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Gold is a non-renewable metal which is widely scattered in nature. Currently, gold mining
is a major gold production route, however, this industry is very expensive and causes
environmental issues. Methods applied for leaching and extraction of gold from the ores
include the usage of toxic compounds such as mercury (Hg) and cyanides (CN). In addition,
the recovery process of gold from cyanide solution is inefficient and therefore, precious
metals may be wasted in tailings. Another waste stream containing a considerable amount
of gold is a waste of electric and electronic equipment. Thus, effective technology for
recovery of gold from secondary sources should be created.
Additive manufacturing (AM) is a rapidly developing process due to its major advantages
over conventional subtractive techniques. It provides the ability to obtain complex shapes in
a short time using a wide range of materials. Freedom in design and geometries together
with high accuracy allows gaining efficiency in chemical process applications. In this
research, the polymer-based adsorbent was fabricated by AM, more precisely powder bed
fusion (PBF) of plastic with a system of EOSINT P 395, from commercially available nylon12. A mesh-shaped object with a layer thickness of 0.12 mm allowed achieving high surface
area to enhance the adsorption process. Variety in design optimization of the adsorbent
provides the ability to fulfill the requirements in different processing factories.
Adsorption of Au(III) from synthetic solution onto AM nylon-12 adsorbent was performed.
The maximum adsorption capacity was achieved at pH 0 after 24h. Adsorption isotherm
showed a good fitting by Langmuir equation suggesting monolayer adsorption. Kinetic data
were well described by the Elovich model. According to SEM images, gold nanoparticles
were formed on the polymer surface after adsorption. However, based on XPS results,
majority of gold adsorbed on the polymer in the form of Au(I). Therefore, the adsorption
mechanism was proposed to be chelation of Au(I) complex with nitrogen active sites.
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1. INTRODUCTION

Additive manufacturing (AM) is a process based on manufacturing the product layer by layer
using three-dimensional (3D) model data. One approach of AM was first developed by
Charles Hull in 1986 known as stereolithography (SLA). After that the development in AM
process resulted in different technologies such as powder bed fusion (PBF), material
extrusion, inkjet printing and contour crafting. (Ngo, et al., 2018) AM allows to produce
customized objects with a variety of shapes and complex geometries, using different
materials with minimum material waste what makes a great advantage over conventional
subtractive processes. Hence, required unique product can be manufactured in a low volume
with significant time and cost reduction (Bikas, et al., 2016).
At early stage AM referred to a rapid prototyping (RP) using mainly inexpensive polymer
materials during production process. Thus, AM has been widely used for prototyping by
architects and designers, due to its design freedom and automation (Ngo, et al., 2018). Over
the years, new developments in both manufacturing technology and variety of using
materials extended dramatically the boarders of AM. Therefore, the ability to produce parts
out of metals and ceramics brought AM from prototyping stage to full-on manufacturing
stage. This fact significantly broad the application of AM, hence, nowadays it can be used
in different industries such as construction (Bos, et al., 2016), aerospace (Kumar & Nair,
2017), medical (tissue and organ printing (Javaid & Haleem, 2019), dentistry (Miyanaji, et
al., 2016), drug delivery (Zadpoor & Malda, 2017)), jewelry (Kiraz, et al., 2018), food
(Lipton, et al., 2015) and commercial vehicles (Yi, et al., 2019).
Since AM has been developing rapidly over the last decades, it affected almost every kind
of industries, thus chemical engineering industry is not an exception. Even though the
progress in this area is still on primary level, some interesting developments have been made.
For example, AM has a huge advantage over conventional manufacturing process in building
micro-scale plate reactor providing high surface-area-to-volume ratios (Manoharan, et al.,
2019). Périgo, et al., (2019) utilized AM technology for manufacturing of different magnets
such as permanent magnets, soft magnetic materials and magnetic shape memory alloys.
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Polymeric composites reinforced with carbon-fiber (van de Werken, et al., 2020), composite
electrodes using eco-friendly materials instead of traditional materials for desalination (Tsai,
et al., 2019), 316L stainless steel wih refined sub-granual structure for electrocatalysis
(Lodhi, et al., 2019), heterogeneous geopolymer catalysts for biodiesel synthesis
(Innocentini, et al., 2019) have been succsufully fabricated by AM technologies. In current
work, AM was invstigaed as a tool for producing porous polymer adsorbent for metal
recovery.
Gold has been included in the category of precious metals which are widely scattered in the
nature and its extraction is difficult and expensive. Due to its good chemical and physical
properties gold has a wide range of applications including electric and electronic devices
(Antler, 1983), catalyst manufacturing (Xu, et al., 2008), jewelry (Buchtenirch, 2004) and
medicine (Panyala, et al., 2009). Thus, the demand of gold is increasing whereas its
concentration in the crust is extremely low (Wang, et al., 2017). Hence, the recovery of gold
from secondary sources should be considered.
Currently, industries have been developing in the direction of automation of technologies.
Thus, the demand in electronic devices grows rapidly. In addition, living in the era of
information makes it impossible to survive without personal computers and cellphones,
therefore electronic devices are an essential part of everyday life. After being discarded,
electronic scrap may cause significant damages to environment due to consistency of toxic
elements such as Ni, Cd, Pb, however, there are also valuables elements like Au, Ag and Pt
in electronic waste (e-waste) (Fornalczyk, et al., 2013). For example, concentration of Au in
one ton of cellular phone waste is about 200 g whereas in gold ore the concentration of Au
is only 5-30 g per ton. (Shibata & Okuda, 2002). Therefore, electronic waste can be used as
a secondary source of precious and rare metals.
Gold recovery from e-waste can be performed by various hydrometallurgical methods such
as solvent extraction, chemical precipitation, membrane separations, ion exchange and
adsorption (Rubcumintara, 2015). However, most of these techniques requires many steps
and produce extra pollutants whereas adsorption process remains more effective due to its
simplicity and low-cost. Commonly used adsorbent for gold recovery after leaching is
activated carbon (Zhang, et al., 2004) however, the main disadvantage is its low selectivity.
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Among different materials reported for gold adsorption it was stated that polyamides
(Matsuda, et al., 1979) what makes them promising adsorbents for gold recovery from
leached e-waste.
Nylon-12 is a semi-crystalline, thermoplastic polymer, which is extensively used in AM,
more precisely in powder bed fusion (PBF) of plastics, due to its excellent properties and
low cost. It can be used in both material extrusion and powder bed fusion, however, powder
bed fusion process allows to produce more complex structure with high accuracy. Desired
properties of the final product may be achieved by changing processing parameters such as
laser power, scan speed and layer thickness (Flodberg, et al., 2018).
The objective of this work is to study adsorption of gold ions onto additively manufactured
polymeric adsorbent. Commercially available polyamide was used as a printing material for
PBF objects for gold recovery from synthetic solution. Initially, experiments were performed
using nylon-12 powder to determine optimal adsorption conditions and to understand the
possible binding mechanism between metal ions and polymer surface. For these purposes,
the adsorption behavior of Au(III) on N12 powder at different solution pH as well as at
different contact time and different initial concentrations was observed.
Additive manufactured nylon-12 adsorbent was tested by isotherm and kinetic studies at
different temperatures. Several model equations were applied to describe adsorption
phenomena occurred between metal ions and N12 adsorbent. Adjusting certain parameters,
such as laser power and laser scanning speed during additive manufacturing process allowed
to achieve more porous material. Therefore, the comparison of two AM adsorbents in terms
of adsorption efficiency is presented. Regarding the environmental issues, the target was to
find a possible solution for polymer reuse. Thus, fishing net produced from polyamide was
used for gold recovery.
The morphologies of the adsorbent materials were characterized by certain analysis methods
such as FTIR, BET, Zeta potential measurement and SEM. In addition, XPS analysis was
performed for analyzing functional groups of nylon-12 before and after adsorption to
understand the interaction between the adsorbent and adsorbate.
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2. ADSORPTION THEORY
Adsorption is a surface phenomenon occurred at phase boundaries of two systems due to
spontaneous change in the concentration of a substance at the interface. The phase where
molecules of the solute are concentrated called adsorbent whereas the substance transferred
from the liquid phase to the solid called adsorbate.
There are different classifications of the adsorption process. Thus, based on the interaction
force that occurred between adsorbate and adsorbent adsorption may be distinguished as
physical adsorption and chemisorption. Physical adsorption is defined by electrostatic
attraction between substances whereas chemisorption indicates the formation of chemical
bonds between molecules or atoms and adsorbent surface (Rouquerol, et al., 2014). Since
chemisorption requires additional energy of activation for the formation of chemical bonds
the term of activated adsorption was introduced by Taylor (1932). It is not always possible
to determine exactly where it is physical adsorption or chemisorption because they can
appear simultaneously or transform from one type to another (Chiou, 2002). Table 1
presents a comparison between physical and chemical adsorptions.
Table 1. Assessment of physical adsorption versus chemisorption (Repo, 2011).
Physical adsorption

