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a b s t r a c t
A novel composite of zeolitic imidazolate framework grown on graphene oxide (ZIF-8@GO) was successfully prepared and used for the adsorption of Pb(II) and 1-naphthylamine from aqueous solutions. The
effects of contact time, pH, ionic strength and temperature on the adsorption performance of ZIF8@GO was investigated by batch experiments. Compared to the bare ZIF-8 and GO, the ZIF-8@GO exhibited a significant increase in the adsorption for Pb(II) and 1-naphthylamine. The maximum adsorption
capacities of ZIF-8@GO towards Pb(II) and 1-naphthylamine reached 356.0 and 171.3 mg/g at 293 K,
respectively. Besides, the basic physicochemical properties of ZIF-8@GO were characterized by
Scanning electron microscope, X-ray diffraction, and Fourier transform infrared spectroscopy tests. The
results revealed that ZIF-8@GO had large specific surface area, abundant functional groups and active
sites on the surface, which could promote the adsorption of ZIF-8@GO for pollutants. In addition, based
on zeta potential and X-ray photoelectron spectroscopy analysis, the primary adsorption mechanisms
between ZIF-8@GO and Pb(II) were the surface complexation and electrostatic attraction, and the p-p
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interactions mainly contributed to the adsorption of 1-naphthylamine. In conclusion, as a new composite,
ZIF-8@GO provides a reference idea for the removal of heavy metal ions and organic pollutants from
water system.
Ó 2019 Elsevier Inc. All rights reserved.

1. Introduction

2. Experimental section

Water pollution caused by toxic and harmful chemicals has
become a serious problem that needs to be addressed urgently
[1]. It could be divided into organic pollution and inorganic pollution. Lead ion (Pb(II)) is the most common form of lead in contaminated water. Excessive intake of Pb(II) will cause serious health
problems such as lung, kidney, and skin cancers [2,3]. Moreover,
1-naphthylamine, an organic pollutant, ruins aquatic ecosystem
through toxicity of pollutants and reduces dissolved oxygen. It
harms the health and life of humans and other organisms. The
adsorption for pollutant removal is a good choice because of its
cost-effectiveness, ease in operation and environmental friendliness [4].
In recent years, many literatures reported the use of different
adsorbents, such as carbon nanomaterials, metal-organic frameworks (MOFs), layered double hydroxide (LDH), and natural clay,
etc. for removing pollutants from aqueous solutions [3–8]. In particular, graphene oxide (GO) has drawn great attention because
of its high specific surface area, high stability, and a lot of
oxygen-containing functional groups (hydroxyl, carboxyl and carbonyl) [9]. Many researchers have examined the adsorption performance of GO for environmental pollutants. In the previous study,
GO nanosheets displayed a high adsorption capacity (299.0 mg/g)
towards U(VI) [10].
MOFs are a sort of organic-inorganic hybrid material, also
known as coordination polymer [11]. It is a kind of crystalline
porous material with periodic network structure formed by
organic ligands connected through inorganic metal centers
(metal ions or metal clusters) and bridges [12]. As they have
both the rigidity of inorganic materials and the flexible characteristics of organic materials, MOFs have shown wonderful
development potential and prospect in modern material
research [13]. Furthermore, MOFs also display many excellent
comprehensive properties such as large specific surface area,
ordered pore structure, high crystallinity and polymetallic sites,
which can be widely used in chemical industry [14]. ZIF-8, a
type of MOFs, belonging to zeolitic imidazolate frameworks,
have the advantages of large specific surface area, regular pore
structure, chemical stability, convenient modification and
simple synthesis [15]. More importantly, the combination of
ZIF-8 with GO to form hybrid structures is considered as a
powerful tool to enhance their adsorption performance for
pollutants [16,17].
In this study, ZIF-8@GO was prepared to remove Pb(II) and
1-naphthylamine from aqueous solution. New pores could be
formed at the interface between the surface of ZIF and GO, and
the separation of pollutants will be enhanced due to synergistic
effects of ZIF-8 and GO. Moreover, few researchers have reported
this composite, and most of them used it to adsorb gas [18]. Here,
ZIF-8@GO composites were investigated for adsorbing some heavy
metal ions and organic pollutants. The effects of pH, ionic strength,
contact time and temperature on the adsorption performance were
investigated. The possible interaction mechanisms between
ZIF-8@GO and pollutants were further explored by using XRD,
FT-IR and XPS techniques.

