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ABSTRACT

This study investigated the aminated polymer brush-grafted polypropylene hollow fiber membrane
via the grafting and the subsequent amination of the poly(glycidyl methacrylate) for the efficient and
selective adsorption of trivalent gold ions (Au(Ill), in the form of AuCl,"). The prepared membrane
was characterized by using Fourier Transform infrared spectroscopy, field-emission scanning electron
microscopy, X-ray photoelectron spectroscopy, and water contact angle measurements. The membrane
was successfully explored to study the adsorption performance of Au(Ill). Experimental results
showed that the polymer brush grafting time of 4 h and the amination time of 12 h were the optimized
synthesis conditions for the preparation of the aminated polypropylene hollow fiber membrane. The
optimum pH for Au(lll) adsorption onto the aminated polypropylene hollow fiber membrane was
2.5, with a fast adsorption kinetics which can be fitted by the pseudo-second-order kinetics model,
and showed the maximum adsorption capacity of 2.7 mmol/g, as derived from the good fit of the
Langmuir isotherm model. In addition, the aminated polypropylene hollow fiber membrane showed
excellent adsorption selectivity toward trivalent gold ions over divalent zinc ions (in Au(III)/Zn(II)
binary system). The prepared aminated polypropylene hollow fiber membrane would be suitable for
the reclamation of the Au(IIl) ions as the precious heavy metal ions via the combination of adsorption
and membrane technology.

Keywords: Polypropylene hollow fibre membrane; Diethylenetriamine; Selectivity; Adsorption; Au(III)
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1. Introduction

Metal resources are the valuable wealth in the earth, which
lay an indispensable foundation and play an important role
in the economic development. With the advancement of the
industrialization and the acceleration of the resource con-
sumption, large quantities of different metal wastes would be
expected to be fully recycled, reprocessed, and regenerated so
that their original functions can be restored. If valuable metal
ions from wastes can be recycled, over-exploitation of primary
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metal resources can be mitigated, plenty of energies can be
saved, and reutilization of resources can be fulfilled. Gold,
as one of the precious metals with low reserves in the earth’s
crust, has unique characteristics with extensive application
scope in several technical fields including electronics, com-
munication, medical technology, etc.[1-3]. Gold often coexists
with other heavy metals in a wide variety of sources, including
wastewater from mining effluents, electronic waste disposal,
gold plating, smelting industries, etc. However, many chemi-
cal compounds containing gold with high concentrations may
be hazardous to organisms and environment [4]. Based on such
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status quo, waste treatment and recycling of gold from heavy
metal wastewater have more practical significance. Efficient
treatment should be carried out on the recovery of gold from
industrial wastewaters for the reuse of the valuable resource as
well as the prevention of the environmental pollution.

Currently, the methods used for recycling of gold
from industrial wastewaters include precipitation, solvent
extraction, electrodeposition, and adsorption. The conven-
tional chemical precipitation processes may be difficult to
meet the increasingly stringent environmental regulations [5].
Solvent extraction method is usually used for the chemical
analyses of the gold concentrations. Electrodeposition method
is often used in gold leaching fluids with high concentrations,
and it shows limitations for wastewaters with trace amounts
of gold. In addition, the abovementioned methods may have
some limitations such as the poor selectivity and difficulty
in recyclability [6]. However, the wastewater containing
gold from various industries may contain other heavy metal
ions, and the selective separation of gold from it is of great
significance. For example, the gold-containing electroplating
wastewater often contains copper and zinc ions. The selective
separation of gold would favor the reuse of the precious metal
and thus become a key issue in resource recycling. Therefore,
with the development of industry and the enhancement of the
environmental protection awareness, much attention has been
focused on the adsorption methods for wastewater treatment.
The adsorption method shows great flexibility in operation
and design with high heavy metal ion removal efficiency,
and is easy for repeated use. [5,7-9]. Many materials (i.e.,
biomaterials, activated carbon, nanoparticles, rubber waste,
carbon nanotubes, etc.) have been used as effective adsorbents,
and a lot of research work has been carried out in develop-
ing novel adsorbents [10]. Polypropylene hollow fiber mem-
brane (PPHFM) is a membrane material extensively applied
in the field of water and wastewater treatment, featuring
good impact resistance, wear resistance, corrosion resistance,
large specific surface area, and decent separation efficiency.
Traditional PPHFM, with only the physical property of inter-
cepting particles, does not have the property of chemical
adsorption, which limits its application for a broad range of
pollutants. Therefore, if chemical adsorption property has been
incorporated to PPHFM by means of surface chemical modifi-
cation, its application would be greatly broadened not only for
micro- or nano-sized particle removal but also for heavy metal
ion adsorptive treatment. Amine functional groups are effi-
cient functional groups for the adsorption of heavy metal ions,
and would form the complexes with gold(III) for the removal
of gold from aqueous solutions [11]. For example, Ramesh et
al. [12] prepared glycine-modified crosslinked chitosan resin
to adsorb gold(Ill) with the maximum adsorption capacity of
169.98 mg/g. Lin et al. [13] recovered Au(IIl) selectively from
aqueous solutions using 2-aminothiazole functionalized corn
bract as a low-cost bio-adsorbent. However, there was little
research work on the amine-modified PPHFM for gold(III)
adsorption. The amination of PPHFM would not only extend
the applications of PPHFM into the adsorption field, but also
enlighten the research fields of other multi-functional hollow
fiber membrane materials.

