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Abstract: A novel porous gold polymer composite was prepared by the functionalization of a glycidyl
methacrylate-based copolymer (pGME) with ethylene diamine (pGME-en), and activation by gold
(pGME-en/Au), in a simple batch adsorption procedure in an acid solution, at room temperature.
Detailed characterization of the pGME-en before and after activation was performed. The main
focuses of this research were the design of a method that can enable the recovery of gold and the
reuse of this multipurpose sorbent as an antimicrobial agent. Fourier transform infrared spectroscopy
(FTIR) and X-ray photoelectron spectroscopy (XPS) analysis pointed out amine groups as the primary
binding sites for Au activation, while hydroxyl groups also contributed to the chelation reaction.
pGME-en exhibited fast gold adsorption with an adsorption half-time of 5 min and an equilibrium
time of 30 min. The maximal adsorption capacity was about 187 mg/g. The analysis of sorption
experimental data with a non-linear surface reaction and diffusion-based kinetic models revealed
the pseudo-second-order and Avrami model as the best fit, with unambiguous control by liquid
film and intra-particle diffusion. The biological activity studies against Staphylococcus aureus, Listeria
monocytogenes, Escherichia coli, and Candida albicans revealed moderate activity of pGME-en/Au
against different bacterial and fungal species. pGME-en/Au was stable in a saline solution, with a
release of approximately 2.3 mg/g after 24 h.

Keywords: glycidyl methacrylate; adsorption; Au; antimicrobial activity; XPS

1. Introduction

Gold nanoparticles (AuNPs), due to their outstanding characteristics, such as low
contact electrical resistance, excellent electrical conductivity, and exceptional corrosion
resistance, have been widely used in optoelectronics, electrochemistry, catalysis, biosensors,
antibacterial applications, etc. [1–3]. However, being one of the rarest elements on earth,
the mining of gold (Au) is extremely costly. In addition, the U.S. Geological Survey’s
2019 annual report revealed the expectation that Earth’s commercially mineable gold
reserves will be exhausted within the next 15 years. Recent studies imply that Au recovery
from electronic waste (e-waste), “urban mining”, as well as from seawater, incinerated
sludge, and waster effluents, where Au is present in trace quantities, is becoming more
cost-effective than the traditional mining of ores [4]. E-waste generated by discarded
electrical and electronic equipment (smartphones, computers, displays, etc.) contains
precious metals (gold, silver, and palladium), as well as toxic heavy metals, particulate
matter, and volatile and semi-volatile organic compounds [5]. Up till now, large quantities
of e-waste were disposed in developing regions such as West Africa. It is the most rapidly
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increasing form of solid waste, with a worldwide generated amount of 60 million metric
tons in 2022, and is projected to reach 74.7 metric tons by 2030 [6]. Hence, in order to meet
the demands of sustainable economic development and a circular economy, there is an
increasing need for innovative and efficient materials and technologies for metal recovery
from different effluents. Various methods, such as hydrometallurgy, pyrometallurgy,
leaching, and combinations of these techniques, have been used for metal recovery. Also,
flotation is another useful methods to level up metals recovery [7,8].

Gold recovery can be carried out by solvent extraction, membrane separation, chemical
precipitation, ion exchange, adsorption, etc. [9]. The adsorption method is simple, eco-
friendly, has low operating costs, and is characterized by a high efficiency and reusability
of the adsorbent in several adsorption/desorption cycles. In recent years, the attention
of researchers to porous materials, based on chelating polymer ligands and investigating
their potential use in technologies for precious metal recovery, reuse, and recycling, has
increased significantly. Chelating polymer incorporates a polymer support and chemically
immobilized ligands, usually consisting of mono-, bi-, or polydentate groups with nitrogen
and/or charged or neutral oxygen donor groups [10]. Chelating groups may be covalently
bound to a polymer as pendant groups or incorporated into the repeating units of the
polymer backbone by the polymerization of a suitable monomer containing the required
chelating group. The presence of porous channels, their large surface area, and their
unique chemical characteristics have led to the numerous potential applications of these
porous materials [11–17]. Among them, the chelating polymer ligands based on glycidyl
methacrylate (GMA) are very attractive, due to the presence of oxirane rings that can easily
be transformed into various functional groups [18]. These materials have found applications
in very diverse areas such as drug delivery [19], support for enzymes [20], and wastewater
treatment [21], as well as catalysis [22]. As a result of extensive research, Jovanović et al.
developed GMA-based polymeric sorbents with adjustable porosity parameters by varying
the type and the amount of aliphatic alcohol and crosslinking monomer in the reaction
mixture [23]. A plethora of amino-functionalized porous polymers and composites were
used as heavy and precious metal sorbents, with the possibility to coordinate gold and
platinum metals or bind them as chloro complexes as basic ion exchangers, depending on
pH [24–29].

