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Abstract

The recycling of precious metal ions is highly desirable to the environment and economy. In this work, zeolitic imidazolate
framework-8 (ZIF-8), a porous and relatively stable adsorption material, was explored for the adsorption of Au from water.
Important conditions affecting the adsorption performance were investigated, including pH, adsorption time, initial con-
centration, and temperature. In consequence, the ZIF-8 adsorbent exhibits excellent adsorption performance toward Au(III)
with high adsorption capacity of 1192 mg g~' at pH 2.5 and 298 K. In addition, the study of recycling use indicated that
the stable adsorption performance being maintained after recycle twice. The adsorption process of Au(IIl) onto ZIF-8
undergoes a spontaneous endothermic process and fits well with the Freundlich isotherm model. Kinetics studies indicated
that the kinetics follows pseudo-second-order model and the intraparticle diffusion is the adsorption rate-determining step.
Mechanism studies suggested that the electrostatic interaction and partial reduction of Au(III) play vital roles in the adsorp-
tion process. This work introduces a promising adsorbent for Au separation due to its considerable adsorption capacity,

outstanding stability, and facile regeneration.
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1 Introduction

Most of precious metals with beautiful colors such as Au,
Ag, and Pt have strong chemical stability which hardly react
with other chemicals in general conditions. Specifically, Au
has excellent physicochemical properties, such as the resist-
ance to high temperature oxidation and corrosion, outstand-
ing electrical conductivity, highly catalytic activity, strong
coordination ability, and so on. Hence, Au is widely used as
industrial vitamin. The shortage of supply and high indus-
trial demand highlights the recycling of Au from secondary
resources (Wang et al. 2017).

Presently, many methods have been applied in the sepa-
ration of precious metal ions including adsorption, chemi-
cal precipitation, ion exchange, membrane filtration, and
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biological method (Kavakli et al. 2006; Zhang et al. 2015;
Shams and Goodarzi 2006; Gwak et al. 2018; Dobson
and Burgess 2007). Among them, adsorption is the most
widely used method due to the comparatively cost-effec-
tive, simplicity of design, facile operation, and low amount
of harmful secondary products (Lin et al. 2017; Zhang
and Xu 2016). Amidst the widely practical adsorbents for
retrieving precious metals, activated carbon, bioadsorbent
are the most widely used. Gold recovery form leaching solu-
tions by adsorption onto activated carbon has been the domi-
nant process due to the porosity and large specific surface
area of the activated carbon; while the hard regeneration and
low selectivity limits the application (Fleming et al. 2011;
Mpinga et al. 2014). Biosorbents, especially microorgan-
isms, has shown good sorption capacities towards precious
metals (Maruyama et al. 2014; Chen et al. 2011). However,
the microorganism based biosorbents have many drawbacks,
such as poor acid tolerance, poor mechanical strength and
little rigidity, difficulty in solid—liquid separation (Won et al.
2014). The immobilized biosorbents have been attempted to
solve these problems, but simultaneously having the strong
acidity stability, high sorption capacity, good selectivity
toward gold and excellent reutilization is still challenging
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(Ramesh et al. 2008; Ogata and Nakano 2005). Additionally,
the immobilization process may increase additional process
cost and mass transfer limitation between the solute and the
immobilized sorbent. Therefore, exploring efficient adsor-
bents is in great demand.

Metal-organic frameworks (MOFs) is a versatile porous
material formed through coordination between metal ions
and multi-type organic ligands. MOFs with the character-
istics of high degree of pore structure, high surface area
and adjustable pore size, thus leading to intense application
in gas storage (Sumida et al. 2011), catalysis (Shen et al.
2018), drug delivery (Horcajada et al. 2012), optics (Cui
et al. 2012), and sensing (Ghosh 2017), especially in separa-
tions (Li et al. 2011). However, the separation of precious
metal from water by MOFs received little prior attention. Wu
and coworkers adopted thiourea modified zirconium-based
MOFs (Ui0O-66-TU) to adsorb Au(IIl) from the waste elec-
tronic and electrical equipment (WEEE) (Wu et al. 2017),
and the maximum Au adsorption capacity was 326 mg g~ .
Zha and coworkers employed ASUiO-66 constructed from
Zr(IV) ions and the linker 2,6-bis(allylsulfanyl)terephthalic
acid to selectively recover Pd from water, and the satura-
tion capacity was 45.4 mg g~! (Zha et al. 2015). The above
MOFs reveal good identification performance toward pre-
cious metal, while the adsorption capacity is unsatisfactory.
Zeolitic imidazolate frameworks (ZIFs) are an emerging
class of porous materials and widely used in gas adsorption,
removal of organic compounds and heavy metals from solu-
tion, due to its structural integrity (Jiang et al. 2013), excel-
lent stability (Niknam et al. 2017) and large pore size (Zhang
et al. 2013). ZIFs were reported to act as a molecular sieve
with the properties termed the rotary door effect (Giiciiyener
et al. 2010). Specifically, there are abundant alkaline and
acid functional groups residing on the external surface, such
as alkaline hydroxyl groups offered by OH™! and N~!, Lewis
acid sites from low coordinated Zn, and Brgnsted acid sites
related to —NH (Chizallet et al. 2010). The enough large
surface areas and abundant functional groups on the surface
may provide an alternative approach to selectively adsorb
the precious metal.