Chemisorption

Van der Waals, hydrogen
Driving force

bonding, hydrophobic

Chemical bonding

interactions
Heat required (kcal/mol)

5-10

10-100

Temperature range

Low temperature range

Large temperature range

Reversibility

Reversible or irreversible

irreversible

Layer formation

Monolayer or multilayer

Monolayer only

2.1 Adsorption isotherms
Adsorption isotherms are the graphical representation of the relation between the amounts
of adsorbate presented in the solution at equilibrium and the amounts of compounds
adsorbed on the surface of adsorbent at a constant temperature. Knowledge about adsorption
equilibrium is the key information of any sorption processes. The maximum adsorption
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capacity of the adsorbent reports where the adsorbent is efficient or not. (Rouquerol, et al.,
2014) In addition, the shape of the isotherms gives an idea about the interaction between
adsorbent and adsorbate. Giles et al., (1974) suggested four shape types of isotherms: the
C-isotherm, the L-isotherm, the H-isotherm and the S-isotherm (Figure 1).

Figure 1. The main types of isotherm curves. (Repo, 2011)

The C-isotherm (Figure 1a) represents the line that passes through the origin. It means that
during the adsorption process the ratio between the concentration of a substance in the
solution is the same as the concentration of the solute adsorbed on the adsorbent. This ration
is called the “distribution coefficient” Kd or “partition coefficient” Kp. Typically, the Cisotherms can be used only for approximation because this type of curve can be attained only
at a low concentration range or at a low concentration of the substance. (Limousin, et al.,
2007)
The L-isotherm (Figure 1b) refers to the process when the solid is progressively saturated.
The saturation of the solid may reveal a curve with a strict plateau or without a strict plateau.
The H-isotherm (Figure 1c) is the special case of L-type isotherm when the attraction
between adsorbate and the solid is high so the initial slope is significant. The fourth type of
isotherms is the S-isotherm (Figure 1d) which is observed occasionally. It represents the low
affinity between the adsorbent and the substance at low concentrations with a subsequent
increase of affinity after the point of inflection. (Repo, 2011; Limousin, et al., 2007)
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Analysis of adsorption isotherms is very essential for designing adsorption processes.
Currently, there are many different adsorption model isotherms which can be fitted to
experimental data. Obtained model constants can provide information about surface
properties of adsorbent and its interaction with an adsorbate. After modeling experimental
data with model equations, linear regression analysis is applied to define the best fitting. (ElKhaiary, 2008)

2.1.1 Langmuir isotherm model
Langmuir in 1918 introduced a model for a gas-solid system that considered a limited
amount of adsorption sites on the adsorbent with equal energy distribution. This model
assumed the formation of adsorbate monolayer on the homogenous solid with no interactions
between molecules of the adsorbate. Even though the Langmuir isotherm model was defined
for the chemisorption process where covalent or ionic bonds are formed between adsorbent
and adsorbate, it is often applied for different adsorption systems and can be extended for
two-component adsorption process. (Liu, et al., 2019) The Langmuir model equation
presented below:
𝐶
1
𝐶
=
+
𝑞
𝑞 𝐾
𝑞

(2.1)

Where 𝐶 is the concentration of adsorbate at equilibrium (mg/L); 𝑞 is the amount of
adsorbate at equilibrium, (mg/g); 𝑞 is the maximum adsorption capacity (mg/g); 𝐾 is the
Langmuir constant related to the affinity of adsorbate to adsorbent (L/mg).

2.1.2 Freundlich isotherm model
The empirical equation proposed by Freundlich in 1906 describes adsorption equilibrium
where heterogeneity of adsorbent is taken into account. This equation is commonly applied
due to its simplicity, however, it is thermodynamically inadequate as it doesn’t follow
Henry’s law at low concentration range. (Repo, 2011) The Freundlich isotherm equation is
presented below:

𝑞 = 𝐾 𝐶

(2.2)
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Where 𝐾 is the Freundlich constant associated with the capacity of the adsorbent (mg/g);
𝑛 is the exponent which can indicate relative energy distribution and heterogeneity of the
adsorbent. If 𝑛 value is higher than 1, the adsorption process considered favorable. The
higher 𝑛 value the higher adsorption intensity.

2.1.3 Temkin isotherm model
The Temkin isotherm, introduced by Temkin in 1940, investigates adsorption heat behavior.
The heat of the adsorption diminishes linearly when the distribution of the adsorbate layer
is increased. This happens because molecules of the solute presented on the surface of the
solid interact with each other. The model equation may be expressed as follows (Kecili &
Hussain, 2018):

𝑞 =

𝑅𝑇
ln (𝐾 𝐶 )
𝑏

Where 𝑅 is an ideal gas constant (J/mol·K); T is the temperature (K);

(2.3)

= 𝐵 (J/mg) is

corresponded to the heat of adsorption; 𝐾 is the equilibrium adsorption constant (L/mg).

2.1.4 Sips isotherm model
The Sips isotherm model is attained when the power-law expression of the Freundlich
equation is imported into the Langmuir model equation. If the concentration of the adsorbate
is low the Sips equation refers to Freundlich and it doesn’t approach Henry’s law, however,
when the concentration of adsorbate is high, at high adsorbate concentration the Sips models
reduce to Langmuir describing monolayer adsorption. (Hokkanen, et al., 2017) The Sips
adsorption equation may be written as:

𝑞 =

𝑞 (𝐾 𝐶 )
1 + (𝐾 𝐶 )

(2.4)

Where 𝐾 is the Sips affinity constant (L/mg); 𝑛 is the Sips isotherm exponent which related
to surface heterogeneity. When 𝑛 value is close to unity, the isotherm reduces to Langmuir
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isotherm model with the homogeneous surface. In contrast, if 𝑛 value deviates from the
unity, the adsorption predicts the Freundlich model (Hokkanen, et al., 2017).

2.1.5 Toth isotherm model
Toth isotherm model is an empirical equation that is originated from the Langmuir isotherm
model. The improvements were made to avoid the limitations of the Langmuir model.
Therefore, the Toth isotherm can predict heterogeneous adsorption systems in both high and
low ranges of the concentrations of the adsorbate. (Ayawei, et al., 2017) The equation can
be given as:

𝑞 =

𝑞 𝐶

(2.5)

𝑎 +𝐶
Where 𝑎 is the Toth model constant (mg/L); 𝑚 is the heterogeneity parameter.

2.2 Adsorption kinetics
Generally, there are free main stages during the adsorption process. The first stage describes
the mass transmission of substance from the liquid phase to the adsorbent surface. During
the second stage, internal molecular diffusion towards available adsorption sites is occurring.
At the final stage, the adsorption takes place. (Kecili & Hussain, 2018) Adsorption kinetic
studies help to investigate rate-controlling steps including mass transfer and possible
chemical reactions occurring between solute and adsorbent as well as determine the
mechanism of adsorption (Blázquez, et al., 2011).

2.2.1 Pseudo-first-order model
Lagergren introduced the empirical kinetic equation in 1898 which is extensively used for
adsorption systems where the adsorption from the liquid phase has occurred. The model
assumes that surface reaction between adsorbent and the solute is defined by the accessibility
of active sites on the solid. Therefore, the rate of adsorption increases with increasing
adsorption sites. (Fierro, et al., 2008) The PS1 model can be written as follows:
𝑞 = 𝑞 (1 − 𝑒

)

(2.6)

16

Where 𝑞 (mg/g) is the quantity of adsorbent at a time 𝑡 (min); 𝑞 is the amount of adsorbent
at equilibrium (mg/g); 𝑘 is the first-order rate parameter (min-1).

2.2.2 Pseudo-second-order model
The pseudo-second-order model equation assumes that the rate-controlling step of the
sorption process is a chemical reaction. Therefore, the adsorption rate is the mater of the rate
law of a second-order kinetic. It was suggested, that the accessibility of the effective sites on
the surface rather than the concentration of the solute in the bulk influence the rate. (Liu,
2008) Pseudo-second-order model may be written as:

𝑞 =

𝑞 𝑘 𝑡
1+𝑞 𝑘 𝑡

(2.7)

Where 𝑘 is the second-order rate parameter (g/mg·min).