Chelating GMA-based polymer ligands are considered to be an efficient agent for
preparing polymer–metal chelates with desired properties and applications. The affinity or
strength of the metal–ligand interaction is influenced by the functionality of the chelating
group, density of chelating groups in the polymer, crosslinking density (for copolymers),
oxidation state and metal electronic configuration, stereochemistry, steric constraints, and
electrostatic interactions [30].

Growing bacterial resistance is a serious problem that requires a quick solution. The
antibacterial activity of silver, gold, copper, titanium, zinc oxide, and magnesium oxide
nanoparticles (NPs) is well known. Metal NPs can be immobilized in a polymer matrix by
in situ synthesis of NPs within the polymer as a reaction medium, or by ex situ synthesis,
by adding previously prepared NPs into the polymer matrix as a dispersion medium [31].
To the best of our knowledge, there are few reports investigating the antimicrobial activity
of GMA-supported NPs [32–34].

The design and development of antibacterial polymer-supported materials, which can
be easily functionalized, could improve their antimicrobial properties due to the synergistic
effect between NPs and the polymer matrix, and solve the NP aggregation problem. The
main highlight of this research was the recovery of gold, using a novel porous amino-
functionalized GMA-based sorbent, and so, the prepared gold polymer composite was
examined for possible antibacterial and antifungal activities.
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2. Materials and Methods
2.1. Reagents

GMA, cyclohexanol, dodecanol, 2,2′-azobisisobutyronitrile (AIBN), and gold(III) chlo-
ride solution (HAuCl4) were purchased from Merck (Darmstadt, Germany). EGDMA and
ethylene diamine were obtained from Sigma-Aldrich (St. Louis, MI, USA). Poly(N-vinyl
pyrrolidone) (PVP, Kollidone 90) was purchased from BASF SE (Ludwigshafen, Germany).
Hydrochloric acid (HCl, 37 w/w%) and nitric acid (HNO3, 65 w/w%) were purchased from
Honeywell International, Inc. (Charlotte, NC, USA). All the chemicals were of analytical
grade and used without further processing.

2.2. Preparation of Polymeric Adsorbent

A porous crosslinked pGME copolymer was synthesized by the suspension copolymer-
ization of GMA and EGDMA in the presence of a mixture of cyclohexanol and dodecanol
as an inert component, AIBN as an initiator, and PVP as a suspension stabilizer [35]. The
obtained copolymer was sieved to control the beads’ size. Then, 5 g pGME (diameter range
from 150 to 500 nm) was modified with a tenfold excess of ethylene diamine in toluene
at 70 ◦C for 7 h. The amino-functionalized copolymer was finally purified by Soxhlet
extraction with ethanol, dried in a vacuum oven at 50 ◦C, and labeled as pGME-en.

2.3. Adsorption Experiments

The working solution of gold was prepared by dissolving HAuCl4 in aqua regia. The
adsorption experiment was carried out by contacting 0.5 g of pGME-en with 40 mL HAuCl4
solution, at a pH of 1.5 at room temperature. The aliquots (1 mL) were withdrawn at 1, 5,
30, 60, 90, 120, and 180 min from the beginning of the adsorption process and diluted with
deionized water (Milli-Q Millipore, conductivity 18 MW/cm). Each sample aliquot was
filtered through a 0.22 µm filter and the gold concentration was determined by inductively
coupled plasma optical emission spectrometry (ICP-OES, Model ICP\6500 Perkin Elmer,
Waltham, MA, USA). The sorption capacity, Qt (mg/g), was calculated using Equation (1):

Qt =
(Ci − Ct)V

m
(1)

where Ci (mg/L) and Ct (mg/L) are the concentrations of Au ions in the initial solution
and in the aqueous phase at time t, respectively, V (L) s the volume of the aqueous phase,
and m (g) is the amount of pGME-en adsorbent. All the adsorption experiments were
performed in triplicate, and, for further data processing, the average values were used. The
pGME-en copolymer with immobilized gold, a gold polymer composite, was rinsed with
distilled water and ethanol several times, dried at 50 ◦C for 24 h under vacuum, and named
pGME-en/Au.