Herein, we report on ZIF-8 as highly effective adsorbent
for adsorption Au from aqueous solution. The structure of
ZIF-8 was characterized by multiple measurements tech-
niques including powder X-ray diffraction spectrometry
(PXRD), N, adsorption—desorption methods, and thermo-
gravimetric analysis (TGA). To gain the optimal absorption
activity, we investigated the influence factors including pH,
contact time, temperature, and initial concentration in detail.
The recycling use of ZIF-8 was also studied and the stability
of its structure was verified by PXRD and Fourier transform
infrared spectrometer (FT-IR). Further, the materials before
and after adsorption were measured by transmission electron
microscope (TEM), energy-dispersive X-ray spectroscopy
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(EDS), and X-ray photoelectron spectroscopy (XPS) to con-
firmation of the absorption of Au on ZIF-8.

2 Materials and methods
2.1 Materials and preparation

N, N-dimethylformamide (DMF) was purchased from Shang-
hai Titan Scientific Co., Ltd (Shanghai, China, 99.5%).
2-methylimidazole was obtained from Adamas-beta Co.,
Ltd (Shanghai, China, 98%). Zinc nitrate hexahydrate
(Zn(NO;),-6H,0) was acquired from Sinopharm Chemical
Reagent Co., Ltd (Beijing, China, AR). AuCl; was provided
by Energy Chemical Co., Ltd (Shanghai, China, 98%). Ace-
tonitrile was purchased from Sigma-Aldrich Co., Ltd (Bei-
jing, China, 99.9%). All chemicals from commercial sources
were of reagent grade and used without further purification,
and all solutions were prepared with deionized water.
ZIF-8 was obtained by the modification of a literature
procedure (Jiang et al. 2016). Zn(NO;),-6H,0 (2.5 mmol)
and 2-methylimidazole (7.5 mmol) were dissolved into DMF
(600 mL) in the boiling flask-3-neck sealed with a glass stop-
per. The mixture was stirred until the solid was completely
dissolved, and then placed in a silicon oil bath at 413 K for
24 h without stirring. After cooling the solution to room
temperature, the mixture was filtered to get a solid product,
and then the solid was washed with methanol for three times.
The final product was obtained as a brownish black power
by dried the solid in a vacuum oven at 353 K for overnight.

2.2 Adsorption process

A series of batch experiments were carried out to investigate
the adsorption performance of ZIF-8 toward Au(IIl). Aque-
ous solutions were prepared by dissolving amount of AuCl,
solid into deionized water, then the solutions were adjusted
to the targeted pH recorded at a meter (China Leici Co.
Ltd., PHSJ-3F) by 0.1 mol L™! NaOH or HCI. For pH effect
studies, the used pH varied from 2.5 to 12. For adsorption
measurements, 10 mg ZIF-8 was added into 20 mL solution
containing 250 mg L™' Au(III) in 50 mL centrifuge tube
at 298 K. For adsorption kinetic analysis, additional solu-
tions were prepared by dissolving 50 mg ZIF-8 into 100 mL
300 mg L~! Au(III) solution at the temperature of 298 K.
Adsorption isotherm study was performed by adding 10 mg
ZIF-8 into the varied concentration solution of Au(III) from
10 mg L' to 900 mg L~" at pH 2.5 and 298 K. For thermo-
dynamic studies, 10 mg ZIF-8 materials were added into
20 mL 400 mg L~! Au(III) solution with a range of tem-
perature from 278 K to 318 K. All the centrifuge tubes or
conical flask are placed in the Thermostatic oscillator in
freezing waters to vibrate for adsorption.
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2.3 Recycling studies