2.2.3 Elovich model
The Elovich model was firstly developed by Roginsky and Zeldovich. This model can be
successfully applied for chemical adsorption systems with a heterogeneous surface of the
adsorbent. Elovich model is extensively used for describing adsorption of metals, dyes, and
phenols on activated carbon. (Wu, et al., 2009) The model equation presented below:

𝑞 =

1
𝑙𝑛(1 + 𝐴 𝐵 𝑡)
𝐵

(2.8)

Where 𝐴 is the Elovich adsorption constant referred to the rate of adsorption; 𝐵 is the
Elovich model parameter related to the availability of adsorption sites.

2.2.4 Intraparticle diffusion model
Weber and Morris introduced the model in 1962 that indicates where the rate-controlling
stage of the adsorption system is intraparticle diffusion. The equation of Intraparticle
diffusion model presented below (Wu, et al., 2009):
𝑞 =𝑘

𝑡

+𝐶

(2.9)
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Where 𝑘

is the Intraparticle diffusion rate parameter (mg/g·min0.5); 𝐶 is the constant

defining the thickness of the boundary layer (mg/g·min0.5).

3. GOLD

3.1 Properties
It is well known that gold is a transition metal, which contains unoccupied d-sublevels and
therefore it occurs in several states of oxidation varying from -1 to +5 (Gimeno, 2008).
However, Au(I) and Au(III) are more stable and more common forms of gold. Occupation
of d-orbitals defines the number of ligands that can be coordinated along with the geometry
of the complex.
Electronic configuration of Au(0) is 5d106S1, of Au(I) is 5d106S0 and of anionic Au(-1) is
5d106S2. This indicates that Au(I) is a stable form of gold with 10 electrons in 5d orbitals,
and the possible formation of aurate anion, however, the dominance of elemental gold is
unclear. (Ðurovic´, et al., 2017)
Like all d10 elements, Au(I) forms complexes with a linear shape and the coordination
number of 2 and sp-hybridization. Au(III) compounds referred to d8 elements and forms
complexes with a square-planar shape representing sp2d-hybridization with a coordination
number of 4. Usually, the formation of a square-planar complex comprises the creation of
σ-bonds or π-π interactions. (Housecroft & Sharpe, 2001). The formation of complexes can
be explained by Pearson’s HSAB theory. According to this theory, the selectivity of the
metal ions toward donor ligands can be described. Therefore, stable complexes can be
formed due to the interactions between hard acids and hard bases, or soft acids and soft bases
(Pearson, 1963). Au(I) refers to the ‘‘soft” donor atom whereas Au(III) reveals transitional
‘‘hard-soft” characteristics. The stability of the complex depends on the nature of the ligand.
The stability of gold complexes with oxidation states +1 and +3 depends on the
electronegativity of donor atoms of the ligand because Au(I) and Au(III) gold states refer to
B-type (‘soft’) (Ðurovic´, et al., 2017).
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Among the whole transition metal group, gold is the most electronegative metal. This can
be explained by the electrochemical characteristics of the gold. Since gold has the lowest
value of the electrochemical potential among other metals, it is easily can be reduced to
metalic gold by almost any reducing agents. Therefore, donor atoms with more
electronegativity (‘hard’ donors) such as nitrogen, oxygen, fluorine, and chlorine can form
stable complexes with Au(III). Thus, complexes of Au(III) with less electronegative donor
ligands (‘soft’) tend to be converted into the Au(I) very easily. On the other hand, complexes
that formed between Au(I) with ‘hard’ donor ligands can be transformed to Au(III) and
Au(0). (Gimeno, 2008) The most studied Au(III) complexes are [AuCl4]- which can be
exploited for the synthesis of all other types of gold complexes (Mironov & Makotchenko,
2009). It has a square-planar shape with internal bond angles equal to 90° (Figure 2). In high

Figure 2. Square-planar shape of tetrachloride gold (III) ion. (Clarkson, 1997)

pH of the solution, hydrolysis of the chloro-gold complex occurs with subsequent formation
of chloride-hydroxide complexes such as AuCl3OH-, AuCl2(OH)-2, AuCl(OH)-3 and
Au(OH)3. Raising the temperature will increase the rate of hydrolysis. (Ogata & Nakano,
2005).

3.2 Gold nanoparticles
M. Faraday discovered ruby gold nanoparticles in 1857 by mixing an aqueous solution of
NaAuCl4 with reducing agent solution such as phosphorus in carbon disulfide. As a result,
the yellow color of the sodium chloroaurate solution turned into the ruby color of the
colloidal gold solution. (Thompson, 2007) The change in color can be explained by the
phenomenon named surface plasmon resonance – the collective oscillation of the electrons
on the surface of Aunp due to the interaction with light at a specific wavelength (Figure 3).
When electron clouds are in resonance with the light they can absorb or scatter the light thus,
different colors of colloidal gold solution appear. The properties of Aunp such as size, shape,
surface and agglomeration state strongly affect the color of the colloidal gold solution. (Das,
et al., 2011)
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Figure 3. Surface plasmon resonance of Aunp with the light. (Cytodiagnostic Inc., 2017)

Based on the synthesis technique different forms of gold nanoparticles may be obtained. The
common types of Aunp are nanospheres, nanorods, nanoshells, and nanocages. Reduction of
gold from NaAuCl4 solution by different reduction agents (sodium citrate, sodium
borohydride) at various conditions (temperature, UV light) results in the production of gold
nanospheres with a diameter range from 2nm to 100 nm. The ratio of reducing agent and
amount of Au influence of the size of formed Aunp. (Das, et al., 2011) Figure 4 represents
the influence of Aunp size on light absorbance at surface plasmon resonance.

Figure 4. Dependence of Aunp size on surface plasmon resonance. (Cytodiagnostic Inc., 2017)

Gold nanoparticles found its application in a broad range of industries such as medicine,
electronics, and catalysis, (Das et al., (2011); Pluchery et al., (2013)). Recently, the
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immobilization of Aunp onto organic support has attracted considerable interest in catalyst
application. The high electrical conductivity of gold along with chemical resistance of
polymer material makes them a great alternative to conventional carbon catalyst support
(Zhang, et al., 2017). In addition, the recycling of organic microsphere supports can be easily
done by conventional centrifugation or filtration processes (Wen, et al., 2008). Various
polymer supports for noble metals nanoparticles have been reported in the literature. For
example, polystyrene microspheres were used as organic support for the deposition of Pt,
Pd, and Au

(Dokoutchaev, et al., 1999). Jeon et al., (2009) manufactured hierarchically

structured microspheres consists of a PS-b-PEO diblock copolymer and Aunp. Whereas,
Cheval et al., (2012) synthesized in situ gold nanoparticles onto the microsphere structure of
nylon-6.6.

3.3 Gold recovery from secondary sources
Matsuda, et al. (1979) tested several polymers for gold recovery from diluted plating rinse,
however, only nylon fibers revealed good adsorption capacity. Nylon fibers were cut in small
pieces and 1 g was placed in the adsorption column so at pH 3 the amount of recovered gold
was equal to 7.5g.
Yasuhito & Tomoaki (2017) also proved the selective affinity of gold ions towards
polyamides. They prepared nanofiber nonwoven material from Nylon-6 and used it as an
adsorbent for the synthetic solution containing Au(III), Cu(II), Al(III) and Fe(III). As a
result, only gold ions were adsorbed on the Nylon-6 nanofiber nonwoven material.
Lahtinen, et al. (2017) tested different nylons for gold adsorption from electronic wastewater
streams. Nylon-12 showed the highest percentage of Au(III) recovery from both synthetic
solutions and leached electronic waste. AM scavenger unit was produced for gold ion uptake
by continuous flow adsorption process.
Mihăilescu, et al. (2019) modified Amberlite XAD7 acrylic resin with glutamic acid thus
the inert support achieved functionality by nitrogen and carboxyl groups. Au(III) recovery
from waste cyanide solution was conducted at a low pH with a contact time of 60 minutes.
The maximum adsorbtion capacity of the material was 14.23 mg/g. Adsorption mechanizm
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was described by physical-chemical interactions between the Au(III) ions and adsorbent
surface.
Liu, et al. (2019) synthesized novel bio-adsorbent based on tannic acid and dialdehyde corn
starch for gold recovery from electronic waste. The adsorption capacity of the material was
298.5 mg/g at pH 2 followed by Langmuir fitting. Based on the analysis conducted after the
adsorption test, it was suggested that Au(III) was adsorbed on bio-adsorbent with subsequent
reduction to Au(0) due to oxidation of carbonyl groups of tannic acid.
Zhang, et al. (2015) suggested silica-gel-based polymer adsorbent grafted with dendrimerlike highly branched polymer for gold recovery from secondary sources. Adsorption tests
revealed relevant adsorption capacity as well as gold selectivity in the binary solution
system. Experiments were conducted at pH 2-2.5.
Liu, et al. (2020) developed crosslinked polyethyleneimine resin for adsorption of gold ions
from wastewater. The high concentration of amino and hydroxyl groups on the surface
provided high adsorption capacity of the material (943.5mg/g) and Au(III) selective
recovery. It was convinced that gold adsorption occurred by electrostatic interaction and
chelating attraction with following reduction of Au(III) to Au(0) while the OH- groups
presented on the surface were oxidized to carbonyl groups.
Gurung et al. (2011)) stated the influence of the type of amine on the gold recovery. The
substitution of a diamine with tetra-amine polymer structure increases the adsorption
capacity of the material almost two times. Thus, the maximum adsorption capacity attained
was 1753 mg/g.
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4. POLYAMIDES