Polymer brush grafting is one of the promising methods
among chemical modifications [14,15], which can effectively
change the chemical and physical properties of the material

surface. Through all kinds of active controllable polymeriza-
tion, the variability of polymer brush structure can be realized,
and thus, its usage in practice can be expanded. Therefore,
new adsorbents for the precious metal ion sequestration can
be tailor-made through the grafting of polymer brush capable
of selective adsorption of the target precious metal ions. Such
new adsorbents play an instructive role in controlling heavy
metal ion pollution and recycling of precious metal resources.
In many published literature, different strategies for graft-
ing polymer brushes were described. Among them, the sur-
face-initiated atom transfer radical polymerization (SI-ATRP)
method has been extensively studied, which is able to
achieve both high grafting density and high stability of poly-
mer brush layer [16-18]. Compared with the conventional
polymerization methods, SI-ATRP can provide controllable
molecular weight and molecular weight distribution of the
grafted polymer brush [19]. Therefore, SI-ATRP is one of the
most efficient polymerization techniques for the grafting of
various polymer brushes onto the substrates [20-23].

In this study, PPHFM was used as the substrate material
for the grafting of the poly(glycidyl methacrylate) (PGMA)
polymer brush via the SI-ATRP method, and subsequently the
epoxy groups of the PGMA were reacted with diethylenetri-
amine (DETA). As to the best of our knowledge, the aminated
polymer brush-modified PPHFM has not been reported for
the selective adsorption of Au(IIl). This study elaborated the
characteristic analyses of the aminated PPHFM and explore
its selective adsorption property for Au(Ill) in gold and zinc
binary species system. Moreover, this study would provide
means of preparing selective adsorbents for gold ions using
an industrially applied material PPHFM as the substrate and
PGMA as the polymer brush which can be aminated in mild
reaction conditions. Such adsorbents would be suitable for
the reclamation of the precious Au(IIl) ions by the combined
techniques of adsorption and membrane separation.

2. Experimental procedure
2.1. Materials

PPHFM was provided by Yuanxiang Technology Co.,
Ltd., Shenzhen, China. 2-bromide isobutyl bromide (BIBB,
98%), pyridine (AR), 2,2-bipyridine (BPy, 99%), cuprous bro-
mide (CuBr, 99%), copper bromide (CuBr, 99%), glycidyl
methacrylate (GMA, 97%), N,N-dimethylformamide (DMF,
AR), DETA (99%), and tetrahydrofuran (THF, 99%) were
all purchased from Shanghai Aladdin Reagent Co., Ltd.,
Shanghai, China. Chloroauric acid (HAuC1,, AR) and ZnCl,
(AR) was purchased from Sinopharm Chemical Reagent Co.,
Ltd., Shanghai, China. Stock solutions of 4 mmol/L contain-
ing Au and Zn ions were prepared. The pH at the range of
1-3 was adjusted using hydrochloric acid. Thiourea (AR,
99%), hydrogen peroxide solution (AR, 30%), and all other
reagents were of analytical grade.