To study the recovery performance of ZIF-8 materials, many
methods have been used to desorb metal ions from the as-
used ZIF-8, such as changing the pH of aqueous solution (Li
et al. 2014), using the organic solvent (Jiang et al. 2016), and
so on. In this work, acetonitrile was chosen as the desorp-
tion solvent. The experimental procedure was as follows:
150 mg ZIF-8 was added into 100 mL solution containing
300 mg L~! Au(III) with oscillation 48 h at 298 K, and then
the adsorbed ZIF-8 was percolate and rinsed repeatedly three
times with deionized water. With dried in a vacuum oven at
373 K for 4 h, the recovered ZIF-8 was dissolved in 100 mL
acetonitrile vibrating 24 h. Repeat the adsorption—desorption
experiments and study the adsorption capacity to verify the
recovery performance of ZIF-8.

2.4 Analytical methods

The concentration of Au(IIl) ion in solution was measured
through atomic adsorption spectroscopy (AAS, Japan Shi-
madzu Co. Ltd., AA-6880). The adsorption capacity (g,
mg g~!) of Au(III) on ZIF-8 at equilibrium and at time ¢ (g,,
mg g_l), as well as the removal ratio (R %) were calculated
by the following Eq. (1-3).

C,—-C, \%4
o= O OXT M)
m
Co—C)XV
qt:¥ 2)
m
R%:Mxloo (3)
C()

where C, (mg LY and C, (mg L") represent the ini-
tial concentration and concentration at time ¢ (min) of Au,
respectively. C, (mg L") represents the equilibrium con-
centration of Au in the solution. V is the adsorption volume
(mL), and m is the quality of adsorbent (mg).

2.5 Instrumentation

The crystallinity and phase information of the self-assembly
ZIF-8 was measured by powder X-ray diffraction spectrom-
etry (PXRD) equipped with a D/max-2500 diffractometer
(Rigaku, Japan) using Cu K radiation (A=1.5418 A) over
26 from 5° to 50°. The Brunauer—-Emmett—Teller (BET)
surface, pore volume and pore size distribution of adsor-
bents were calculated by using the N, adsorption—desorp-
tion methods (ASAP2020, US). Thermogravimetric analysis
(TGA) was performed on a PTC-10A thermal gravimetric

analyzer (Rigaku, Japan) ranging from room temperature to
1173 K at a ramp rate of 5 °C min~'. The infrared spectrum
was recorded on a Fourier transform infrared spectrometer
(FT-IR, Avatar 370, Thermo-Nicolet, USA) in the range
of 400-4000 cm™!. The X-ray photoelectron spectroscopy
(XPS) measurements were recorded on a Kratos Axis Ultra
DLD spectrometer fitted with a monochromated Al Ko
X-ray source (hv=1486.6 eV), hybrid (magnetic/electro-
static) optics, and a multichannel plate and delay line detec-
tor (Kratos, Manchester, UK). The elemental compositions
of the samples were characterized by energy-dispersive
X-ray spectroscopy (EDS, Oxford instruments X-Max, UK).
The transmission electron microscope (TEM) image was
recorded on a Tecnai G*20 transmission electron microscope
(FEL Japan) operating at a 100 kV accelerating voltage.