4.1 Overview
Polyamides (PA) is a general name for polymer group containing amide linkage (‒C(O)‒
NH‒) within the polymer chain. Natural polyamides refer to proteins and in this case, amide
linkage is called a peptide. Nylons are the biggest and oldest group of polymers in
polyamide’s family. They are known for their good balance of mechanical and physical
properties, which build upon the density of amide linkage contained in the macromolecule
chain of the polymer (Huang, et al., 2001).
The first nylon was synthesized by W. H. Carothers in 1935 by condensation polymerization
of hexanediamine and adipic acid. It was called Nylon-6.6 meaning that both monomers
consist of six carbon atoms (Brydson, 1999). Du Pont company started mass production of
Nylon-6,6 yarn which was extensively used for brush bristles and lady’s stockings due to its
similar properties to natural fibers such as silk (Kim, 2000). After that, a wide range of
different fiber-forming polymers was synthesized such as Nylon-6. Nylon-11, Nylon-7,
Nylon-9, and others were synthesized. Nylon-12 polymer was firstly introduced by P. Lafont
at Rhone-Poulenc using ω-dodecanolactam as a monomer (Griehl & Ruestem, 1970).
In the 1960s a new group of polyamides containing aromatic rings has been discovered. The
co-called aramids are synthetic nylons where flexible methylene blocks are replaced by rigid
benzene rings. At least 85% of amide groups should be directly attached to benzene rings
(Kim, 2000). Commercially available aramid fibers such as Kevlar and Twaron found
applications at military and aerospace due to their high-performance properties such as high
heat resistance and excellent mechanical properties (Park & Seo, 2011).
Aliphatic nylons such as Nylon-6, 11, 12 consists of linear macromolecule chains and are
thus thermoplastics. The polarity of amide linkage helps to form intermolecular hydrogen
bonds between macromolecules and therefore nylons are more hydrophilic than other
polymers. The density of amide groups presented in polymer defines its crystallinity.
Therefore, a high concentration of amide linkage in the polymer chain means the shorter
distance between ‒CONH‒ groups that indicate the increase in density, tensile strength,
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rigidity, melting temperature and heat deflection temperature, hydrocarbons resistant and
water absorption. (Brydson, 1999) Thus, the melting point of Nylon-6 is higher than the one
of nylon-12 (Table 2). Produced aliphatic nylons are amorphous or semi-crystalline,
however, the crystallinity can be increased by mechanical stretching (Kyulavska, et al.,
2019).
Polyamides have been studied for many years and are among the biggest class of materials.
Polyamides are remained a highly demand polymer because of their exceptional properties.
Mechanical properties such as tensile strength and high impact are the most attractive
properties of PA. In addition, nylons reveal electrical insulation properties, therefore, it can
be used in electrical field industries. Another advantage of nylons is that the desired property
can be easily obtained by adding several materials. For instance, PA composites can be
synthesized by adding carbon or glass fibers. Nylons are resistant to alkaline hydrolysis and
many organic solvents. In addition, some PAs show excellent barrier properties to oxygen,
odor, and grease. The combination of available properties depends on the type of PA.
Therefore, a variety of plastics may be produced out of polyamides. The most common fiberforming polymers are Nylon-6 and Nylon 6,6. (Kyulavska, et al., 2019)

Table 2. Physical and thermal properties of typical polyamides (Griehl & Ruestem, 1970;
Goodfellow Cambridge Limited, 2019; Greco & Nicolais, 1976).
PA

N6

Formula

[‒HN(CH2)5CO‒]n

Density,
g/cm3
1.13

Meltin
g point,
°C
215220

Tg,
°C
53

Monomer
HN‒(CH2)5‒CO
caprolactam
HOOC‒(CH2)4‒COOH

N6,6

[‒OC(CH2)4CONH(CH2)6NH‒]n

1.14

265

57

adipic acid +
H2N‒(CH2)6‒NH2
hexemethylenediamine

N11

[‒HN(CH2)10CO‒]n

1.04

N12

[‒HN(CH2)11CO‒]n

1.02

184
178180

42
41

H2N‒(CH2)10‒COOH
11-aminoundecanoic
HN‒(CH2)11‒CO
laurolactam
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4.2 Synthesis
Nylons are the most extensively available petroleum-based polymers which can be
manufactured by following methods: condensation of diamines and dibasic acids or
condensation of diamines and dibasic acid chlorides; ring-opening polymerization of cyclic
lactams, self-condensation of bifunctional amino acids, etc. PA may be classified by the
position of the amine group (A) and carboxylic group (B) in the backbone. Hence, there is
AABB-type of nylons such as Nylon-6,6 and AB-type such as nylon-12. In general, AABB
nylons may be synthesized by direct amination of diamines and dibasic acids in the melt
state. Regarding AB nylons, they can be prepared by the self-condensation of bifunctional
amino acids or ring-opening polymerization of cyclic lactams in the melt state.
There are certain methods available to synthesized nylon-12. It can be obtained from ωaminododecanoic acid, ω-aminolauric acid and lauryl lactam (Griehl & Ruestem, 1970).
Below is the scheme of nylon-12 production by ring-opening polymerization from
laurolactam (Figure 5).

Figure 5. Ring-opening polymerization of laurolactam. (Duddleston, et al., 2016)

However, there is also an eco-friendly way to produce N12 from the bio-based monomer. In
this case, nylon-12 can be obtained by a one-step fermentation of ω-aminododecanoic acid
obtained from palm kernel oil. Bio-based N12 reveals similar properties as one produced by
conventional methods. (Kyulavska, et al., 2019) The scheme of polycondensation of ωaminododecanoic acid presented in Figure 6.
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Figure 6. Production of N12 by polycondensation of 12-aminododecanoic acid. (Kyulavska, et al.,
2019)

4.3 Properties and applications
PA12 contains twelfth carbon atoms in its monomer and represents a straight-chain structure.
Since the density of amide linkage is lower than in nylons with fewer carbon atoms in the
monomer unit, its properties are different as well. Nylon-12 has excellent resistance to
chemicals, absorbs less water, as well as a good barrier to oil, grease, and oxygen. The
melting point of PA12 is lower, therefore it is flexible and can be easily processed. In
addition, it shows proper mechanical properties such as strength and stiffness.

Figure 7. PA2200 powder thermogram. (Craft, 2018)
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Nylon-12 has a wide range of applications. It is mostly being used as a film for lamination
of cupboards in food packaging, as well as sterilized materials in pharmaceutical and medical
field. Due to its electrical insulation properties, PA12 is used for cable coating in electronics.
Moreover, nylon-12 can be utilized in cosmetics as well as in textile industries.
Another application for PA found in literature is gold recovery from different sidestreams.
It was stated that among all metal ions existing in the solution only gold can be adsorbed on
nylons therefore there is a selective affinity between gold ions and polyamides. Different
types of nylon were tested, and it was shown that nylon-12 has the highest affinity towards
Au(III). (Matsuda, et al., 1979; Yasuhito & Tomoaki, 2017; Lahtinen, et al., 2017).
Polyamide 12 can be utilized for additive manufacturing with both technology powder bed
fusion and material extrusion. During AM process polymer undergoes mechanical and
thermal impacts. For instance, during the PBF process, PA12 powder is sintered by a laser
beam, and as a result, it is molded in a final product. Since polyamides are thermoplastics,
it means that after applying temperature it melts whereas after cooling down polymer do not
lose its properties. However, applying temperature together with some stress may cause
certain changes in polymer structure such as the percentage of crystallinity. Figure 7 reveals
the thermogram of PA2200 – the commercial N12 produced for PBF machines.
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5. ADDITIVE MANUFACTURING