2.1. Chemicals
All chemicals including graphite powder, Pb(NO3)2,
Zn(NO3)26H2O, methanol, 2-methylimidazole, 1-naphthylamine
were bought from Sinopharm Chemical Reagent Co. Ltd. and were
of analytical grade. The stock solution of Pb(II) at a concentration of
120.0 mg/L was obtained by dissolving Pb(NO3)2 in deionized
water, and 1-naphthylamine (120.0 mg/L) stock solution was
prepared by the dissolution of 1-naphthylamine powder in trace
ethanol and large amount of deionized water [19].
2.2. Preparation of GO
GO was prepared by using modified Hummers’ method [20].
The preparation of GO was divided into three stages. The first step
was the low-temperature reaction, where 1.5 g of graphite powder
was slowly added into 50 mL concentrated sulfuric acid with a
mass fraction of 98% under the condition of ice water bath accompanied by magnetic stirring. After that, 6 g of KMnO4 was added
into the above solution and the temperature was kept below
10 °C for 2 h. The second stage was the medium-temperature reaction, where the temperature raised to 40 °C and the reaction was
kept for 1 h. The last stage was the high-temperature reaction,
where 50 mL deionized water was slowly added into the above
solution, and then the temperature was slowly raised to 85 °C for
30 min. 5 mL of hydrogen peroxide was added and no obvious bubble was generated. Finally, the obtained substance was washed
several times with the deionized water and dried by using
freeze-drying at 60 °C overnight.
2.3. Synthesis of ZIF-8@GO
The ZIF-8@GO was prepared by two steps. Firstly, 163 mg of
dried GO was dissolved in 200 mL methanol for 5 h, and then the
GO solution was divided into two equal parts. The first part was
added with 1487 mg of Zn(NO3)26H2O, and the second part was
added with 1602 mg of 2-methyl imidazole. Finally, the above
two solutions were mixed and stirred for 1 h. The resulting solution was centrifuged and washed three times with pure anhydrous
ethanol, and then dried in an 80 °C oven [21]. Different mass ratios
of ZIF-8 and GO were explored, and named as ZIF-8@GO (1:1), ZIF8@GO (1:2), ZIF-8@GO (1:4), ZIF-8@GO (2:1) and ZIF-8@GO (4:1).
2.4. Characterization
The morphologies of the synthesized samples were observed by
SEM (JSM-6700F) and a transmission electron microscope (TEM)
(JEM-2011, Japan). XRD patterns of the prepared samples were
measured on the platform (Philips X’Pert Pro Super X-ray, CuKa,
k = 0.154 nm). FT-IR spectra of samples were obtained in the range
of 400–4000 cm1 by using a spectrophotometer of JASCO FTIR410.
Zeta potentials of all samples were measured at ambient temperature using the Zetasizer nano-zs90 instrument (Malvern).
Brunauer-Emmett-Teller (BET) surface areas of synthetic materials
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were determined by Micromeritics ASAP 2010. The Shimadzu TGA
50 thermal analyzer was employed to record the thermal stability of the samples with heating rate of 10 °C/min from room temperature to 800 °C. XPS was recorded on a Thermo Escalab 250
electron spectrometer.

ficient of pollutants in the solid and liquid phases when the solidliquid two-phase system reaches equilibrium state. V(L) and m(g)
represent the volume of the solution and the mass of the adsorbent,
respectively.