2.2. Grafting of PGMA polymer brush

Before grafting the PGMA by SI-ATRP technique, the bro-
mination reaction on PPHFM was carried out to obtain the
brominated PPHFM (denoted as PP-Br) [24-26]. The prepa-
ration steps were as follows: 0.1 g PPHFM was placed in a
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plasma cleaner, and the surface was activated with plasma
in air atmosphere for 5 min to generate the surface hydroxyl
groups. Subsequently, 0.1 g of the activated PPHFM was
placed into a test tube with 15 mL DCM. Then, 3 mL BIBB
and 1 mL pyridine were added in the test tube which was
placed in an ice-water bath. The tube was sealed, and the bro-
mination reaction was carried out under magnetic stirring at
a speed of 300 rpm for 24 h at room temperature. After the
reaction, the fiber membrane was taken out, washed with
acetone for 20 min and with deionized water for 10 min, and
dried in a vacuum oven to obtain the PP-Br.

For SI-ATRP polymerization, 0.1 g of PP-Br was placed in
a test tube and degassed with argon for 20 min. Afterward,
0.11 g CuBr, 0.03 g CuBr,, and 0.2 g BPy were added in the
test tube, followed by the addition of 2 mL deionized water,
4 mL DMF, and 6 mL GMA. The solution mixture was again
degassed with argon for 10 min. After that, the test tube
was sealed, and the SI-ATRP of PGMA polymer brush was
carried out at the stirring speed of 150 rpm at the reaction
temperature of 45°C for 4 h. After the reaction, the fiber
membrane was taken out and washed with THF, 0.1 M HC],
0.1 M NaOH, and deionized water and finally dried in vac-
uum oven to obtain the PPHFM with PGMA polymer brush
grafted on the surface (denoted as PP-PGMA).

2.3. Amination

0.1 g PP-PGMA was added in a test tube, followed by the
addition of 6 mL THF and 6 mL DETA. The test tube was
sealed, and the amination reaction was carried out at a speed
of 150 rpm for a specific period of time at room temperature.
After the reaction was completed, the fibrous membrane was
taken out and washed with acetone and deionized water
and dried in vacuum oven to obtain the aminated PPHFM
as the final product in this study (denoted as aminated PP).
The schematic diagram of the surface functionalization of
PPHFM is shown in Fig. 1.

2.4. Material characterization

The surface chemical functional groups of the original and
modified PPHFM membranes were analyzed with Vertex 70
ATR-FTIR spectrometer (Bruker Corporation, Germany). The
surface morphology of the membranes was observed with

field-emission scanning electron microscope (FESEM, JSM-
7800F, JEOL, Japan). The surface element compositions of the
membranes were identified, and the corresponding atom per-
centage was tested with the X-ray photoelectron spectrome-
ter (XPS, ESCALAB 250Xi, Thermo, USA). The water contact
angle (WCA) of the membrane surface was tested with the
WCA testing instrument (SD-S1, Shengding, China).

2.5. Adsorption performance evaluation

The adsorption experiments were carried out in both
single species (only Au(Ill) was present in the solution) and
binary species (both Au(Ill) and Zn(II) were present in the
solution) systems with the aminated PP. The concentrations
of Au(lll) and Zn(Il) ions before and after the adsorption
experiments were determined using inductive coupling
plasma optical emission spectrograph (ICP-OES, Optima
2100DV, PerkinElmer, USA). The adsorption capacity was
calculated according to Eq. (1):

g= GOV W

m

where g (mmol/g) is the adsorption capacity, C, and C
(mmol/g) are the initial and final concentrations of the heavy
metal ion, respectively, V (L) is the volume of adsorption
solution, and m (g) is the mass of the adsorbent.

To study the influence of the pH, 30 mg aminated PP
samples were put into 30 mL Au(III) ion single or binary spe-
cies solutions (with pH values being adjusted in the range of
1-3, and the initial concentration of 4 mmol/L for each of the
heavy metal ions). When the pH was higher than 3.5, hydrox-
ide precipitates would be formed in the solution [27-29].
The adsorption was carried out for 24 h at 25°C (the adsorp-
tion time significantly exceeded the time for the adsorption
equilibrium).