Additive manufacturing produces an object layer by layer directly from 3D CAD data
without additional tooling and it may remind the digital printing, therefore, the term 3Dprinting is commonly used. However, according to terminology, it is not recommended to
replace these terms since the processes are different. (Gibson, et al., 2015) Nevertheless, the
term 3D-printing is mostly used in literature.
The whole process of AM may be divided into several steps. At first visualization of the idea
should be transformed into a 3D model using CAD software. During the design stage of the
product, topology optimization should be suggested in order to achieve less material usage.
After that CAD file should be converted to an STL file and only after that it can be sent to
AM machine. Once the STL file has been transferred to AM machine several adjustments
should be made before actual manufacturing. The position of the object to building platform
as well as the necessity of additional support should be considered. Additional support is
usually applied if, for example, the model has holes with a diameter of more than 6 mm to
prevent overhangs. However, not all AM techniques are required support structure. After
that, the AM machine set-up should be done. The next step is the building process, which is
automated, however, at the beginning supervision is preferable. When manufacturing is
completed, the object should be removed from the building platform and supported material
may be extracted as well. After all, post-processing may be applied if needed. In general,
post-processing includes abrasive methods, coating, and heat treatments. (Gibson, et al.,
2015)
5.1 AM technologies
There are seven types of technologies that can be defined in AM: powder bed fusion,
material extrusion, material jetting, direct energy deposition, binder jetting, sheet lamination
and vat photopolymerization (Deckers, et al., 2014). Based on the technology used, the
desired product can be manufactured using different materials. For example, material
extrusion is implementing for prototyping, as the AM devices are commercially available at
a quite low price. In this case, materials such as ABS, PLA, PET in a form of filament are
commonly used. In the case of the powder bed fusion technique, the material should be in a
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powder state, and metallic powder can be used as well as polymeric or ceramic powder. In
this process, it is possible to obtain a very accurate object.
The material extrusion process refers to a process where the material in a form of filament
applied through an extruding nozzle where it is melted and then deposited layer by layer.
This process is extensively used due to its minimal initial and running cost and availability
of different materials. However, this process can be used only for prototyping or consumer
needs because of the visible layer lines and poor mechanical properties. (Engineering
product design, 2017) Figure 8 represents the scheme of the material extrusion process

Figure 8. Material extrusion process. (Rapidsol. 3D Printing Service , 2015)

Material jetting AM process is a process where droplets of liquid build material such as
photopolymer or thermoplastic material are added when exposed to a particular light
wavelength. During this technique, the material is selectively jetted (much like a document
printer jets ink) and then instantly cured for example by a UV lamp. The final product can
be manufactured by using different materials. Materials applied in this process may vary not
only in color but mechanical properties. Figure 10 shows the scheme of the material jetting
process.
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Figure 9. Material jetting process. (Rapidsol. 3D Printing Service , 2015)

Binder jetting is a method where a liquid binder agent is selectively deposited to fuse powder
material into a final product. This is the only technique among others which does not use
heat in order to fuse powder material. There are certain types of binders that can be applied

Figure 10. Binder jetting process. (Rapidsol. 3D Printing Service , 2015)

such as furan,silicates, phenolic and aqueous binders. The binder choice depends on the
selected material used and customer requirements for the final product. Polymer powder, as
well as ceramic and metal powder, may be used. The scheme of the binder jetting process is
presented in Figure 10.
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The sheet lamination process (Figure 11) is a technique where sheets of material are bonded
together to build an object. Lamination can be performed by bonding, ultrasonic welding or
brazing. After that laser cutting is applied to achieve a final product. Different kinds of
materials can be used during a sheet lamination process such as paper, metal, plastic and
woven fiber composite. Even though this process is least accurate the advantages include
fast manufacturing and availability of low-cost material. However, post-processing may
require more and generates more waste compared to other AM processes.

Figure 11. Sheet lamination process. (Rapidsol. 3D Printing Service , 2015)

Vat photopolymerization is a method where liquid photopolymer in a vat is selectively
treated for example by ultraviolet (UV) light. The main advantage of this technique is a high
resolution of the final product with a smooth surface because liquid-phase building material
is exploited. The viscosity of photopolymer resin plays an essential role in the process
because the deposition of a new layer is the main time-consuming step. This process can be
applied in medical modeling therefore 3D models of different anatomic parts can be created
based on the data from computer scans. Figure 12 reveals the scheme of the vat
polymerization process.
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Figure 12. Vat polymerization process. (Rapidsol. 3D Printing Service , 2015)

Direct energy deposition (DED) is a process where focused thermal energy such as laser,
electron beam, or plasma arc melt the material to form an object. Generally, DED uses metal
in the form of either wire or powder. However, DED technology is also capable of using
polymers and ceramics. During the DED process minimum of material waste is produced.
There are a lot of industrial applications for this process. Thus, DED technology can be
utilized in aerospace, oil&gas and marine industries due to the ability to build large and
complex shapes. However, the building resolution is quite low, and the process requires high
capital costs. Figure 13 exhibits a wire-based direct energy deposition process.

Figure 13. Wire-based direct energy deposition process. (Rapidsol. 3D Printing Service , 2015)
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Powder bed fusion process (Figure 14) is a process where thermal energy provided from a
laser or electron beam fuses the powder particles layer by layer forming the desired object.
This technique may use any powder materials. Based on the grain size of the powder the
finishing of the final product may be needed. The main disadvantage of this process is the
amount of material waste.

Figure 14. Powder bed fusion process. (3DEXPERIENCE Marketplace, 2018)

5.2 Powder bed fusion of plastics
Powder bed fusion (PBF) of plastics is the most promising and well-established AM
technique. It founds its application as a prototyping technique as well as a small-scale
manufacturing technique (Beard, et al., 2011). Typical PBF machine (Figure 13) consists of
a mobile building platform, CO2 laser source, powder roller, and powder delivery system.
The main principle can be described as follows: a tank with polymer powder is being preheated to a temperature close to the melting point of a polymer, then powder roller spreads
the first layer of powder material with chosen layer thickness on a building platform. After
that, a CO2 laser beam scans the building platform and selectively sinter the polymer powder
therefore a cross-section of the building object is created. When the whole cross-section is
scanned, the building platform moves one layer down whereas the tank with fresh powder
moves up so the powder roller spreads a new layer of polymer. The steps are repeated until
the final product is manufactured. After all, the object is removed from the powder bed.
Since unsintered powder remains in the building platform, no supporting structures are
needed. Powder from building platform can be reused for the next process when mixed with
a fresh one in relation to 1:1. (Redwood, et al., 2017)

33

There is a range of parameters during the PBF process which can affect the properties of the
final product. Material parameters such as powder grain size and shape, the molecular weight
of the polymer and its crystallinity have a direct influence on the mechanical properties of
the obtained product. Crystallinity and molecular weight of the polymer affect the tensile
strength and elongation at break whereas powder size distribution influence the fusion of the
powder (Hofland, et al., 2017).
Machine parameters such as energy density, layer thickness, laser scanning speed, laser
power, and laser spot size change the PBF process thereby the properties of the final object
also changes. Applying higher laser energy density improves the fusion of powder and
affects the molecular structure of the polymer, however extremely high energy density leads
to polymer destruction. This resulted to increase in tensile strength and elongation at break
(Ho, et al., 1999). Layer thickness and scan spacing are the most important parameters during
the process. They affect the anisotropy of the PBF manufactured part, internal structure and
surface finish (Hofland, et al., 2017). Laser scanning speed and laser power influence the
fusion of powder particles. If any of this parameter is too high or too low, it will lead to
incomplete melting of powder particles and formation of pores with a diameter of >100 µm
(Caulfield, et al., 2007). Flodberg et al., (2018) suggested that the ability to light absorption
of the material together with thermal conductivity influence the porosity of final parts thus
manufactured PA12 revealed porosity of 4.7%.
The most commonly used material for the PBF process is polyamide 12 (PA12) due to its
availability and mechanical properties of the final products To achieve better mechanical
properties or heat resistance, nylon powder can be mixed with other materials such as glass,
carbon or aluminum before sintering. As was mentioned before, the PBF process allows
mixing 50% of unsintered powder with a fresh one without significant loss in mechanical
properties. In addition, there is another possibility to minimize polymer waste. The
unsintered powder can be transformed into filaments by a single-screw extruder thus the
filaments can be used in the material extrusion process (Feng, et al., 2019).
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6. MATERIALS AND METHODS

6.1 Materials and chemicals
Polymer powder was provided by EOS GmbH, Germany and has been utilized for both batch
adsorption experiments and the manufacturing of AM objects. Commercial PA2200 is a
fine-powder with mean grain size 50 µm which reveals higher crystallinity and higher
melting point than usual polyamides. Properties of N12 powder are presented in table 3.
Table 3. PA2200 powder properties. (EOS GmbH - Electro Optical System, 2017)

Bulk density,
g/cm3

Melting
temperature,
C°

Crystallization
temperature,
C°

>0.430

184

138

Molecular weight
Mol mean Mn,
g/mol
15000

Weight mean Mw,
g/mol
29000

Gold spectroscopy standard solution (1000ppm) was purchased from Sigma-Aldrich Co.
LLC (Finland) and used for the preparation of the synthetic solution. Hydrochloric acid
(≥37%) and sodium hydroxide were used for preparation 1M, 0.1M solutions for pH
adjustment. High-purity deionized water of 15 MΩ cm resistivity produced by CENTRA-R
60/120 system provided by Elga purification system (Veolia Water, UK) was used for all
experiments.