2.4. Methods of Characterization

The morphology of the copolymer before and after gold adsorption was investigated
by SEM (JEOL JSM-6460 LV, JEOL Ltd., Tokyo, Japan) at desired magnifications. Prior to
SEM analysis, the pGME-en was coated with a thin layer of gold to minimize charging.
An EDS (Oxford Instruments XMax SDD 20 mm2, Oxford Instruments Nanoanalysis,
High Wycombe, UK) coupled to a JEOL JSM-6460 LV SEM was used to provide elemental
identification. The EDS analysis enabled the investigation of the elements’ distribution
at a depth of 100–1000 nm from the surface. The porosity of all samples was determined
by a high-pressure mercury intrusion porosimeter (Carlo Erba 2000, software Milestone
200, Washington, DC, USA). Sample preparation was performed at room temperature and
at a pressure of 0.5 kPa. The porosity parameters, i.e., the values of specific pore volume,
Vs, and pore diameter, which corresponds to half of pore volume, DV/2, were read from
the pore size distribution curves determined by mercury porosimetry, while the specific
surface area, Ss,Hg, was calculated as the sum of incremental specific surface area from the
pore size distribution curves. The thermal stability of the samples was investigated using
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a TG/DSC 111 (SETARAM S.A. France, Caluire-et-Cuire, France). The experiments were
carried out in an inert atmosphere (30 mL/min) and heated at 10 ◦C/min up to 450 ◦C.
FTIR analysis was performed in ATR (attenuated total reflection) mode using a Nicolet
380 spectrometer (Thermo Scientific, Waltham, MA, USA) with a Smart OrbitTM ATR
attachment (wavenumber range 400–4000 cm−1, resolution 2 cm−1). The surface chemical
analysis by XPS was acquired using a VG ESCALAB II instrument (VG Scientific, Waltham,
MA, USA) with a non-monochromatized Al Kα line (hν of 1486.6 eV, resolution of 1 eV,
angle of 45◦ and base pressure of 1 × 10−8 Pa). The survey scan range was run in the
binding energy range of 0–1200 eV in FAT 40 mode, with a pass energy of 80 eV, an energy
step of 0.5 eV, and a dwell time of 0.2. High-resolution spectra were taken in FAT 20 mode,
with an energy step of 0.1 eV and a dwell time of 1 s.

The experiment investigating Au ions release was carried out in static conditions, by
adding 0.5 g pGME-en copolymer with immobilized Au ions into 50 mL of physiological
saline solution (9 g/L NaCl) at room temperature. The concentration of the released Au
ions was measured in duplicate.

2.5. Antibacterial Activity Assay

The agar plate method was used to assess the antimicrobial activity of pGME-en/Au.
The material suspension (200 mg/mL) was made and 50 µL of the suspension was added
to the 5 mm-wide well in the agar plate. A nutrient agar medium (DSMZ 1) was used,
containing the following ingredients (g/L): peptone (5.0 g), meat extract (3.0 g), agar
(20.0 g), distilled water (1.0 L); a pH of 7.0 was used. Plates were inoculated with the Gram-
positive strains S. aureus ATCC 25923 and L. monocytogenes NCTC 11994, the Gram-negative
strain E. coli NCTC 2001, and the fungal strain C. albicans ATCC 10231. The inoculums
were 5 × 105 colony-forming units, cfu/mL, for bacteria and 1 × 105 cfu/mL, for Candida
species. Plates were incubated for 24 h at 37 ◦C, and the zone of clearance was measured.
The methodology flowchart is shown in Figure 1.
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3. Results and Discussion
3.1. Adsorbent Characterization

The surface morphology of pGME and pGME-en was examined using SEM analysis
and is presented in Figure 2a–d. As can be seen, pGME and PGME-en particles are
spherical in shape, with a porous surface texture. Qualitative SEM-EDS analysis (Figure 2e)
confirmed the presence of all expected elements (C, O, and N). The presence of N peaks
(19.4 w/w%) corroborates the successful amino modification of pGME.
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Figure 2. SEM microphotographs of pGME beads at a magnification of (a) 300 ×, (b) 5000 ×; pGME-
en beads at a magnification of (c) 300 ×, (d) 5000 ×; (e) EDS spectra of pGME-en; and (f) the pore
size distribution diagrams for pGME and pGME-en.

Figure 2f shows pore size distribution diagrams for pGME and pGME-en. A significant
shift in the pore size distributions toward larger pore sizes for the amino-functionalized
sample, in comparison to the initial one, can be observed. For pGME, the predominant pore
range was 10–50 nm (47.7 v/v%) and, for pGME-en, it shifted to 50–100 nm (46.5 v/v%).
The values of relevant porosity parameters for both samples are given in Table 1.

Table 1. Porosity parameters of initial pGME and amino-functionalized pGME-en.