2.5. Adsorption section

3. Results and discussion

The
batch
adsorption
experiments
of
Pb(II)
and
1-naphthylamine by ZIF-8@GO were conducted in a 10 mL polyethylene centrifuge tube. The specific steps were as follows: a series of
concentration gradient of Pb(II) and 1-naphthylamine solutions
were prepared according to requirements, 0.01 mol/L NaNO3 was
used as the background solution, and a certain concentration of
adsorbent and deionized water were added to the centrifuge tube.
The pH values of the above solution were adjusted by adding HNO3
or NaOH with a concentration of 0.025–1 mol/L, and then suspensions were placed on the oscillator to shake for 24 h. The centrifuge
was used and centrifuged at 10,000 rpm for 20 min to separate the
liquid phase and solid phase [22,23]. The concentration of
1-naphthylamine was measured by using the UV-2550 spectrophotometer at a wavelength of 332 nm, and the concentration
of Pb(II) was measured by using the chlorophosphonoazo as a
chromogenic agent at the wavelength of 616 nm.
The adsorption contents of Pb(II) and 1-naphthylamine were
calculated according to following Eqs. [24]:

3.1. Characterization

Kd ¼

C0  Ce V

m
Ce

ð1Þ

qe ¼

C0  Ce
V
m

ð2Þ

A¼

C0  Ce
 100%
C0

ð3Þ

where C0 and Ce (mg/L) represent the initial and equilibrium concentration of Pb(II)/1-naphthylamine in the solution, respectively.
A is the adsorption percentage. Kd represents the distribution coef-

Fig. 1a manifests the SEM of GO. It could be seen that the GO
produced in this study was very similar to the ideal GO, with a uniform and smooth appearance [25]. Fig. 1b displays the TEM of ZIF8, which was in a regular shape and close to a regular hexagon.
Fig. 1c and d shows SEM and TEM images of ZIF-8@GO, respectively. It could be seen that some ZIF-8 particles have grown on
the surface of GO sheets. The most size of ZIF-8 particles was close
to 50–150 nm shown in Fig. 1b.
XRD patterns of GO, ZIF-8 and ZIF-8@GO are displayed in Fig. 2a.
The characteristic peak at 2h = 11.3° (0 0 1) represented that the
XRD pattern of GO had a reasonable deviation. The spectra of the
synthesized ZIF-8 and GO were similar to those of other relevant
literatures [26]. The XRD pattern of ZIF-8@GO was almost identical
to that of ZIF-8, except that corresponding diffraction crystals
(0 0 2), (1 1 2) and (2 2 2) were different [27], which were all characteristic peaks of ZIF-8, confirming the existence of it. It was speculated that the reason might be that the integration of ZIF-8 led to
the failure of the normal stacking of GO, which covered on the surface of ZIF-8. Therefore, the diffraction peak of ZIF-8@GO was
weakened. The XRD pattern of ZIF-8@GO confirmed that ZIF-8
nanomaterials have been successfully and effectively introduced
on the GO surface.
Fig. 2b represents FT-IR spectra of GO, ZIF-8 and ZIF-8@GO.
From Fig. 2b, the absorption peaks at 2928 and 3135 cm1 were
attributed to the stretching vibration peaks of CAH bonds in the
methyl and imidazole rings, respectively [28]. The peak at
1582 cm1 was due to the vibration of C@N. The characteristic
peaks at 1147 and 995 cm1 corresponded to the stretching peaks

Fig. 1. SEM images of GO (a), ZIF-8@GO (c) and TEM images of ZIF-8 (b) and ZIF-8@GO (d).
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Fig. 2. XRD spectra (a), FTIR patterns (b), TGA curve (c) of GO, ZIF-8, ZIF-8@GO and Nitrogen adsorption-desorption isotherms and pore size distribution of (d) ZIF-8@GO, (e)
GO and (f) ZIF-8.

of C@N, the diffraction peak at 754 cm1 corresponded to ZnAO,
and the diffraction peaks at 692 cm1 corresponded to vibration
peaks of ZnAN bonds [29]. The diffraction peak of GO appeared
at 3400 cm1, indicating the vibration and contraction of hydroxyl
on the surface of the adsorbent [30]. Moreover, typical characteristic peaks of GO at 1730, 1624 and 1095 cm1 represented AC@O,
COOH and AC@C, respectively [31]. It is not difficult to observe
that the infrared spectra of ZIF-8 were almost identical to those
of ZIF-8@GO. The reason could be found from SEM and TEM
images, ZIF-8 particles were spread on the surface of GO, and
diffraction peaks of ZIF-8 interfered with the weak characteristic
peaks of GO, which further confirmed that ZIF-8@GO was effectively synthesized.
Fig. 2c displayed TGA curves of ZIF-8, GO and ZIF-8@GO. It could
be clearly seen that the mass loss of the synthesized ZIF-8@GO can
be mainly divided into three stages. The first stage was the evaporation removal of water molecules and the degradation of the GO
(<220 °C). The second phase of the temperature between 220 and
550 °C, there was a small (about 10%) of mass loss. Contrasting
TGA curve of ZIF-8 and GO, the main reason was the slow decomposition of GO. Then the third stage is from 550 °C to 800 °C. It was
attributed to the decomposition of ZIF-8. However, the chart trend