3 Results and discussion
3.1 Characterization of the Absorbents

The synthesized ZIF-8 was first detected by PXRD. As
shown in Fig. la, the three distinct characteristic peaks
located at 7.36°, 12.7°, and 18°, which were in good agree-
ment with the theoretical computational values and the pub-
lished experimental data (Jiang et al. 2016). The result con-
firmed the successful preparation of the ZIF-8 material.
The TGA curve of ZIF-8 was shown in Fig. 1b. The mass
loss of 12.6% below 473 K was attributed to the removal
of residual DMF molecule, and some 2-methylimidazole
attached to surface of materials. The self-synthesized mate-
rials start to collapse and break down at about 523 K, which
is different from the reported result that the stability of
ZIF-8 can reach 723 K (Li et al. 2014). This may be caused
by the adjustment of solvent ratio in the synthesis process.
The N, adsorption—desorption isotherm of as-synthesized
ZIF-8 shows a characteristic Type I adsorption behavior
(Fig. 1c), which is consistent with the previous report (He
et al. 2014). The BET specific surface area is determined
as 1291.8 m? g~!. The pore size distribution based on the
Barrett-Joyner—Halenda (BJH) model of ZIF-8 is shown in
Fig. 1d, which indicates a pore size distribution ranged from
10 to 70 nm with a pore diameter and volume of 34.8 nm
and 0.5245 cm® g7!, respectively. The TEM image was
displayed in Fig. le. ZIF-8 appears as a hexagonal shape,
which is consistent with the literature (Li et al. 2014). The
FT-IR results of ZIF-8 in the range of 4000-400 cm™ are
displayed in Fig. 1f. The strong band in the spectral region
of 2580-3630 cm™! is ascribed to C—H, N-H and O-H
stretching vibrations of methyl, hydroxyl and amine groups
on ZIF-8 materials (And and Nuzzo 1992). The peak at
1350-1500 cm™! can be assigned to the stretching of the
ring of the 2-methylimidazole (Hu et al. 2011). In addition,
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some characteristic peaks, for example, ~421 cm™! (Zn-N)
and 1580 cm™! (stretching vibration of C=N), 1380 cm™!
(—CH; bending) can also be observed (He et al. 2014; Liu
et al. 2015).

The structure of ZIF-8 after adsorption was characterized
by FT-IR and PXRD. By observing the infrared chromatogram
after adsorption, there is no new distinct peak appears (Fig. 1f).
It can also be clearly observed that identical peaks of the Au-
adsorbed ZIF-8 match well with the as-synthesized ZIF-8
without other crystalline phase appearing (Fig. 1a). It prove
that stability of ZIF-8 was kept during the adsorption process.

3.2 Effect of pH on the adsorption of Au(lll)

The pH of the solution is a crucial factor for metal ion
adsorption, since it can affect the stability and surface
charged mode of the material in the solution. The depend-
ence of adsorption capacity (¢.) on pH was investigated in
the pH range of 2.5-12. As shown in Fig. 2, the adsorption
capacity decreases rapidly with the increase of pH value, and
it decreases to zero when pH is at 12.

Given that AuCl; is prone to hydrolyze in an aqueous
solution as shown in the Eq. (4) with a constant k of 107%
(Mironov and Makotchenko 2009; Robb 1967), where k is
expressed by Eq. (5).

k
AuCl, + H,0 = AuCL,OH™ + H* @)

[AuCI30H™][H]
[AuClI3]

k=

&)

In this experiment, the initial pH was 2.5, and then we
can calculate that ratio of [AuCl;(OH)™] to [AuCl,] is 63,
which means that the predominant complex of Au(IIl)
is AuCl;(OH)". As the pH goes up, the ratio is going to
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Fig.2 Adsorption capacity dependence on pH. (Conditions:
m=10 mg, C=250 mg L™, V=20 mL, r=42 h, T=298 K)

increase. When pH 12, the ratio value equals to 1.9 X 10'%,
Hence, we can conclude that in the pH range studied, the anion
AuCl;(OH)™ is the main existence form.

In a previous study, the zeta potential decreased with the pH
value increased and the isoelectric point of ZIF-8 is at around
pH 10 (pH,,.), which indicates that ZIF-8 is positively charged
in the pH range of 2.5-10 (Jian et al. 2015). This phenomenon
is consistent with that in the adsorption experiment, in which
the adsorption ability of ZIF-8 toward Au(IIl) was highly pH
dependent and only small amount of Au(IIl) was adsorbed
with pH value being above 10. The positive site groups can be
formed by the N atoms of ZIF-8 through protonated reaction
(e.g. C=NH", C=NH,") below the pH,,., which have pro-
pensity to combine with the negative AuCl;(OH)™ species via
electrostatic interaction. Therefore, it can be indicated that the
electrostatic interaction may have a very prominent influence
on the adsorption of Au onto ZIF-8.

3.3 Adsorption kinetics studies

Figure 3 displays the dependence of adsorption capacity on
time. It can be obvious found that the adsorption capacity
increases rapidly at the beginning, and then increases slowly.
The adsorption equilibrium is achieved within 42 h with the
maximal capacity of 434 mg g~!. The adsorption kinetics of
Au(IIl) ions onto ZIF-8 was described by pseudo-first-order
(Eq. 6) and pseudo-second-order (Eq. 7):

kit
| —qg) =1 -
0g(q. — q) = log g, 7303 (6)
t_ 1 + L
gt k,q>  qe )

where k, (min~") and ky (g mg~!' min~!) is the pseudo-first-
order and pseudo-second-order rate constant, respectively.
The related parameters are listed in Table 1. As shown in
Fig. 4, the kinetics greatly fits the pseudo-second-order model
(R?=0.9981), which indicates that chemisorption is signifi-
cant in the rate-limiting step (Ho and McKay 1999), involving
exchanges or sharing of electrons between Au(IIl) and ZIF-8.