To investigate the adsorption kinetics, 300 mg aminated
PP was put into 300 mL Au(IIl) ion single or binary species
solutions for the adsorption at the stirring speed of 150 rpm
at 25°C. The samples were taken at different time intervals
during heavy metal ion adsorption for ICP-OES analyses,
with the adsorption capacity at different time intervals calcu-
lated according to Eq. (1).

~OH I, A %
AN —0~ \‘(\ n
_OH Z 0
GMA,DMF H @
Plasma _OH BIBB,DCM I H,0, Bpy O  DETA HzN N
AN — —_— \/\ /\/ OH
Air CsHN CuBr,CuBr, | i 0 THF HN
-OH 4h
o —PGMA(DETA)
PPHFM Activated PPHFM PP-Br PP-PGMA Aminated PP

Fig. 1. Schematic diagram of the surface functionalization of PPHFM.
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To investigate the adsorption isotherm, 30 mg aminated
PP was put into 30 mL Au(III) ion single or binary species
solutions with the initial concentration ranging from 0.2 to
4.0 mmol/L for each of the heavy metal ions, at the stirring
speed of 150 rpm at 25°C. The initial and final Au(III) ion con-
centrations were measured using ICP-OES, and the equilib-
rium adsorption capacity was calculated.

2.6. Desorption and repeated-use experiments

For the desorption experiments, the thiourea solution
was used as the desorption agent for the desorption of
Au(Ill) from the Au(Ill)-adsorbed aminated PP. The Au(III)
desorption was carried out in 20 mL of 0.1 mol/L thiourea
solutions with the solid-to-liquid ratio (the ratio of the
weight of the aminated PP to the volume of the thiourea
solution) in the range of 0.3:1 to 6:1 (aminated PP with the
weight of 6, 10, 20, 40, 60, 80, and 120 mg, respectively)
and for a desorption time of 24 h at room temperature. The
desorption efficiency was calculated using the following
Eq. (2) [30]:

DE = CV x100%
qclm

&)

where g, (mmol/g) is the concentration of gold ions
adsorbed on the adsorbents before the desorption exper-
iment, C, (mmol/L) is the gold ion final concentrations in
thiourea solution after the desorption process, V (L) is the
volume of the thiourea solution, and m (g) is the weight of
the adsorbent.

For the repeated-use experiment, the Au(Ill) adsorption
was first carried out with the solid-to-liquid ratio of 1:1, and in
Au(III) solution with the initial concentration of 0.05 mmol/L.
After the adsorption experiments, the Au(Ill)-adsorbed
aminated PP was desorbed with the solid-to-liquid ratio of
1:1 for 24 h, and subsequently washed with 0.5 mol/L NaOH
solution and deionized water, which was ready for use
for the next cycle of adsorption-desorption. The cycle was
repeated five times to examine the Au(IIl) removal efficiency
and desorption efficiency.
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3. Results and discussion
3.1. Functionalization of the PPHFM

The synthesis of the aminated PP is shown in Fig. 1. The
hydroxyl groups on the activated PPHFM first reacted with
BIBB to obtain the PP-Br, which can be regarded as the mac-
ro-initiator for the following PGMA polymerization by the
SI-ATRP method. The obtained PP-PGMA was subsequently
reacted with DETA by ring-opening reaction for the immobi-
lization of DETA.

3.1.1. Grafting PGMA polymer brush

The optimum grafting time for PGMA polymer brush
was investigated. A series of grafting time was selected for
the grafting of the PGMA polymer brush, followed by the
amination reaction for 48 h to ensure a complete reaction of
the epoxy groups of PGMA with DETA. The prepared ami-
nated membranes were examined with the element analyzer
(VARIO EL cube, Germany) for the determination of the
nitrogen content, which indirectly denoted the amount of the
successfully grafted PGMA polymer brush [31].

