacity (mg-g™%)
Porous hierarchical rGO/ZnFe,O4 177 404.12 This study
Hollow nest-like a-Fe,O5 spheres 152.45 160 [38]
Hierarchical spindle-like r-Al,O3 149 90 [39]
Graphene oxide/chitosan/silica fibers - 294.12 [40]
Flower-like MgO - 72 [41]
Hierarchical hollow structure ZnO 31 97 [42]
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