Furthermore, the moving boundary model was used to dif-
ferentiate the relative roles of adsorption steps involved to play.
If the adsorption process was controlled by liquid film diffu-
sion, intraparticle diffusion or chemical interaction, the rate
constant can be expressed by Egs. (8—10) (Liu et al. 2011).

k; = —1In(1 = F) ®)
ky=1=3(1-F>**4+2(1-F) 9)
ky=1-(1-F)" (10)

where F is the adsorption fraction (g/q.), and k is the
adsorption rate constant. By plotting a linear relationship

@ Springer



738

Adsorption (2018) 24:733-744

Fig.3 The adsorption capacity
varies with time. (Conditions: 450 1
m=10 mg; C=300 mg L}, 400
V=100 mL, T=298 K,
pH=2.5) 350 -
en 300
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Table 1 Adsorption kinetic parameters for the Au(IIl) adsorption onto the ZIF-8
C, (mgL7h q exp (mg g~ h) Pseudo-first-order model Pseudo-second-order model
q., cal (mg g’l) k, (min™") R? ., cal (mg g’l) ky (g mg’1 min~) R?
300 434 380.1 0.00265 0.9551 454.5 22x107° 0.9980
of k versus contact time ¢ (min), the regression coefficients 1
> . ) . Ing.=InKp+ -InC, (12)
(R”) for three adsorption steps were obtained, of which the n

one with the highest R? value was intended to be the rate-
determining step. The fitted linear regression results show
that the R? for Eqgs. (8—10) are 0.9214, 0.9740 and 0.9640.
The highest R? value for Eq. (9) indicates that the Au(II)
adsorption rate mainly be controlled by intraparticle diffu-
sion. In addition, concomitant high R? value for Eq. (10)
suggests that chemical interaction also play an important
role in the adsorption rate-determining step.

3.4 Adsorption isotherms investigation

The relationship between the adsorption of Au ion by ZIF-8
and the equilibrium Au(IIl) concentration in solution is
depicted in Fig. 5. It is clear that the adsorption performance
of ZIF-8 depends on the Au(III) concentration. The maximal
adsorption capacity can reach 1192 mg g~ in this work. A
comparison of the adsorption capacities of Au(IIl) by vari-
ous materials is shown in Table 2. The result illustrates that
ZIF-8 exhibit better adsorption capability than many reported
adsorbents. In a recent study, ZIF-8 was modified by sulfur
derivatives reveals outstanding coordination ability with pre-
cious metals (Wang et al. 2018), which indicates the excellent
potential of ZIF-8 for recovery precious metal ions.

The Langmuir and Freundlich isotherm model are used

to depict the adsorption process (Egs. 11, 12).
Ce _ Ce + 1

qe B 9m KLqm

)
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where ¢,, is the maximum adsorbed capacity toward Au
by ZIF-8 and K| is a Langmuir constant related to the affinity
of binding sites (L mg™"). K and n are Freundlich constants
related to the adsorption capacity and adsorption intensity,
respectively. The adsorption isotherm and basic parameters
of the isotherm equations are shown in Fig. 6 and Table 3. The
results in Table 3 manifest that the Freundlich isotherm fits
the Au(IIT) adsorption isotherm well with R?>=0.9263, which
is better than that of the Langmuir isotherm with R?=0.664.
Therefore, it can be suggested that the ZIF-8 adsorption of
Au(III) was a heterogeneous sorption (Jian et al. 2015).

3.5 Adsorption thermodynamics

The temperature is an important factor for adsorption process.
As shown in Fig. 7a, adsorption capacity of ZIF-8 toward
Au(III) keeps growing as temperature increases from 278 to
318 K. We also examined the thermodynamics parameters of
gibbs free energy change (AG, kJ mol™!), enthalpy change
(AH, kI mol™Y), and entropy change (AS, kJ mol™!) during
adsorption process, which were calculated by the following
Egs. (13-15) (Biggar and Cheung 1973; Huo and Yan 2012).