Fig. 2(a) shows that the nitrogen content increased with
the increase of the SI-ATRP time during the first 4 h and
remained almost stable when the SI-ATRP time was further
increased. As the nitrogen content can be regarded as the
representative of the grafted polymer chain length [32,33], it
can be concluded that the grafting time of 4 h was suitable
for the SI-ATRP of the PGMA polymer brush. After the
SI-ATRP technology, DETA was immobilized on the prepared
PP-PGMA via the ring-opening reaction.

3.1.2. Amination process

The best amination time was also investigated. Different
amination time was selected, and the prepared membranes
were examined for the nitrogen contents with the element
analyzer. The amination time corresponding to the highest
nitrogen content was selected as the best amination time for
the preparation of the aminated PP.

Fig. 2(b) shows the effect of the amination time on the
nitrogen content of the aminated PP. The nitrogen content
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Fig. 2. (a) Nitrogen content (N%) of the aminated PP at different PGMA grafting time and (b) nitrogen content (N%) of the aminated

PP at different amination times.
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showed an increase with the increase of the amination time
for the first 12 h and remained almost constant for the reac-
tion time from 12 to 24 h. As a result, the suitable amination
time was determined to be 12 h. Therefore, the PGMA graft-
ing time of 4 h via SI-ATRP and the subsequent amination
time of 12 h were determined to be the suitable synthesis con-
ditions for the aminated PP.

3.2. Characterization of aminated PP

In order to prove the success of grafting and amination,
ATR-FTIR was used for the surface functional group analyses
of PPHFM before and after surface modification. As shown
in Fig. 3, after grafting PGMA polymer brushes onto PPHFM
forming PP-PGMA, a new peak at 1,728 cm™ occurred which
was attributed to the stretching vibration of the carbonyl
(C=0) groups of the PGMA. In addition, the two peaks at 906
and 840 cm™ were attributed to the stretching vibration of the
epoxy groups of PGMA [34,35]. Therefore, the appearance of
these characteristic peaks indicated the successful grafting of
the PGMA polymer brush onto the PPHFM surface [36,37].
After the amination reaction, a broad peak appeared in the
range of 3,000-3,700 cm™ for the aminated PP, which was
usually deemed as the combination of the stretching vibra-
tions of the hydroxyl and amine groups [26]. And a new peak
appeared at 1,565 cm™ attributed to the deformation vibra-
tion of the amine groups [38]. These results indicated that
the amine groups have been successfully introduced to the
surface of PPHFM.

Hydrophilicity of the adsorptive membranes is usually
required for the efficient adsorption of the heavy metal ions
from waters and wastewaters. Therefore, the WCA was used
to evaluate the hydrophilicity of the prepared membranes.
As shown in Fig. 4, the WCA of the original PPHFM was
85°, showing lower hydrophilicity. After the plasma treat-
ment, the WCA dropped to 0° due to the plenty of hydroxyl
groups formed on the membrane surface [39]. The WCA of
PP-Br was increased to 107°, due to the ester groups gener-
ated from the reaction between the hydroxyl groups of the

——PPHFM
——PP-PGMA
—— Aminated PP
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Fig. 3. ATR-FTIR spectra of PPHFM, PP-PGMA, and

aminated PP.

plasma-treated PPHFM and the acyl bromide groups of BIBB
[40]. After the amination reaction, the WCA dropped to 0°
again due to the introduced DETA groups, indicating that
the aminated PP would be favorable for the adsorption of
heavy metal ions.

The FESEM images of PPHFM before and after the sur-
face modification are shown in Fig. 5 to observe the effect of
the surface modification on the surface morphology of the
samples. The surface of the original PPHFM as microfiltration
membrane was porous in high-magnification observation. In
comparison, the aminated PP showed obvious roughness and
wrinkles on the porous membrane surface, which indicated
that the grafting of PGMA polymer brush and the subsequent
amination was likely to change the surface morphology. This
morphological change was also consistent with other reports
[19]. The surface morphologies of the membranes before and
after the surface modification indicated that the amination
reaction was prone to change the surface morphologies of the
PPHFM membranes.

3.3. Adsorption of Au(Ill)
3.3.1. Adsorption mechanisms

In acidic solution (HCl media), AuCl,~ can be in combi-
nation with an amine either by coordination with the neutral
amine of the aminated PP (Eq. (3)) or by electrostatic attrac-
tion with the protonated amine (Eq. (5)) [41]. The interaction
between AuCl,~ and the adsorption sites of the aminated PP
are as follows [12,13,41].