Sample SS,Hg, m2/g VS, cm3/g dV/2, nm

pGME 58 0.53 51
pGME-en 84 0.80 78

The results show that amino-functionalization causes the alteration of porosity pa-
rameters of pGME. The introduction of amino groups to pGME increases the pore volume
(almost 1.5 times) and pore diameter, leading to an increase in the specific surface area of
45%. Namely, the sample of pGME-en has the higher specific volume due to a high amount
of macropores (~77 v/v%), which contribute most to the increase in pore volume, especially
pores > 1000 nm (17.5 v/v%), while the pGME has a lower amount of these pores.

Figure 3a shows the TGA weight losses of pGME and pGME-en versus temperature.
As can be seen, the degradation of both samples takes place in three stages. The pGME
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demonstrated that the first weight loss stage is in the range between 172 and 218 ◦C, the
second stage is in the range between 218 ◦C and 361 ◦C, and the third weight loss is
between 361 ◦C and 450 ◦C. As for pGME-en, the first stage took place between 192 ◦C and
252 ◦C, the second remarkable second weight loss was in the range between 252 and 343 ◦C,
and the last stage was between 343 and 450 ◦C. The main degradation mechanism of the
investigated samples was the depolymerization of monomers and oligomers, initiated by
the scission of weak linkages (i.e., H–H bonds, double bonds in backbone pendant groups,
and random chain scission), ester decomposition, and the elimination of the amine groups
that simultaneously occur [29,36]. Also, the relative thermal stabilities of the samples were
assessed by comparing the initial temperature of degradation (Ti) and the temperature at
50% weight loss (T50%). The values of Ti and T50% of pGME-en (192 ◦C and 371 ◦C) were
higher than that of pGME (172 ◦C and 313 ◦C), suggesting an increase in thermal stability.
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The FTIR spectra of pGME and pGME-en are given in Figure 3b. The characteristic
absorption bands at 2994, 2926, and 2852 cm−1, assigned to –CH2 and –CH– stretching
vibrations as well as the bands of –CH2 and –CH– bending vibrations at 1447 and 1386 cm−1,
were observed. In addition, epoxy ring vibrations at 1256, 910, and 847 cm−1, such as
stretching carbonyl vibrations at 1722 cm−1 peaks, were found [37,38]. Compared with
the pGME spectrum, the appearance of new absorption bands was observed at 1656, 1561
(N–H bending vibrations), and 754 cm−1 (N–H wagging vibrations), as well as broad
bands assigned to the –OH and to the N–H stretching vibrations, with a maximum at
~3400 cm−1 [37,39]. Also, a decreasing intensity of characteristic epoxy vibration peaks
was observed. All these variations of absorption bands between the pGME and pGME-en
confirm that the pGME had been successfully amino-functionalized with ethylene diamine.

The surface chemical composition of pGME-en was analyzed by XPS and the character-
istic peaks for C 1s, O 1s, and N 1s were identified in the wide scan spectrum (Figure 4a). The
presence of the N 1s peak at ~400 eV confirmed the amino-functionalization of pGME. For
more detailed characterization, a high-resolution (HRES) spectrum of C 1s was employed.

Figure 4b shows the high-resolution C 1s spectra deconvoluted into three peaks. The
low binding energy peak at 284.7 eV is attributed to carbon (C–C and C=C) and the other
most intensive peak at 286.6 eV is assigned to bounded hydroxyl or amino groups [40].
The third peak at 288.7 eV is due to the presence of –COO [41]. The deconvolution of C 1s
indicated that the amine group had been grafted onto the pGME-en surface, which was in
agreement with the results obtained from FTIR analysis.
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3.2. Adsorption Kinetics

The results of the effect of contact time on Au adsorption onto pGME-en, in the contact
time range of 1 to 180 min, are presented in Figure 5a. It can be seen that the adsorption of
gold by pGME-en varies with time; it increases rapidly until approximately 20 min, then
gradually attains equilibrium at 30 min, with a maximal capacity of 187.22 mg/g. The
adsorption half time was 5 min, and after 30 min, only a negligible variation of adsorption
capacity was noticed.
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In order to acquire information about the types of interactions between pGME-en and
Au ions and elucidate the adsorption rate, the experimental data were evaluated using the
following surface reaction-based kinetic models: pseudo-first-order (Equation (2)), pseudo-
second-order (Equation (3)), Elovich (Equation (4)), modified Freundlich (Equation (5)),
and Avrami kinetic models (Equation (6)) [42,43]. The kinetic parameters of the adsorption
process were derived using non-linear regression fitting methods. The calculated kinetic
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parameters and coefficients of determination (R2) are listed in Table 2, while fitting curves
are displayed in Figure 4a.