of ZIF-8@GO was somewhat more moderate than that of ZIF-8,
which further confirmed that the quality loss of ZIF-8 reduced
when the surface of ZIF-8 was covered by GO, indicating that
ZIF-8 was successfully supported onto GO.
Fig. 2d–f expressed the N2 adsorption-desorption isotherms of
the synthetic ZIF-8@GO, GO and ZIF-8. The BET specific surface
areas of ZIF-8 (Fig. 2f), GO (Fig. 2e) and ZIF-8@GO (Fig. 2d) were
1497.03, 318.55 and 946.5 m2/g, respectively. The specific surface
area of ZIF-8@GO was lower than that of ZIF-8, which might be
attributed to the fact that GO covered on the surface of ZIF-8.
[32]. The pore size of ZIF-8 was 2.859 nm, and the pore diameter
of GO (23.47 nm) and ZIF-8@GO (28.75 nm) were between 2 and
50 nm, which confirmed that many mesoporous existed on ZIF-8,
GO and ZIF-8@GO. The pore size of synthetic material ZIF-8@GO
became larger, which was in favor of pollutant adsorption and diffusion in mesoporous.
3.2. Adsorption kinetics
The adsorption kinetics of Pb(II) and 1-naphthylamine in the
whole process was conducted in a flask. In order to better understand the possible adsorption mechanism and observe the change
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Fig. 3. Effect of shaking time on ZIF-8@GO adsorption of (a) Pb(II) and (b) 1-naphthylamine (C0(Pb(II)) = 30.0 mg/L, C0(1-naphthylamine) = 30.0 mg/L, I = 0.01 M NaNO3,
m/VZIF-8@GO = 0.15 g/L, pHPb(II) = 5.0, pH1-naphthylamine = 6.5 and T = 293 K); The curves in (c) and (d) represent the fitting of the pseudo-second order kinetic model.

3.3. Effect of pH and ionic strength

of the adsorption rates, the experimental data were fitted with the
pseudo-first-order and pseudo-second-order kinetic models. The
equations were expressed as follows [33,34]:

lnðqe  qt Þ ¼ lnqe  k1 t

ð3Þ

t
1
t
¼
þ
qt k2 q2e qe

ð4Þ

From Fig. 4a, at pH < 4, the adsorption content of Pb(II) on ZIF8@GO was small, while at pH 4–7, it could be seen that the adsorption amount of Pb(II) appeared a steep increase trend. At pH > 7,
the adsorption of Pb(II) remained basically unchanged. Fig. 4a
described the effect of NaNO3 background solutions with different
concentrations on the adsorption. It was not difficult to see that
three segments were almost the same within the range of error
recognition, indicating that the effect of background ion solution
can be ignored.
The observed adsorption trend of Pb(II) on ZIF-8@GO could be
attributed to the surface physicochemical properties of ZIF-8@GO
and the dissimilar distribution of Pb(II) species in aqueous solution. From Table S1 and Fig. 4c, when pH < 5, the main existing species of Pb was Pb2+. Fig. 4d indicated the zeta potential of ZIF-8@GO
in solution with varying solution pH. The isoelectric point was
around 3.2. At pH < 3.2, the surface of adsorbent has showed positive potential, while at pH > 3.2, the surface became negative
potential. Reason was that the zeta potential of ZIF-8@GO
decreased with the increase of pH, leading to increased electrostatic attraction force. In addition, Pb(OH)2 precipitation began to
appear when pH was around 6.5. Therefore, it can be concluded
that the chemical precipitation of Pb(OH)2 contributed to the
increase of adsorption. At 8 < pH < 12, Pb(OH)
3 already appeared
in the solution, but Pb(II) adsorption remained in a relatively stable
state, and the precipitation played a major role in this stage.