~RNH, + AuCl,” = -RN(H),AuCl, + CI 3)
—RNH, + H'Cl- = -RNH, Cl- (4)
~RNH,'Cl + AuCl,” = -RNH, [AuCl,] (5)

As can be seen from Egs. (3)—(5), the adsorption mech-
anism mainly involves the coordination and electrostatic
attraction of the Au species with the amine functional groups
of the aminated PP [42].
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Fig. 4. Water contact angles of the membranes at each stage of the
aminated PP preparation.
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Fig. 5. FESEM images of PPHFM and the aminated PP.

3.3.2. XPS analysis

XPS was used to examine the surface element informa-
tion of the aminated PP before and after Au(IIl) adsorption.
The N1s peak was deconvoluted into sub-peaks to check the
contributions of the N-containing functional groups with dif-
ferent oxidation state for the adsorption of Au(IIl). Figs. 6(a)
and (b) show the XPS wide-scan spectra of the aminated PP
and Au(Ill)-adsorbed aminated PP (PP-Au). The aminated PP
clearly showed the strong N1s characteristic peak at the bind-
ing energy of 398.8 eV which proved that the amination reac-
tion was successfully carried out on the membrane surface.
In addition, the characteristic peaks of Br3d (at the binding
energy of 69 eV) and Br3p (at the binding energy of 182 eV),
indicated the residue BIBB initiator on the membrane sur-
face. After the Au(III) adsorption, the Au4f peak at the bind-
ing energy of 87 eV was clearly shown in Fig. 6(b), indicating
that the Au(IIl) was successfully adsorbed on the aminated
PP surface. The N1s spectra of the aminated PP and PP-Au
were further deconvoluted, as shown in Figs. 6(c) and (d). The
N1s XPS spectrum of the aminated PP was deconvoluted into
two sub-peaks, at the binding energy of 398.8 and 400.7 eV,
respectively, representing the neutral and the protonated

x10,000

amine groups, and the percentage of the protonated amine
groups to the total nitrogen-containing groups was 31.3%.
After the adsorption of Au(Ill), the percentage of the pro-
tonated amine groups was 31.1% which remained almost
the same as that before the Au(Ill) adsorption. However, the
binding energy was shifted from 400.7 to 401.6 eV, indicating
that Au(III) in the form of AuCl,~ was adsorbed onto the pro-
tonated R-NH," groups via the electrostatic attractive force.
Furthermore, the binding energy of the neutral amine groups
of the aminated PP was shifted from 398.8 to 399.8 eV, indi-
cating the formation of the amine-Au(IIl) coordination bond
with the lone-pair electrons of the nitrogen atom [11,43].
Therefore, the XPS results indicated that, at pH=2.5, both the
electrostatic interaction and the coordination accounted for
the adsorption of Au(IIl) on the aminated PP surface.

3.4. The pH effect

The effect of pH on the Au(IIl) adsorption performance
in both single and binary metal ion species was investi-
gated. Fig. 7(a) shows that the optimum pH appeared to be
2.0-3.0, and the maximum adsorption was obtained at pH
2.5 for Au(Ill). To better explain such a phenomenon, the
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Fig. 6. (a) XPS wide-scan spectra of the aminated PP, (b) gold adsorbed aminated PP (PP-Au), (c) N1s spectra of the aminated PP at