Qt = Qe

(
1− e−k1t

)
(2)

Qt =
Q2

e k2t
1 + Qek2t

(3)

Qt =
1
β

ln(αβt + 1) (4)

Qt = kMFCit1/m (5)

Qt = Qe(1− exp[−kAV tn]) (6)

where Qt (mg/g) and Qe (mg/g) are the adsorption capacity at time t and equilibrium,
respectively, k1 (1/min) is the adsorption-rate constant for the pseudo-first-order, k2
(g/mg min) is the adsorption-rate constant for the pseudo-second-order, α (mg/g min)
is the adsorption-rate constant related to chemisorption, β (g/mg) is the activation en-
ergy for chemisorption and is related to the extent of the surface, kMF (L/g min) is the
adsorption-rate constant for the modified Freundlich model, m is the Kuo–Lotse constant,
kAV (1/min) is the Avrami kinetic rate coefficient, and n is the Avrami model exponent of
time, corresponding to the adsorption mechanism.

The highest value of the correlation coefficients (R2) of the five surface models was
0.987 for the pseudo-second-order and Avrami models. The value of the calculated ad-
sorption capacity for the Avrami kinetic model (187.80 mg/g) was found to be close to the
experimentally obtained adsorption capacity (187.22 mg/g), indicating that the Avrami
kinetic model better explained the adsorption of gold onto the pGME-en. The obtained
results suggest that the adsorption process is complex and follows multiple kinetic orders
that are changed during the contact of the gold with the active sites on pGME-en, depend-
ing on the affinity of the metal ions to the pGME-en. The adsorption of gold ions by the
amino-functionalized copolymer may occur via electron sharing or ion exchange between
active sites on the copolymer support and gold ions [44,45].

Since the experimental data fit very well to the Avrami model, the four diffusion-based
kinetic models (liquid film diffusion (Equation (7)), intra-particle diffusion (Equation (8)),
the Bangham model (Equation (9)), and the Boyd model (Equation (10))) were used to
further understand the mechanism of Au adsorption onto pGME-en, as well as to determine
the rate-controlling step of the processes [42]. The values of obtained diffusion-based kinetic
parameters are represented in Table 2, while the results of the fitting results are shown in
Figure 5b.

ln(1− F) = −kLFDt + CLFD (7)

Qt = kidt0.5 + Cid (8)

log log
(

Ci
Ci −Qtm

)
= log

kBm
2.303V

+ α log t (9)

Bt =

(
√

π −
√

1− πF
3

)2

for F < 0.85Bt = −0.4977− ln(1− F) for F > 0.85 (10)

where kLFD (1/min) is the liquid film diffusion rate constant, F = Qt/Qe is the equilibrium
fractional attainment, kid (mg/g min0.5) is the intra-particle diffusion rate constant, Cid is
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proportional to the thickness of the boundary layer, m (g/L) is the dosage of adsorbent,
kB (1/g) is the rate constant of Bangham model, α is the constant corresponding to the
adsorption intensity, and Bt is a mathematical function of F.

Table 2. Kinetic parameters for gold adsorption by pGME-en.

Model Parameter Value

Pseudo-first-order
Qe

calc, mg/g 183.67
k1, 1/min 0.13

R2 0.963

Pseudo-second-order
Qe

calc, mg/g 197.87
k2 · 103, g/mg min 1.01

R2 0.987

Elovich
α, mg/g min 136.29
β · 102, g/mg 3.15

R2 0.915

Modified Freundlich
kMF · 102, L/g min 3.75

m 4.85
R2 0.842

Avrami

kAV, 1/min 0.12
n 0.74

Qe
calc, mg/g 187.80

R2 0.987

Liquid film diffusion
kLFD · 102, 1/min 8.35

CLFD 0.29
R2 0.982

Intra-particle diffusion
kId, mg/g min0.5 3.78

Cid 157.12
R2 0.959

Bangham
kB · 103, 1/g 0.47

α 0.46
R2 0.861

Boyd R2 0.974

As shown in Figure 5b (inset), the straight line of the liquid film diffusion plot did not
pass through the origin, indicating the involvement of pore diffusion in the mechanism
of metal ion adsorption [46]. Bearing in mind that the ion diameter for non-covalent
interactions would be slightly less than 12 Å (1.2 nm), it is expected that the [AuCl4]−

ion can penetrate through micro-, meso-, and macropores and that its binding inside
the polymer also has a significant contribution to the sorption of this ion, not only on
the surface. Brief analyses of the structural parameters for the [AuCl4]− ion with the
structure of the [AuCl4]− anion (Figure S1) are given in the Supplementary Materials.
The intra-particle plots (Figure 5b) show three distinct stages: a liquid film diffusion
stage, an intra-particle diffusion stage, and a final equilibrium stage [37]. According to
the obtained results, the intra-particle plots were linear and deviated from the origin,
suggesting that the adsorption of Au onto pGME-en was controlled by both liquid film and
intra-particle diffusion. These results are corroborated by the Bangham (Figure S2a) and
Boyd (Figure S2b) plots, suggesting that diffusion through pores is not the predominant
mechanism, since their curves did not pass the coordinate onset.