where qt (mg/g) indicates the amount of adsorption at different
time against Pb(II) or 1-naphthylamine, and qe (mg/g) represents
the adsorption amount of equilibrium time. k1 (min1) and k2
(mingmg1) are the rate parameter of the pseudo-first-order
and pseudo-second-order kinetic models, respectively. Fig. 3a
and b manifested the adsorption amount of Pb(II) and 1naphthylamine in different time, respectively. From Fig. 3, it can
be seen that the adsorption rates were very fast within the first
contact of 50 min and then slowed down gradually, and the
adsorption equilibrium was reached after 100 min for both Pb(II)
and 1-naphthylamine systems. Fig. 3c and d manifested the
pseudo-second-order kinetics plots for the adsorption of Pb(II)
and 1-naphthylamine on ZIF-8@GO. The results in Table 1 showed
that the fitting of the pseudo-second-order kinetics model was
obviously better than those of the pseudo-first-order model, which
implied that the adsorption of Pb(II) and 1-naphthamine on ZIF8@GO was a chemical adsorption process [35,36].
Table 1
Kinetic parameters for the adsorption of Pb(II) and 1-naphthylamine on ZIF-8@GO.
Adsorbate

Pseudo-first order
1

K1(min
Pb(II)
1-naphthylamine

)
3

9.15  10
1.38  102

Pseudo-second order
qe(mgg
28.17
60.21

1

)

R

2

0.644
0.798

K2 (gmg1min1)
3

5.89  10
1.20  102

qe (mgg1)

R2

173.75
86.07

0.998
0.996
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Fig. 4. (a) Effect of ionic strength on the adsorption process of Pb(II); (b) Effect of ionic strength on the adsorption process of 1-naphthylamine (C0(Pb(II)) = 30.0 mg/L,
C0(1-naphthylamine) = 30.0 mg/L, m/VZIF-8@GO = 0.15 g/L and T = 293 K); (c) The different forms of element Pb under different pH conditions; and (d) Zeta potential of ZIF-8@GO
under different pH conditions.

1-naphthylamine is a sort of polycyclic aromatic hydrocarbon
organic pollutant. The adsorption mechanism included hydrogen
bond, electrostatic and electron donor receptor (EDA). The prediction of adsorption mechanism may be one or more of the above.
According to other studies, hydrogen bond between functional
groups growing on the surface of adsorbent and water molecules
was far stronger than hydrogen bond strength of overmuch aromatic hydrocarbons and functional groups on the surface of adsorbent, so this competitiveness made it difficult for polycyclic
aromatic hydrocarbons organic pollutants to accumulated on the
surface of adsorbent through hydrogen bonds [37]. At pH > pKa
(critical constant), 1-naphthylamine dissociated anions in the solution and the surface of the adsorbent were both negatively charged
[38], there was electrostatic repulsion, but the adsorption was
almost constant at 2.0 < pH < 8.0 (Fig. 2b). Therefore, it was concluded that electrostatic force was not the most important adsorption mechanism for 1-naphthylamine adsorption.
According to the literature on the adsorption of polycyclic aromatic hydrocarbons by some nano-carbon materials, electronic
donor receptor (EDA) acting on them played a major role in the
adsorption process [39]. The p-p was one of the forces of the
EDA. As for graphene, since its composition unit was sp2 hybridized
single-layer carbon atom, the surface defect formed in the synthesis process was an electron-deficient zone, and it can have a very
strong p-p bond with the electron-rich polycyclic aromatic hydrocarbon organic pollutants, to achieve the purpose of adsorption
and removal of pollutants [40].
3.4. Adsorption isotherm and thermodynamics
Fig. 5a and b manifested adsorption isotherms of ZIF-8, GO and
ZIF-8@GO at three temperatures for Pb(II) and 1-naphthylamine. It
was not difficult to distinguish that the adsorption capacity