pH=2.5, and (d) N1s spectra of the Au(Ill)-adsorbed aminated PP at pH =2.5.
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deconvolution of the N1s XPS core-level spectra of the ami-
nated PP at pH 1, 2.5, and 3 was carried out, with the results
shown in Table 1. It can be seen from Table 1 that the percent-
age of the protonated amine groups were 33.8%, 31.3%, and
18.4% for the aminated PP at pH 1, 2.5, and 3, respectively.
Although the contents of the protonated amine groups were
comparable at pH 1 and 2.5, the much larger amount of CI-
(hydrochloric acid was used to adjust the solution pH) at pH 1
would strongly compete with the AuCl,~ ions for the adsorp-
tion sites of the protonated R-NH,* via the electrostatic inter-
action. As the pH gradually increased, the contents of the
CI would show a decreasing trend. As a result, the adsorp-
tion capacity of Au(lll) in the form of AuCl,~ ions showed an
increase from pH 1 to 2.5. Further increase of the pH would
drastically decreased the content of the protonated amine
groups (18.4% at pH 3). Although more coordination amine
sites would be generated for the complexation with Au(III),
the adsorption capacity still exhibited a slight decrease due to
the fact that the coordination number (the ratio of the amine
groups to Au(IIl)) is usually more than 1 [11,43,44] in the coor-
dination of Au(Ill) with the available amine sites. Therefore,
the best Au(III) adsorption capacity was obtained at pH 2.5
with the aminated PP, which was similar with the pH range
of 2.0-3.0 in the reported literature [45-48].

In binary species system, where both Au(III) and Zn(II)
were present, the adsorption of Au(Ill) with the aminated
PP showed the similar trend in the pH range of 1.0-3.0. In
addition, the adsorption exhibited a strong selectivity toward
Au(IIl) ions, with a little or almost no Zn(II) adsorption on
the aminated PP.

3.5. Adsorption kinetics

Fig. 8(a) shows the Au(Ill) adsorption kinetics with the
aminated PP. The adsorption was fast in the initial adsorp-
tion stage, with 1.11 mmol/g Au(Ill) adsorbed in the first
5 min. With the increase of the Au(Ill) uptake, the available
adsorption sites gradually decreased, and the adsorption
rate was subsequently decreased, and finally reached a pla-
teau at 360 min with the equilibrium adsorption capacity
of 1.75 mmol/g. The adsorption kinetics was further fitted
with the pseudo-first-order (PFO) and pseudo-second-order
(PSO) kinetics models [48-50], and the relevant calculated
parameters are shown in Table 2. It was shown that the
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adsorption kinetics of Au(Ill) was better fitted with PSO
model, with the relevant coefficient (R?) of 0.984, indicating
that the chemical adsorption was predominant [51,52]. The
theoretical adsorption capacity calculated with the PSO
model was 1.76 mmol/g, very close to the experimental
adsorption capacity (1.75 mmol/g).

The selective adsorption kinetics for Au(Ill) in Au(III)/
Zn(Il) binary species system with the aminated PP is shown
in Fig. 8(b). In the initial stage, the adsorption sites were
abundant and both Au(Ill) and Zn(II) were adsorbed on
amintated PP surface. However, due to both the neutral
and protonated amine sites present on the amintated PP,
the Zn(Il) adsorbed was much less as compared with the
Au(III) adsorbed due to the electrostatic repulsive force. As
the adsorption time increased, the Au(III) adsorption showed
some fluctuations but kept a gradual increasing trend until
the adsorption equilibrium was reached. In contrast, the
Zn(Il) adsorption showed a decreasing trend and almost no
Zn(Il) was adsorbed on aminated PP surface after 200 min.
This phenomenon indicated a strong selective adsorption
behavior of the aminated PP toward Au(IIl), that the previous
adsorbed Zn(Il) in the initial stage was displaced by Au(III)
during the adsorption process due to the higher affinity of
Au(IIl) toward aminated PP than that of Zn(IT).

Table 2

The pseudo-first-order (PFO) and pseudo-second-order (PSO)
kinetic models and model-fitting parameters for the adsorpion
of Au(Ill) with the aminated PP

Kinetics Model equation Model Parameter
model parameters values
PFO In(g,-q,) =Ing -k t k, (min™) 0.007

g,(mmol/g) 0.819

R? 0.774
PSO tq =1/ (kg?)+t/q, k,(g/mmol min)  0.029

g, (mmol/g) 1.761

R? 0.984

Note: g,(mmol/g) and g, (mmol/g) are the adsorption capacity at time
t (min) and at the adsorption equilibrium, respectively. k, (min™) and
k, (g/mmol min) are the rate constants of the PFO and PSO models,
respectively. R? is the correlation coefficient for the relevant kinetics
model equations.
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Fig. 8. (a) Adsorption kinetics of Au(IIl) in single-species system with the aminated PP and (b) adsorption kinetics of Au(III) and Zn(II)

in the Au(III)/Zn(II) binary-species system with aminated PP.
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3.6. Adsorption isotherm