Previous research on gold adsorption reports various adsorbents that can recover this
precious metal, such as activated carbon, different types of biosorbents, and functionalized
magnetic nanoparticles [47–49]. However, variations in the experimental conditions, and
the different properties of adsorbents, like surface chemistry and functional groups, make
direct comparisons of the reported data difficult to achieve. The experimental adsorption
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capacity and equilibrium adsorption time of pGME-en for gold removal obtained in this
study were compared with several adsorbents recently reported in the literature listed in
Table 3. As can be seen, pGME-en has a fast adsorption, i.e., the equilibrium adsorption
time obtained in this study was 0.5 h, while the majority of sorbents listed in Table 3 have
an equilibrium time of over 3 h.

Table 3. Comparison of various adsorbents for gold removal.

Adsorbent * pH Qe
exp, mg/g teq, h Ref.

Fe3O4@SiO2-NH2 2 14.10 - [50]
Amberlite XAD 7-L-glutamic acid <4 14.23 1 [51]

DACS-TA <5.7 298.5 22 [52]
RFT-SA 3 386.5 18 [53]
CPEIR 2 943.5 12 [54]

PE-PGMA 3 99.08 0.2 [55]
A-PGMA 4 201.214 3 [56]
pGME-en 1.5 187.22 0.5 This study

* Fe3O4@SiO2-NH2—amino-functionalized magnetic nanoparticles; Amberlite XAD 7-L-glutamic acid—Amberlite
XAD 7 functionalized with L-glutamic acid; DACS-TA—tannin acid-immobilized dialdehyde corn starch; RFT-
SA—resorcinol–formaldehyde–thiourea in sodium alginate hydrogels; CPEIR—crosslinked polyethyleneimine
resins; PE-PGMA—trimethyl phosphate modified poly(glycidyl methacrylate); A-PGME—2-aminothiazole-
functionalized poly(glycidyl methacrylate) microspheres.

3.3. The Mechanism of Gold Adsorption onto pGME-en

FTIR and XPS analyses of pGME-en before and after the gold adsorption were per-
formed, in order to understand the mechanism of the adsorption process. FTIR spectra
before and after gold adsorption are given in Figure 6a. The N–H bending vibration at
~1650 cm−1 was shifted towards lower wavenumbers (1630 cm−1), while the band at
~1560 cm−1 disappeared from the spectrum after adsorption, indicating the formation
of a C–N–Me bond. A similar result was reported in the literature [57]. Also, the shift
and intensity decrease in the N–H wagging vibration peak, from 754 cm−1 to 750, can be
observed. The C–O stretching band at 956 cm−1, for the amino-modified copolymer, was
shifted to ~980 cm−1. At the same time, the intensity of the peak at 1450 cm−1 decreased.
According to the literature, this can suggest that O atoms in –OH groups might also be
involved in the metal adsorption process [58].

The XPS wide scan spectra of pGME-en before and after the adsorption of Au ions
are presented in Figure 6b. The characteristics peaks for C 1s, O 1s, and N 1s were
identified for both samples. After the gold adsorption, a new peak of Au 4f at 83.5 eV was
observed, indicating Au bonding with reactive sites onto pGME-en. For further analysis,
high-resolution (HRES) spectra of Au 4f, C 1s, N 1s, and O 1s were employed.