(qZIF-8@GO = 356.0 mg/g, qGO = 273.0 mg/g, qZIF-8 = 153.6 mg/g) of
adsorbent materials towards Pb(II) followed the order:
ZIF-8@GO > GO > ZIF-8. The same tread was observed for
1-naphthylamine adsorption (qZIF-8@GO = 171.3 mg/g, qGO = 148.7
mg/g, qZIF-8 = 70.9 mg/g).
To verify the adsorption mechanism, the Langmuir and
Freundlich models were used to fit the data [41,42].

qe ¼

qm k0 C e
1 þ K 0Ce
1

qe ¼ K f  C ne

ð5Þ
ð6Þ

where K0 represents the adsorption energy constant, qm(mg/g)
is the maximum adsorption amount, Kf (mg1n Ln/g) and n are
related to the adsorption capacity and strength, respectively. The
specific values were shown in Table 2. According to the correlation
coefficient values (R2), it could be concluded that the experimental
data followed the Langmuir model, which proved that the monolayer coverage of Pb(II) and 1-naphthylamine on ZIF-8@GO [43].
The maximum adsorption capacity of ZIF-8@GO towards Pb(II) at
293 K was 356.0 mg/g. However, the maximum adsorption capacity of ZIF-8@GO towards 1-naphthylamine was 171.3 mg/g. From
Table S2, the maximum adsorption capacities of ZIF-8@GO towards
Pb(II) and 1-naphthylamine were higher that the reported adsorbent materials.
Different mass ratios of ZIF-8@GO were shown in Fig. S1. The
adsorption capacities of ZIF-8@GO with mass ratios follow:
ZIF-8@GO (1:4) > ZIF-8@GO (1:2) > ZIF-8@GO (1:1) > ZIF-8@GO
(2:1) > ZIF-8@GO (4:1). As GO content increased, the effect became
higher and higher. Since GO has a wonderful adsorption capacity
for pollutants, the increase in amount will inevitably lead to
enhanced adsorption effect. Whereas the increased content of GO
could aggregate, block the porous sites of itself and weaken its
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Fig. 5. The adsorption isotherms of (a) Pb(II) and (b) 1-naphthylamine (m/VZIF-8@GO = 0.15 g/L, pHPb(II) = 5.0, pH1-naphthylamine = 6.5); The curves in (c) and (d) are related
functions in thermodynamics.

Table 2
Fitting parameters of adsorption isotherms for Pb(II) and 1-naphthylamine on GO, ZIF-8 and ZIF-8@GO.
Adsorbate

Materials

Pb(II)

T(K)

ZIF-8
ZIF-8@GO

GO
1-naphthylamine

ZIF-8
ZIF-8@GO

GO

Langmuir

Freundlich

qmax (mgg1)

K0 (Lmg1)

R2

KF

n

R2

293
293
306
318
293

153.6
356.0
386.3
404.2
273.0

0.02
0.13
0.09
0.13
0.01

0.989
0.991
0.993
0.997
0.998

41.9
68.1
67.2
75.8
45.8

044
0.47
0.53
0.46
0.59

0.729
0.956
0.937
0.952
0.806

293
293
306
318
293

70.9
171.3
202.6
229.8
148.7

0.02
0.01
0.70
0.17
0.68

0.970
0.986
0.979
0.992
0.975

55.7
119.4
156.8
179.4
82.9

0.69
0.70
0.48
0.37
0.68

0.882
0.923
0.942
0.926
0.917

Table 3
Values of thermodynamic parameters for adsorption of Pb(II) and 1-naphthylamine on ZIF-8@GO.
T(K)

293
306
318

Pb(II)

1-naphthylamine

DH0 (kJmol1)

DS0 (Jmol1K1)

DG0 (kJmol1)

DH0 (kJmol1)

DS0 (Jmol1K1)

DG0 (kJmol1)

4.106

50.96

10.82
11.49
12.09

7.53

62.86

10.89
11.70
12.46

function. Considering economic, adsorption performance, etc., the
ZIF-8@GO (1:1) was employed in this work.
The thermodynamic parameters, such as the entropy change
(DS0), enthalpy (DH0) and Gibbs free energy (DG0) were employed
to discuss the thermodynamic properties in the process of adsorption, which were calculated by the following Eqs. [44,45]:

DG0 ¼ DH0  T DS0
lnk0 ¼

D S0 D H 0

R
RT

ð7Þ
ð8Þ

k0 ¼

qe
Ce

ð9Þ

where the parameters R (8.314 Jmol1K1) and k0 represent
molar gas constant and thermodynamic adsorption equilibrium
constant, respectively. DH0 and DS0 correspond to the respective
lines from the picture to calculate the value of the intercept and
slope [46]. Specific analysis of some relevant numbers can be seen
in Table 3. It can be seen from the adsorption isotherms at different
temperatures that the adsorption capacity of Pb(II) and
1-naphthylamine gradually increased with increasing temperature.

J. Wang et al. / Journal of Colloid and Interface Science 542 (2019) 410–420

With the increase of temperature, the Brownian motion between
the synthesized material and the ions in the solution will be faster,
resulting in the increased probability of the contact and collision
between ions and ions and between ions and the synthesized
material. Therefore, the adsorption amount of the synthesized
material will increase with the increase of temperature. Seen from
Table 3, DH0 values was 4.12 and 7.53 kJmol1, and DS0 values
was 50.96 and 62.86 JmolK1 for Pb(II) and 1-naphthylamine,
respectively. The values of DH0 and DS0 were positive, indicating
that adsorption process was endothermic and driven by entropy.
The negative DG0 values further proved a spontaneous process
for Pb(II)/1-naphthylamine adsorption.
3.5. Potential mechanism of adsorption
XPS was used to investigate potential mechanisms of Pb(II)
and 1-naphthylamine adsorption on ZIF-8@GO. Fig. 6a revealed
XPS survey spectra of ZIF-8@GO before adsorption. The positions
of peaks corresponding to different elements and the relative
strength of peaks (C 1s, N 1s, O 1s, Zn 2p, etc.) could be seen.
Fig. 6b revealed the comparison of XPS spectra after the adsorption of Pb(II) and 1-naphthylamine by ZIF-8@GO. Nevertheless,
Fig. 6c and d depicted high-resolution spectra of marked lines in
Fig. 6b. The newly emerging Pb 4f7/2 and Pb 4f5/2 peaks at 138.5
and 143.5 eV suggested that Pb(II) was successfully adsorbed on
the surface of ZIF-8@GO [17,47]. Moreover, compared with the N
1s peak before adsorption, the intensity of N 1s peak after adsorption was enhanced, which confirmed that 1-naphthylamine was
adsorbed on the surface of ZIF-8@GO.
Fig. 7a and d represented high-resolution spectra of O 1s peak of
ZIF-8@GO, before and after Pb(II) adsorption. As can be seen from
Table S3, The peaks at 531.5, 532.1, 533.3 and 530.7 eV corresponded to ACOOH, AC@O, ACAOH and APbAO after the adsorption, respectively. The three oxygen-containing functional groups
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showed declining trend after the adsorption, and the most decrement was attributed to hydroxyl groups. And with the birth of
APbAO bond, it can be confirmed that oxygen-containing functional groups in ZIF-8@GO played a significant role in the adsorption
of Pb(II). However, hydroxyl group was the most extreme of these,
and its complexation with Pb(II) may be easier and stronger [48].
Fig. 7b and e demonstrated high-resolution spectra of C 1s peak
of ZIF-8@GO before and after the adsorption of 1-naphthylamine.
From Fig. 7e, C 1s peaks at 284.8, 285.6, 286.5 and 286.1 eV corresponded to ACAC, ACAOH, ACAO and AC@O, respectively. After
comparison, it was concluded that the bond energies of ACAC,
ACAOH and AC@O slightly increased, while the peak value of
ACAO showed a slight decrease, which confirmed that some reactions had occurred [49]. Fig. 7b compared to e, AC@O had a significant position shift before and after adsorption, indicating that the
p-p bond may be the major role in removing organic pollutants.
From Fig. 7c and f, the peaks at 399.1 and 399.5 eV corresponded
to AN@ and ANHA, respectively. The peaks at AN@ had a significant attenuation after the adsorption of 1-naphthylamine, while
ANHA showed a certain upward trend. After the adsorption, a
new peak at the position of 401.3 eV appeared, which represented
the form of AN@+, after the proton reaction of AN@ [50]. The protonated AN@ was more favorable for electrostatic attraction. The
bond energy of ANHA was strengthened after the adsorption,
because 1-naphthylamine contained amino groups, which were
largely adsorbed on the surface of ZIF-8@GO. Relevant literature
has revealed that the greater the polarity, the stronger the electron
supply capacity of compound molecules, and the easier it will be to
polymerize with electron-poor graphene material surface by p-p
bond [40,51]. However, the presence of amino groups in 1naphthylamine would enhance electronic-rich capabilities, thereby
enhancing the p-p effect. The dominating mechanism of Pb(II)
adsorption on ZIF-8@GO surface was surface complexation and
electrostatic attraction interaction. The p-p bond was the primary