_ %
C

¢

Ky (13)

(14)
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Fig.4 a Pseudo-first-order and b pseudo-second-order kinetics plots
of Au(III) adsorption onto the ZIF-8
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Fig.5 The adsorption capacity connected with equilibrium con-

centration. (Conditions: m=10 mg, V=20 mL, t=42 h, T=298 K,
pH=2.5)

Table 2 Comparison of the adsorption capacities of Au onto various
adsorbent

Adsorbent Qax (Mg 71 Refs.
ZIF-8 1192 This work
Chitosan 30.95 Ngah and Liang (1999)

Dwivedi et al. (2014)
Chand et al. (2009)
Ramesh et al. (2008)

Taurine modified cellulose 34.5
Porous carbon 90.6
Glycine modified chitosan 170

resin
UiO-66-TU 326 Wau et al. (2017)
UiO-66-NH, 495 Lin et al. (2017)
a
1.2 C /q =-0.0027C +0.9202
° R’=0.664
1.0
0.8
Eﬂ)
L 0.6
0.4
0.2
0.0 T T T T T T T T T T T T T
0 50 100 150 200 250 300
1
Ce mgL )
b

74 | InQ =1.3941InC -1.05321

R’=0.9263

1.5 20 25 30 35 40 45 50 55 6.0

Fig.6 Langmuir (a) and Freundlich (b) isotherm model fitting curves
of Au(III) adsorption onto the ZIF-8

an0=£—A—H

R RT as)

where K|, is the thermodynamic equilibrium constant. R
(8.314 J mol~! K7) is the ideal gas constant, and T (K)
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Table 3 Adsorption isotherm parameters for the Au(IIl) adsorption
onto the ZIF-8

Table 4 Thermodynamic parameters for the Adsorption of Au(IIl)
onto ZIF-8

Langmuir Freundlich T (K) AG (kJ mol™h) AH (kJ mol ™) AS (k] mol™' K71
K (Lmg™) g,(mgg™) R K n R’ 278 ~0.9733 17.52 0.0673
—~0.003 —370.37 0.664 0349 0717 09263 288 —2.086
298 —2.715
308 —2.985
318 —3.856
a 600
550 -
Table 5 Characterization of the ZIF-8 before and after adsorption
| |
5004 u Before adsorption After adsorption
'3 BET surface area (m® g™') 1291.8 686.04
£ 4504 y Micropore Area (m* g™') 1015.9 482.06
= External surface area (m®> g7!)  275.89 203.98
400 Micropore volume (cm® g1 0.5245 0.2492
350 . . . . . ... . . .
270 280 290 300 310 330 The positive AH is .u.nsultab.le folr spontgneous adsorption
T (K) process, but the positive AS is suited for it. Hence, entropy
b 16 effect is the predominant driving force for the Au(III)
InK, = -2107.165/T-+8.08961 adsorption on ZIF-8 (Lyu et al. 2017).
144 R’=0.9324
1.2 3.6 Proposed mechanisms
vy 1.0 As aforementioned, at a pH higher than pH,,., there are still
= 0.8 small capacities of Au adsorption, which means other ways
besides for electrostatic attraction may take effect in the
0.6 - adsorption process of Au onto ZIF-8. To gain insight into
the adsorption mechanism, a series of measurements were
0.4 1 ¢ used to detect the changes in surface properties of adsor-
— T T T T T 1 bent before and after adsorption. After Au(IIl) adsorption,
0.0031  0.0032  0.0033  0.0034  0.0035  0.0036 . .
uT N, adsorption—desorption measurement showed that the

Fig.7 Effect of temperature on the adsorption of Au(IIl) onto the
ZIF-8.(conditions: m=10 mg, t=42 h, C=400 mg L', V=20 mL,
pH =2.5)

is adsorption temperature in Kelvin. The AH and AS were
obtained by In K|, against 1/7 in Fig. 7b. The correspond-
ing values are listed in Table 4. The negative AG and posi-
tive AH indicates that the Au(IIl) adsorption on ZIF-8 is
a spontaneous and endothermic process, which is similar
with the result reported in other studies (Akpomie et al.
2012; Wang et al. 2017). This phenomenon reveals that
chemical adsorption emerges in the adsorption process,
which is consistent with the kinetics study. The positive
AS (0.0673 kJ mol~! K~!) means increasing randomness
at the solid-solution interface during adsorption process.