The Au 4f core-level spectrum (Figure 7a) had two peaks, corresponding to Au 4f7/2
(84.5 eV) and Au 4f5/2 (88.2 eV), with a spin-orbit splitting of 3.7 eV. The Au 4f7/2 was fitted
into three components located at 84.6, 85.6, and 87.0 eV, corresponding to Au(III), Au(I),
and metallic Au, respectively. The Au 4f5/2 peak had three components at a binding energy
of 88.2, 89.4, and 90.6 eV, which implied the existence of +3, +1, and Au zero valence states
on the pGME-en surface [59]. The presence of Au in higher valence states is due to the
oxidation of the outermost layer of the gold nanoparticles. Also, it should be emphasized
that an upshift of the Au 4f7/2 and Au 4f5/2 binding energy positions, relative to the bulk
standard values, was observed. The presence of the support material altered the Au 4f
binding energy positions, which is an indication of the interaction of the Au NPs with the
surrounding chemical environment. This analysis leads to the conclusion that Au was
immobilized on the surface of the pGME-en beads, in the form of Au metal. According
to the HRES C 1s (Figure 7b) of pGME-en after adsorption, a new peak at 288.0 eV for
C=O appeared, indicating the redox reaction presence during the Au adsorption onto
pGME-en [54].
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To investigate the involvement of amino and hydroxyl groups in adsorption, the N
1s and O 1s spectra were further analyzed. The N 1s core-level spectrum of the pGME-
en copolymer (Figure 7c) was resolved into two nitrogen peaks, which corresponded to
non-protonated –NH2 (399.2 eV) and −NH− (400.3 eV) [60]. After adsorption (Figure 7d),
the spectra exhibited a new peak (401.9 eV) assigned to protonated amine groups, which
indicated that amino groups are involved in the interaction with Au ions [61]. The O 1s
core-level spectra of pGME-en before and after the adsorption of gold ions (Figure S3) were
fitted with two peaks at ~531.6 and ~532.9 eV, corresponding to O=C and –OH, respec-
tively [62]. After adsorption, the peak intensity assigned to hydroxyl groups increased,
indicating that hydroxyl groups had interacted with the metal ions. The XPS data sug-
gest that Au immobilization onto pGME-en proceeded via electrostatic interaction with
protonated amine groups and/or through a complex formation mechanism with amino
and hydroxyl groups (where nitrogen and/or oxygen act as the coordinating atoms). A
possible mechanism of Au adsorption onto pGME-en is presented in Figure 8. A similar
observation was made for Au adsorption by crosslinked polyethyleneimine resin [54].
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3.4. Characterization of Gold Polymer Composite

The use of pGME-en as an effective adsorbent for Au recovery from acid solutions
gives the possibility for the preparation of functional gold polymer composite particles, via
the reduction and deposition of Au(0) nanoparticles onto the pGME-en surface. Since gold
nanoparticle-coated materials can be used in various applications, such as catalysis [16],
antimicrobial nanocoatings [63], and water purification [64], a detailed characterization of
obtained pGME-en/Au is needed.

The appearance of the particles and the surface morphology of the gold polymer com-
posite was investigated by SEM and the obtained micrographs are depicted in Figure 9a,b.
The SEM micrographs revealed the presence of grains of elemental gold, distributed on the
surface of the pGME-en beads (bright aggregates). A strong peak (Figure 9c) was detected
on the pGME-en/Au particle surface, with values of 0.52 w/w%.
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Figure 9. SEM micrographs of (a) particle beads (magnification× 400), and (b) surface (magnification
× 5000). (c) EDS spectra of pGME-en/Au.

The porosity of PGME-en/Au was investigated by mercury porosimetry, and the
results are presented in Figures S4 and 10a. The cumulative pore size distribution curve
(Figure S4) did not have a plateau in the area of mesopores, which suggests the presence
of mesopores and micropores in the pGME-en/Au sample. Also, a significant shift in
the pore size distributions toward higher pore sizes for pGME-en/Au, in comparison to
pGME-en, can be observed (Figure 10a), which decreased the value of the specific surface
area. Namely, the pGME-en/Au had the value of a specific surface area of 42 m2/g, while
pGME-en had a twice as high Ss,Hg value of 80 m2/g.
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The thermal degradation of pGME-en/Au is presented in Figure 10b. It can be seen
that pGME-en/Au exhibited a weight loss of about 5% below 100 ◦C, due to the loss of
water physically adsorbed or occluded in the pores [65]. Then, the degradation of pGME-
en/Au took place in two stages. The first stage, for a copolymer with immobilized Au, took
place between 210 ◦C and 340 ◦C and the second one was in the range between 340 and
450 ◦C. The main degradation mechanism of pGME-en/Au was depolymerization into
oligomers and monomers, initiated by the cleavage of weak linkages, ester decomposition
and the elimination of the amine groups that simultaneously occur [27,36]. Also, the Ti
value of PGME-en/Au was approximately 20 ◦C higher than the Ti value of pGME-en,
suggesting a slight increase in thermal stability.

The release study was undertaken through static experiments in a physiological
solution over 24 h, to detect and measure the amounts of Au that can be released from the
gold polymer composite and diffused into surrounding medium, in order to simulate the
material performances under real conditions. The results are shown in Figure 11. As can be
seen, pGME-en/Au released almost the same amount of Au ions (1.75 mg/g) after 1 h and
3 h, with a maximum concentration of released ions of 2.2 mg/g after 24 h.
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3.5. Antimicrobial Evaluation of Gold Polymer Composite

In this study, the selected Gram-positive and Gram-negative bacteria and yeast were
used to investigate the antimicrobial activity of the gold polymer composite. The ability of
the pGME-en/Au to inhibit the growth of the tested microorganisms is presented in Table 4
and Figure 12.