Fig. 6. XPS spectra of ZIF-8@GO (a) before adsorption and (b), (c), (d) comparison of characteristic peaks after adsorption.
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Fig. 7. The high-resolution spectra of O1s (a) before and (d) after the adsorption of Pb(II) by ZIF-8@GO, the spectra of C1s and N1s (b), (c) before and (e), (f) after the
adsorption of 1-naphthylamine.

mechanism for 1-naphthylamine adsorption by ZIF-8@GO [52,53].
Electrostatic attraction and hydrogen bonding also played a small
role.
3.6. Interfering ions and reusability
Some interfering cations are higher than Pb(II) in actual water
systems, such as K(I), Ca(II), Mg(II), Cu(II), Cd(II), etc. Therefore, it
is necessary to set up coexisting cation experiments. In Fig. S2,
one could find that K(I), Ca(II) and Mg(II) had slight effect on the
adsorption of Pb(II). However, Cu(II) and Cd(II) had noticeable
influence. This phenomenon may be attributed to (1) Gibbs free
energy Pb(II) (1425 kJ/mol) < Ca(II) (1505 kJ/mol) < Cd(II)
(1755 kJ/mol) < Mg(II) (1830 kJ/mol) < Cu(II) (1890 kJ/mol),
suggesting that the adsorption sequence of Pb(II) > Ca(II) > Cd(II)

> Mg(II) > Cu(II) [54]; (2) The affinity of GO against metal cations
goes wonderfully with stability constant of the related metal
hydroxides, and the order has been defined as Pb(II) > Cu(II) > Cd
(II) [55].
The cycle experiment steps are as follows. After reaching the
adsorption equilibrium, centrifugation was performed at
9000 rpm for 15 min, and then the adsorbent was transferred to
0.1 mol/L Na2CO3 (for 1-naphthylamine) and EDTA (for Pb(II)) solution for desorption experiment. Finally, solid-liquid separation was
performed and a repeat experiment was completed. Fig. 8 showed
the recycling capacity of the synthesized material ZIF-8@GO. After
analysis of Fig. 8a and b, it can be concluded that after 5 consecutive cycles, the adsorption and removal rate of ZIF-8@GO still
reached about 70% of fresh adsorbent. The above results proved
that ZIF-8@GO had a good recycling ability.

Fig. 8. The recycling performance of the synthesized material ZIF-8@GO towards Pb(II) (a) and 1- naphthylamine (b) (C0(Pb(II)) = 30.0 mg/L, C0(1-naphthylamine) = 30.0 mg/L,
m/VZIF-8@GO = 0.15 g/L, pHPb(II) = 5.0, pH1-naphthylamine = 6.5 and T = 293 K).
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4. Conclusion
In this study, ZIF-8@GO was synthesized and served as an
adsorbent for Pb(II) and 1-naphthylamine removal. In comparison
to ZIF-8, GO and ZIF-8@GO, ZIF-8@GO had best adsorption performance. The primary adsorption mechanisms of ZIF-8@GO towards
Pb(II) were complexation and electrostatic attraction, whereas the
p-p bond was the dominating adsorption mechanism for
1-naphthylamine. In addition, ZIF-8@GO demonstrated good
regeneration ability and can be used for repeated cycle removal
of heavy metal ions and organic pollutants.
Notes
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