6.2 Methods
Adsorption experiments. Samples for batch adsorption tests were prepared by diluting 1000
ppm gold spectroscopy standard solution in 5% hydrochloric acid. In general, for adsorption
experiments, 10 ml of stock solution with 50 ppm of Au(III) concentration were placed in
10 mL plastic tubes, containing 20 mg of N12 powder. The mixture has been shaken for 12h
at room temperature on an orbital shaker at 300 rpm. After the adsorption, the solution was
filtrated with syringe filters (Phenex RC 0.45 µm) and the filtrate was analyzed by atomic
absorption spectroscopy to determine Au(III) concentration. The adsorbent was removed
from filter and dried at room temperature for further analysis. The amount of recovered
Au(III) (q,%) from the synthetic solution by N12 was calculated by Equation 6.1
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𝑞=

𝐶 −𝐶
∙ 100%
𝐶

(6.1)

where Ci and Ce are the concentrations of analyte in mg/L before and after Au(III) adsorption
respectively.
The amount of Au(III) adsorbed per unit mass of N12 adsorbent was determined by
following equation
𝑞 =

(𝐶 − 𝐶 )
∙𝑉
𝑚

(6.2)

where qt is equilibrium adsorption capacity, mg/g; m is a dry weight of adsorbent in g, and
V is the volume of a sample in mL.
Different pH. At the beginning, the adsorption behavior of Au(III) onto N12 powder at
different pH were investigated. Samples with different pH (0, 0.5, 1, 3, 5, 7, 9) were adjusted
by adding HCl and NaOH solutions. A 10 mL of obtained synthetic solutions were placed
in 10 ml plastic tubes with 20 mg of N12 powder. The mixture has been shaken for 12h at
room temperature on orbital shaker at 300 rpm.
Adsorption isotherms. Adsorption isotherm experiments were performed by mixing 20 mg
of N12 powder and 10 mL of synthetic gold solution with initial concentrations varying from
9.5 mg/L to 295.1 mg/L at pH 0. Different equilibrium isotherm models such as Langmuir,
Freundlich and Sips were applied to experimental data therefore the physicochemical
parameters were obtained. Isotherm model fitting as well as calculations of parameters were
done using Microsoft Office Excel 2016. Sum square error (ERRSQ) function was used for
minimizing the error function between experimental and calculated data.
Kinetic studies. Adsorption kinetics tests were accomplished for both Au(III) concentrations
30 mg/L and 50 mg/L at pH 0 and room temperature. The amount of N12 powder was 20mg
and sample volume was 10 mL. Experimental data were described with Pseudo-first-order,
Pseudo-second-order, Elovich, and Intraparticle diffusion models. The obtained adsorption
rate constant and ERRSQ function were calculated by Microsoft Office Excel 2016.
Adsorption experiments with AM adsorbent. Adsorption experiments with AM objects were
performed by mixing 10 mL of synthetic solution containing 250 mg/L of Au(III) in 5%
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hydrochloric acid with the adsorbent placed in 50 mL plastic tube. The shaking was
performed on orbital shaker at 300 rpm and room temperature for 12 h. The average mass of
samples was 0.8 g.
AM objects manufactured with different scanning speed were tested in order to compare the
ability of Au(III) uptake. For this purpose, the effect of different initial concentration was
performed for both samples. Adsorption test
Adsorption experiments with a fishing net. The old fishing net was acquired from the
household and was washed with deionized water and dried at 55 °C in the oven before the
experiments. Dry sample were cut in small pieces with the length rage from 5 to 10 mm and
washed with 10 % aqua regia to eliminate any trace metals. After that, the samples were
washed again with deionized water and dried in the oven at 55 °C to constant weight. A 10
mL sample of synthetic solution containing 50 ppm of Au(III) was placed in 10 mL tube
with 0.1 g of pre-washed fishing net at pH 0. The mixture has been shaking for 12 h at room
temperature.
Additive manufacturing of adsorbent. Designing and fabrication of AM objects were done
by Materflow Oy, Finland. Additive manufacturing was performed by using EOSINT P 395
system (EOS GmbH, Germany) which utilizes powder bed fusion method and N12 polymer
powder. Table 4 reveals parameters used in additive manufacturing. Change in scanning
speed allowed the obtaining of more porous sample surface.
Table 4. Operating conditions used for AM of polymer adsorbent.
Layer

Laser power, W

Scanning speed, mm/s

thickness
0.12 mm

Build

Process

chamber

chamber

1st grade

2d grade

1st grade

2d grade

temperature

temperature

32

32

2560

3100

135 °C

176 °C

Solution analysis. After all adsorption experiments, samples were filtrated, and liquid phase
was analyzed by atomic absorbance spectroscopy (3300 AAS, Thermo Fischer Scientific,
US). The measurements were conducted at wavelength 242.8 nm. Standard solutions with
concentrations from 0.25 to 10 mg/L were prepared diluting 1000 ppm gold spectroscopy
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standard. Optimization solution contained 12 mg/L of Au(III). The dilution of sample
solutions was applied where it was required. Nitric acid (7M) was added (1% v/v) to all
samples as well as to standard solutions in order to provide acidic media and prevent metal
precipitation.

6.3 Adsorbent characterization
Surface charge. Zeta potential of nylon-12 powder was measured by a SurPASS
electrokinetic analyzer (Anton Paar GmbH, Graz, Austria). The measurement was operated
by automatic titration with 1 mM KCl solution at room temperature using Ag/AgCl
electrodes. The starting point was pH 8 and the measurement was performed until pH 3 was
achieved.

Zeta potential values were calculated by Helmholz-Smoluchowski using

measured streaming potentials.
Fourier Transform Infrared Spectroscopy. Infrared spectra of origin and gold-loaded
adsorbents were measured with Perkin Elmer Frontier spectrometer with universal ATR
module (Diamond crystal) to identify any differences in polymer structure after adsorption.
AM samples were also analyzed with FTIR to confirm no changes in the polymer after laser
sintering. Measurements were conducted in a mid-infrared region (4000 to 400 cm-1) with a
resolution of 4 cm-1. All spectra were obtained in absorbance mode and certain corrections
such as ATR correction, baseline correction and normalization were applied. Gold-loaded
samples were prepared by mixing 20 mg of N12 powder with initial Au(III) concentrations
of 100 mg/L and pH 0 and pH 9. Fishing net was measured at the same conditions as polymer
powder, obtained results were compared to database.
Brunauer-Emmett-Teller Surface Area Analysis. BET method was applied to determine pore
volume and surface area of the adsorbents. Three-dimensional polymer objects
manufactured with different scanning speed as well as fishing net were characterized by
automated gas adsorption analyzer BELSORP Mini II (MicrotracBEL Corp., Japan). Pretreatment (2h at 105°C) was performed for all samples to prevent degassing during the
measurements.
Scanning Electron Microscopy. SEM measurements were performed by Hitachi SU 3500
(Japan) coupled with EDS analysis. The acceleration voltage used was 15kV and high
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vacuum conditions were applied during the measurement. Both N12 powder and AM objects
were analyzed therefore, morphology of the adsorbent surfaces and element concentration
were determined.
X-ray Photoelectron Spectroscopy. XPS analysis was performed by ESCALAB 250Xi
system (Thermo Fisher Scientific, US) at Centre for Material Analysis, University of Oulu.
Obtained XPS spectra were processed with software package. Both samples native N12
powder and gold-loaded N12 powder were analyzed to determine the presence of C, N, O
and gold atoms on the surface. In addition, information about gold chemical state was
obtained. Gold-loaded sample was prepared by mixing 20 mg of nylon-12 powder with
10mL of solution with Au concentration of 100 mg/L. Solution has been shaking for 12h at
room temperature.