Table 4. Antimicrobial effects of gold polymer composite against selected bacteria and fungi (inhibi-
tion zone around wells containing 10 mg of materials suspension).

Test Organism Inhibition Zone (φ mm)

Staphylococcus aureus ATCC a 25923 7.5
Listeria monocytogenes NCTC b 11994 9.0

Escherichia coli NCTC 2001 -
Candida albicans ATCC 10231 8.0

a ATCC—American Type Culture Collection. b NCTC—National Collection of Type Cultures.
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As seen, the investigated material showed antimicrobial properties against two Gram-
positive bacterial strains and C. albicans, while any noticeable antibacterial activity against
E. coli was not detected. The largest inhibition zone was registered against L. monocytogenes
(9 mm). The different activity of pGME-en/Au toward E. coli and S. aureus can be explained
by the differences in their cell walls. Namely, E. coli, as a Gram-negative bacteria, has
an additional membrane with a bilayer phospholipid structure, protecting the cell from
penetration of biocides into the cytoplasm; S. aureus, as a Gram-positive bacteria, is more
affected by composite, since it has a loosely packed polyglycane outer layer, which facilitates
the deep penetration of biocide inside the cell and an interaction with the cytoplasmic
membrane [31,66].

Different doses of composite (20, 10, and 5 mg) were used to assess the dose depen-
dence of the antimicrobial activity against C. albicans. From Figure 12, it can be seen that
the inhibition zone increased with an increasing dose of pGME-en/Au. Preliminary results
indicated that the water-insoluble gold polymer composite, with a tunable particle size and
surface chemistry, can be considered as a potential antibacterial material and may be able to
be used to inhibit bacterial growth in various industrial and biomedical applications, such
as water purification, wound dressings, bacterial responsive coatings, etc. [64,67]. Further
investigations will focus on improving the antimicrobial efficiency, to design recyclable and
reusable materials with long-lasting responses.

4. Conclusions

The primary objective of this study was to develop a technique that would allow for the
recovery of gold and the subsequent use of this versatile sorbent as an antimicrobial agent. A
novel porous pGME-en was tested as a potential adsorbent for gold from aqueous solutions
in a simple adsorption procedure. The main pGME-en performance is fast gold adsorption,
with an adsorption half-time of 5 min and a maximal adsorption capacity of about 187 mg/g,
achieving an equilibrium time of 30 min. The best fit of Au adsorption kinetics was obtained
with the pseudo-second-order and Avrami kinetic models (R2 = 0.987), suggesting that
the overall Au adsorption process is complex and follows multiple kinetic orders, that
are changed during the contact of the gold with the active sites on pGME-en. The two
diffusion steps, i.e., liquid film and intra-particle diffusion, controlled the Au adsorption
onto pGME-en.

The gold polymer composite exhibits an altered porous structure and an increased
initial degradation temperature. The main degradation mechanism of the composite is
depolymerization to oligomers and monomers, initiated by the scission of weak linkages
and ester decomposition. The XPS and FTIR analysis suggest Au complexation through the
formation of Me–O and Me–N bonds with the -OH, -NH and -NH2 groups as the possible
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mechanism of Au immobilization on pGME-en. Also, XPS spectra of the pGME-en after
adsorption pointed to the presence of a metallic form of zero valent Au and Au(III), indicat-
ing that Au(III) adsorption was followed by a partial reduction to Au(0) on the pGME-en
surface. Preliminary antimicrobial tests suggest that the gold polymer composite has
promising inhibitory activity and may be a potent antibacterial and antifungal candidate.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/met13111864/s1, Figure S1: the structure of the [AuCl4]− anion,
with measured Au-Cl bond lengths; Figure S2: (a) Bangham and (b) Boyd plots for Au adsorption
on pGME-en; Figure S3: HRES O 1s spectra of pGME-en (a) before and (b) after gold adsorption;
Figure S4: cumulative pore size distribution curve for pGME-en/Au. References [68,69] are cited in
the supplementary materials.
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25. Jovanović, S.; Nastasović, A. Macroporous Glycidyl Methacrylate Copolymers, Synthesis, Characterization and Application. In
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Methacrylate Based Copolymers for Selective Sorption of Heavy Metals. J. Mater. Sci. 2007, 42, 3326–3337. [CrossRef]
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