@ Springer

micropore area and volume of the ZIF-8 decreased sharply
(Table 5), varying from 1015.9 m? g~ to 482.06 m? g~!, and
from 0.5245 cm? g7! to 0.2492 cm® g~!, respectively, while
the external surface area had a slight change, thus verifying
the primary binding sites are at the internal surface of pores.
The new emerging peak indexed to Au by EDS measure-
ment after adsorption prove that Au indeed adsorbed on the
surface of the ZIF-8 (Fig. 8).

The XPS analysis was further used to characterize the
surface chemical composition and states of the ZIF-8 before
and after Au(IIl) adsorption. As shown in Fig. 9a, b, Au 4f
core level peak appears in the spectra of ZIF-8 after Au(III)
adsorption. As shown in Fig. 9c, d, the high resolution XPS
spectra of N 1 s and O 1 s reveals obvious shift after Au
adsorption onto ZIF-8, indicating that electron transfer
occurred during the adsorption process and partial Au(IIl)
was reduced to low valence state. Therefore, chemical
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Fig.8 a, b EDS spectra of the a
ZIF-8 before and after adsorp-
tion
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adsorption mechanism is also proposed combination of
kinetics study and XPS analysis.

On the basis of the aforementioned experimental results
and analysis, the proposed adsorption process was put for-
ward: the negatively charged AuCl;(OH)™ species formed by
the hydrolysis and the positive groups (C=NH,*/C=NH™)
on ZIF-8 generated by protonated reaction interacted with
each other through electrostatic interaction, thus leading
to the formation of the gold-containing inner complex.

T
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Further, the partial adsorbed Au on the surface of the ZIF-8
is reduced to a low valence state.

3.7 Recydling utilization of the as-synthesized ZIF-8
Regarding of large-scale application in industrial produc-
tion, reproducible utilization of the adsorbent is in great

demand. In a typical experiment, we examined the ability
to recycle by desorption the Au from ZIF-8 with the assist

@ Springer
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Fig.9 a Survey XPS spectra, b Au 4f and Zn 3p, ¢ N1s,d O 1 s XPS spectra comparison of the ZIF-8 before and after Au(III) adsorption pro-

cess
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Fig. 10 Recycling utilization of ZIF-8 for Au adsorption. (Condi-
tions: m=150 mg, V=100 mL, C=300 mg L™, T=298 K, r=42 h)

of acetonitrile and adsorption of Au in water repeatedly.
As shown in Fig. 10, the as-used ZIF-8 exhibits a similar
adsorption capacity compared with the fresh one, with 14%

@ Springer

loss of adsorption capacity, manifesting the robustness of
ZIF-8 toward Au adsorption. Moreover, the PXRD pattern of
ZIF-8 after desorption fits well with that of fresh one, further
highlighting on the stability of the adsorbent. Therefore, it is
indicated that ZIF-8 adsorbent can be renewed by acetoni-
trile and shows a great potential for practical application in
the gold recovery.

4 Conclusion

The adsorption of Au(IIl) ions from aqueous solution by
ZIF-8 was studied. The adsorption performance containing
adsorption capacity and adsorption rate and the recycling
use of ZIF-8 toward Au(IIl) were investigated. The low
pH is favorable for the adsorption of Au(IIl) on ZIF-8 and
the Au(III) adsorption process is a spontaneous endother-
mic process. At 298 K, the maximum adsorption capacity
can reach up 1192 mg g~!. The adsorption rate steps are
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determined by MD model to be controlled by intraparticle
diffusion and chemical interaction. Moreover, ZIF-8 materi-
als could keep stable adsorption properties after recycling
use. The preliminary adsorption mechanism was conducted
as well. EDS, N, adsorption—desorption analysis indicate
that Au is doubtlessly attached to the ZIF-8 materials and
the main adsorption site is at the internal surface of pores.
The adsorption kinetics fits the pseudo-second-order kinet-
ics model well, indicating that the chemisorption exits in
the adsorption process, which is confirmed by XPS analysis.
Combining the isotherm model, pH-independent adsorp-
tion experiment, Au(IIl) species distribution and point of
zero charge of ZIF-8, electrostatic interaction mechanism is
revealed, which plays a vital role in the adsorption process.
Further research is needed to enhance the adsorption perfor-
mance, which will make ZIF-8 become a more effective and
extensive precious metal adsorption material.
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