39

7. RESULTS AND DISCUSSIONS

7.1 Characterization of the adsorbents
Infrared spectroscopy is a widely used technique which determines the structure of the
compound based on its ability to absorb (or transmit) infrared radiation. Thereby, the
analysis provides the information about the presence of specific element, type of the bond
between molecules and the structure of molecule, however, regarding to the latter sometimes
additional analysis such as NMR is required. (LCGC's CHROM academy, 2014)
FTIR analysis was performed for both N12 powder and AM sample to prove that after laser
sintering during additive manufacturing the polymeric material did not change its
functionality. In addition, during PBF process building chamber is loaded with 50% of new
powder together with 50% of used one. This is done to reduce material coast as well as
material waste (Weijmarshausen, 2014). Thus, it was important to conduct FTIR analysis to
ensure polymer structure.
Figure 15 displays FTIR spectra of native N12 powder, AM sample and fishing net.
Polyamides such as nylon refers to a secondary amide comprising secondary amide linkage
where nitrogen involved in one N-H bond and two C-N bonds (Smith, 1999). The N-H group
can be presented as both stretching and bending vibrations. For secondary amides, stretching
N-H band located in the range between 3370 and 3170 cm-1. The peak appears in the range
of 1680-1630 cm-1 indicates C=O stretching of secondary amides. (Han, et al., 2013)
Regarding N-H bend vibration, it can be presented as an in-plane and an out-of-plane band.
For secondary amides, the most important is in-plane N-H bend vibration and it reveals a
peak between 1570 and 1515 cm-1. (Scott, 1973) The intensity of this peak is usually as
strong as the one of C=O stretching. Other groups which attributed to the same wavenumber
range are carboxylates and nitro group (Coates, 2006). However, neither of them appears
together with carbonyl strong peak. It is useful to note the overtone band at about 3100 cm1

which is appeared by in-plane N-H vibration can also indicate unsaturated C-H stretching

band. However, N-H bend band is much widely than most of C-H stretching bands. (Smith,
1999) The out-of-plane N-H bend band appears in the range from 750 to 680 cm-1. This
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band is medium-to-weak and less important because it overlaps with the out-of-plane N-H
bend band of primary amides. (Scott, 1973) Finally, the secondary amide C-N stretch band
occurs from 1310 to 1230 cm-1 (Jung, et al., 2018).
Therefore, the distinguish peaks for secondary amides are single N-H stretch band, and C=O
stretching band with strong N-H bend in the region from 1570 to 1515 cm-1 (Smith, 1999).
Table 4 represents peak assignments of polyamides used as adsorbent in current work.
As it was stated before, fishing net was obtained from household, therefore material
composition was unknown. Obtained IR spectrum corresponds to the one of nylon-12.
However, based on the database of KnowItAll® ID Expert™ software, there is 98% match
with nylon-6,6 polymer produced by DuPont. Hence, as it was assumed, fishing net was
manufactured by nylon-6,6 polymer and its spectrum revealed that the functionality of the
polymer remained. Thereby, there is a possibility to utilize the fishing net as an adsorbent
for Au(III) recovery.
Fishing net

Nylon 12

3D-printed sample
1088

Absorbance (%)

573

2918
2849

1638

3292

1543
1460

3085

3500

3000

2500
2000
Wavenumber (cm-1)

1500

1369

1271

719

1000

Figure 15. FTIR spectra of N12 powder, AM sample and fishing net.

Table 4. FTIR spectrum of N12 powder. (Smith, 1999; Scott, 1973; Han, et al., 2013)

N12 powder
3292

Peak assignments
N-H stretching

500
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3094

Overtone of N-H bend

2918

CH2 asymmetric stretching

2849

CH2 symmetric stretching

1638

C=O stretching

1543

In-plane N-H bend

1460

CH2 bend

1271

C-N stretching

719

Out-of-plane N-H bend

7.2 Influence of pH on Au(III) adsorption
It is well known that the pH of solution plays a vital role in the adsorption process. Changes
in pH values affect the surface charge of the adsorbent as well as speciation of metal ion
(Zhao, et al., 2019). Thus, it is important to determine optimal solution pH in order to obtain
higher metal removal. Figure 16 (a) reveals the behavior of Au(III) adsorption onto N12
powder at pH range from 0 to 9. As one can notice, adsorption efficiency increases with
decreasing of pH and at pH 0 the adsorption capacity reaches the value of 11.84 mg/g. This
can be described by the morphology of chloro-gold complex presented in the solution. At
lower pH, AuCl4- ions have been attracted electrostatically by protonated -NH3+ groups
located on polymer surface (Li, et al., 2013). However, it is also possible, that except
electrostatic interaction, ion-exchange can take place between metal ion and the active
centers on the adsorbent what can be demonstrated as follows (Mihăilescu, et al., 2019):
(𝑅 − 𝑁𝐻 )𝐶𝑙 + 𝐴𝑢𝐶𝑙 ↔ (𝑅 − 𝑁𝐻 )𝐴𝑢𝐶𝑙 + 𝐶𝑙

(7.1)

At higher pH, the amount of adsorbed Au(III) drops dramatically and at pH 9 the adsorption
capacity is 0.085 mg/g. It is useful to note, that with reducing the pH, the color of solution
altered from yellow to colorless, showing that the changes in gold speciation occurred
(Bond, et al., 2006). This happens due to the hydrolysis of chloro-gold complex in the
aqueous chloride solution with subsequent formation of chloride-hydroxide complexes such
as AuCl3OH-, AuCl2(OH)-2, AuCl(OH)-3 and Au(OH)3 (Ogata & Nakano, 2005). Thus, the
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competition between Cl-, AuCl4- anions and hydrolyzed chloro-gold complexes occurred. In
addition, deprotonation of amino groups at lower pH causes the decrease in electrostatic
attraction between Au(III) anions and adsorption sites. (Li, et al., 2013) This can be
supported by Figure 16 (b), where the dependence of zeta potential values of N12 powder at
different pH is presented. As it can be seen, zero potential charge value pHZPC of the powder
equals 5.1. Thereby, at pH lower than 5.1 the surface of nylon-12 powder contains positive
charge whereas at pH above 5.1, the surface charge indicates to be negative.
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Figure 16 Amount of Au(III) adsorbed onto 20 mg of N12 powder in 10 mL of 50 mg/L Au(III)
solution at different pH (a) and Zeta potential values of pristine N12 powder at different pH (b).

7.3 Adsorption of Au(III) on N12 powder
Adsorption kinetics
Figure 7 reveals the effect of contact time for gold adsorption on nylon-12 powder with
initial concentrations of solution 30 ppm and 50 ppm. As it can be seen, the adsorption
capacity increases with increasing the contact time, however, there is no rapid adsorption
and more than 50% removal is achieved after 6h for 30 ppm and 10 h for 50 ppm. The higher
initial concentration of the solution, the more contact time is required to obtain equilibrium
capacity. Moreover, the amount of Au(III) ions adsorbed on the N12 powder with lower
initial gold concentration is lower than the amount of gold adsorbed with higher initial
concentration. Figure 17 shows that the adsorption equilibrium was not achieved even after
24 h and the curves are trending. After 24 h 86.3% and 71.3% of Au(III) removal was
achieved from the solutions with initial concentrations of 30 ppm and 50 ppm respectively.
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The possible explanation is the agglomeration of gold particles on the surface, thereby
adsorption sites were not completely occupied.
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Figure 17. Effect of contact time of Au(III) adsorption onto N12 powder with initial 30 ppm and 50
ppm.

Kinetic performance of Au(III) towards N12 powder was investigated by certain models.
Non-linear Pseudo-first order and Pseudo-second order models, as well as Elovich and
Intraparticle diffusion models, were applied to determine adsorption kinetic parameters.
Calculated kinetic parameters, correlation coefficient r2 and error function values are
presented in the Table 5. According to obtained results, the Pseudo-second-order model
correlates better with experimental data than Pseudo-first-order model. Thus, the
chemisorption is predominant during the gold adsorption process (Gulnaz, et al., 2005).
Table 5. Adsorption kinetic model parameters

Initial Au(III) concentration
30

50

Pseudo-first-order model

k1

0.003

0.002

𝑞 = 𝑞 (1 − 𝑒

qt

12.993

17.995

r2

0.982

0.986

4.597

6.065

)

∑(𝑞 − 𝑞

)
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Pseudo-second-order

k2

0.208∙10-3

9.727∙10-5

model

qt

16.202

23.287

r2

0.993

0.993

1.834

2.865

Be

0.236

0.150

Ae

0.076

0.067

r2

0.997

0.997

0.884

1.372

𝑞 =

𝑞 𝑘 𝑡
1+𝑞 𝑘 𝑡

∑(𝑞 − 𝑞

Elovich model
𝑞 =

1
𝑙𝑛(1 + 𝐴 𝐵 𝑡)
𝐵

∑(𝑞 − 𝑞

)

)

Intraparticle diffusion

kdif

0.402

0.503

model

C

0.088

7.231∙10-12

r2

0.977

0.990

5.872

4.180

𝑞 =𝑘

𝑡

+𝐶

∑(𝑞 − 𝑞

)

However, Elovich model fitting shows higher r2 value equals to 0.997 for both initial
concentrations and lower error function value which is 0.884 for 30 ppm solution and 1.372
for 50 ppm solution. Thus, the Elovich model was better than PS1, PS2 and Intraparticle
diffusion models to fit the adsorption kinetics of gold ions onto polymer powder. Figure 18,
19 depicts the adsorption kinetics for Au(III) on N12 powder with initial solution
concentrations of 30 ppm and 50 ppm.
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Figure 18. Sorption kinetics of Au(III) with initial concentration 30 ppm on N12 powder and fitting
by Pseudo-first-order, Pseudo-second-order and Elovich models.
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Figure 19. Sorption kinetics of Au(III) with initial concentration 50 ppm on N12 powder and fitting
by Pseudo-first-order, Pseudo-second-order and Elovich models.