The Au(Ill) adsorption isotherms in both single and
binary species systems are shown in Figs. 9(a) and (b),
respectively. Au(Ill) adsorption showed a sharp increase
in both systems, while almost no Zn(II) was adsorbed
on aminated PP in binary species system, especially
at higher Zn(Il) equilibrium concentrations (Fig. 9(b)).
These phenomena indicated that aminated PP showed
a good selectivity toward Au(IIl) than Zn(II). The Au(III)
adsorption isotherm in single species with the aminated
PP was further fitted with Langmuir and Freundlich iso-
therm models [12,13], which is also shown in Fig. 9(a), with
the relevant equations and calculated parameters shown
in Table 3. It can be seen that the adsorption isotherm was
better fitted with Langmuir isotherm model with the cor-
relation coefficient (R?) of 0.995, indicating a single-layer
adsorption with the derived maximum adsorption capacity
of 2.7 mmol/g.
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Table 3

The Langmuir and Freundlich adsorption isotherm models and
model-fitting parameters for the adsorption of Au(Ill) with the
aminated PP

Langmuir model Freundlich model
_ 1.XC, q.= KFCEM
=71 K.c,
q, K, R? n K, R?
(mmol/g) (L/mmol) ((mmol'" L")/g)
27 1.9 0995 12 178 0.91

Note: For Langmuir model, g, (mmol/g) and g, (mmol/g) are the
equilibrium and maximum adsorption capacity, respectively.
C, (mmol/L) is the equilibrium concentration, and K, (L/mmol) is the
Langmuir model constant. For Freundlich model, g, and C, have the
same definitions as those of the Langmuir model. K, ((mmol'" L")/g)
and n are the Freundlich constants, which are related to the adsorbent
capacity and the adsorption intensity of the adsorbent, respectively.
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Fig. 9. (a) Langmuir and Freundlich isotherm model fitting of the Au(III) adsorption isotherm in single-species system with the ami-
nated PP and (b) adsorption isotherms of Au(III) and Zn(II) in Au(Ill)/Zn(II) binary-species system with the aminated PP.
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3.7. The desorption of Au(III)

Thiourea has a strong complexation with Au ions, and
compared with cyanhydrate, it is non-toxic and environment
friendly. Therefore, it is often usually used as the desorption
agent for Au-adsorbed adsorbents [12]. In order to facili-
tate the operation and allow the aminated PP to be com-
pletely immersed in the desorption solution, the volume of
the desorption solution was fixed as 20 mL, and the weight
of the aminated PP was varied. Fig. 10(a) shows that the
desorption efficiency gradually decreased with the increase of
solid-to-liquid ratio. However, a higher desorption efficiency of
more than 90% can still be achieved for the solid-to-liquid ratio
of less than 6, indicating that the Au(III) adsorbed on aminated
PP can be efficiently desorbed for recycling purpose. In addi-
tion, Fig. 10(b) shows that both the Au(lll) removal efficiency
during the adsorption process and the desorption efficiency
during the desorption process were higher than 95% in the five
adsorption—desorption cycles, indicating the good performance
of the aminated PP for Au(Ill) removal and the repeated use.

4. Conclusions

In this study, the aminated polymer brush was success-
fully grafted onto the PPHFMs via the surface initiated rad-
ical polymerization of PGMA polymer brushes, followed by
the amination with DETA. The optimum grafting and ami-
nation reaction time were found to be 4 and 12 h, respec-
tively. The prepared aminated polypropylene membrane
exhibited high selectivity and excellent adsorption capacity
toward Au(Ill) ions at pH 2.5. The Au(Ill) adsorption iso-
therm was best fitted with the Langmuir isotherm model,
and the adsorption kinetics was best described by the PSO
kinetic model. A higher desorption efficiency of more than
95% was achieved for the desorption of Au(III) with the use
of thiourea solutions. The adsorbent was successfully used
up to five adsorption—desorption cycles without the decrease
of the adsorption capacity.
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