Figure 20 shows the Intraparticle diffusion model plotted by qt versus t0.5 and its fitting to to
the obtained data for solutions with concentration of Au 30 ppm (a) and 50 ppm (b). As it
can be seen, the plotted line is not straight and do not go through the origin in both cases. In
addition, the correlation coefficient r2 is equal to 0.977 for 30 ppm solution and 0.990 for 50
ppm solution. The SSE values are 5.872 and 4.180 for 30 ppm and 50 ppm solutions
respectively which are higher than in the case of other models. This indicates that
Intraparticle diffusion is not a controlling step in adsorption of Au(III) on N12 powder.
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Figure 20. Sorption kinetics of Au(III) with initial concentration of 30 ppm (a) and 50 ppm (b) on
N12 powder and fitting by Intraparticle diffusion model.
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Adsorption isotherms
Nonlinearized Langmuir, Freundlich isotherms models and Sips model were used to analyze
experimental data. The model fitting curves and obtained isotherm parameters including
their correlation coefficients and residual standard deviations are presented in Figure 21 and
Table 6. Adsorption isotherms represent L-type isotherm with no strict plateau indicating a
progressive saturation (Repo, 2011).
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Figure 21. Nonlinearized isotherms for Au(III) adsorption by N12 powder at room temperature.

The results display that experimental data could not be fitted well to Langmuir model
according to r2 value which is equal to 0.892. The monolayer capacity of N12 powder at
room temperature is 19.77 mg/g. Langmuir parameter KL refers to affinity between adsorbate
and binding sites and for N12 powder is 0.0971. Adsorption is considered as favorable if 0
< KL < 1 (Fierro, et al., 2008).
In contrast, Freundlich model correlation parameter r2 is 0.993 indicating better fitting. In
addition, the adsorption capacity value is 22.13 mg/g what is closer to experimental data.
Therefore, it can be assumed that Au(III) binding follows heterogeneous adsorption by a
multilayer adsorption mechanism. Freundlich constants KF and n corresponds to the
adsorption capacity and energetic heterogeneity of the adsorbent respectively (Blázquez, et
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al., 2011). Freundlich parameter n is equal 4.305 what indicates satisfactory adsorption
process, since the value within the range from 1 to 10 (Fierro, et al., 2008).
Table 6. Adsorption isotherms parameters

Langmuir model
𝑞 =

𝑞 𝐾𝐶
1+𝐾 𝐶

qm

20.581

KL

0.097

r2

0.892

∑(𝑞 − 𝑞

)

27.290

Freundlich model

KF

6.125

𝑞 = 𝐾 𝐶

n

4.305

r2

0.993

∑(𝑞 − 𝑞
Sips model
𝑞 =

𝑞 (𝐾 𝐶 )
1 + (𝐾 𝐶 )

)

6.194

KS

0.007

qm

38.930

nS

0.375

r2

0.996

∑(𝑞 − 𝑞

)

4.068

The Sips equation describes experimental data better than Langmuir and Freundlich ones. It
exhibits higher value of r2 (0.996) and lower value of ERRSQ (4.068). Sips isotherm is a
combination of Langmuir and Freundlich isotherms. Thus, nS constant can determine the
heterogeneity of adsorption sites. If nS value is closer to unity, the isotherm tends to be
considered as Langmuir isotherm with homogeneous adsorbent. However, deviation of n
value from unity represents heterogeneous adsorption cites with multilayer adsorption.
(Hokkanen, et al., 2017) From Table 6, Sips constant nS is equal 0.375, hence recovery of
Au(III) on N12 powder indicates possible multilayer adsorption on heterogeneous surface
of adsorbent.

7.4 Adsorption of Au(III) on AM adsorbent
Adsorption kinetics
Effect of contact time on adsorption of Au(III) onto AM adsorbent at different temperatures
was observed. The initial concentration of gold in the solution was set as 233mg/g. Figure

48

22 shows that at temperature 333 K metal uptake is more rapid at the beginning than at lower
temperatures. Therefore, after 1h the adsorption capacity reached the value of 3.12 mg/g
whereas for 296 K and 313 K only 0.35 mg/g and 1.55 mg/g respectively. However, after
fast saturation of adsorption cites the adsorption capacity dropped slightly until the
equilibrium was reached. At both temperatures 313K and 333K, the adsorption equilibrium
was achieved after 6 h and equal to 2.48 mg/g and 2.39 mg/g respectively. However, at
temperature 296 K the adsorption capacity of AM nylon was reached only after 24h. Clearly,
temperature has an impact on adsorption kinetic, however, it is useful to note, that that at
temperature 313 K, the capacity is slightly higher than at 333K. Therefore, increasing
temperature up to 333K is inefficient.
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Figure 22. Effect of contact time on adsorption of Au(III) on AM adsorbent at different temperatures.

The adsorption kinetics of gold on the AM polymeric objects is reveled in Figure 23, 24.
Obtained experimental data was fitted by several model equations. Table 7 exhibits kinetic
parameters of Pseudo-first order, Pseudo-second order, Elovich and Intraparticle models at
different temperatures. Raising the temperature cause the increase in rate parameters
however, residual standard deviation also increasing. Experimental data measured at 296 K
can be well described by Elovich kinetic model. The regression coefficient is 0.987 and the
SSE value is 0.066. In addition, calculated amount of adsorbed gold ions at equilibrium was
in the good agreement with the experimental values. At higher temperatures, Pseudo-first
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order model equation shows better fitting for obtained data with r2 equals to 0.988 for 313K
and 0.892 for 333K. Based on this, it may be suggested that physical adsorption is the rate
limiting step in the recovery of Au(III) on AM N12 adsorbent.
Table 7. Adsorption kinetic model parameters for AM samples at different temperatures.

Temperature, K
296

313

333

Pseudo-first-order

k1

0.002

0.014

0.046

model

qt

2.331

2.615

2.630

r2

0.971

0.988

0.892

0.144

0.094

0.814

𝑞 = 𝑞 (1 − 𝑒

)

∑(𝑞 − 𝑞

)

Pseudo-second-order

k2

0.730∙10-3

0.006

0.032

model

qt

2.993

2.869

2.698

r2

0.981

0.978

0.814

0.096

0.140

1.405

Be

1.193

1.989

5.651

Ae

0.009

0.129

536.890

r2

0.987

0.933

0.694

0.066

0.519

2.315

𝑞 =

𝑞 𝑘 𝑡
1+𝑞 𝑘 𝑡

∑(𝑞 − 𝑞

Elovich model
𝑞 =

1
𝑙𝑛(1 + 𝐴 𝐵 𝑡)
𝐵

∑(𝑞 − 𝑞

)

)

Intraparticle diffusion

kdif

0.314

0.494

0.368

model

C

0.397∙10-8

0.558∙10-7

0.738

r2

0.833

0.874

0.484

0.837

0.971

3.908

𝑞 =𝑘

𝑡

+𝐶

∑(𝑞 − 𝑞

)

Intraparticle diffusion model fitting is showed graphically in Figure 22 (b). As it can be seen,
the plot represents multilinearity meaning that two or more stages are involved in the
adsorption process (Wu, et al., 1999). At temperature 296 K the plot does not pass the origin
and three steps of adsorption process can be identified, however, the r2 value is low
suggesting that internal diffusion is not a controlling step. Regarding adsorption at higher
temperature, at 313 K and 333 K two different stages can be observed, meaning that internal
diffusion occurred together with surface adsorption (Feng, et al., 2018). Since fitting curves
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were off the origin, intraparticle diffusion was not a limited step for adsorption at higher
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Figure 23. Sorption kinetics of Au(III) on AM adsorbent at different temperature and fitting by
Pseudo-first order (a), Pseudo-second order (b).
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Figure 24. Sorption kinetics of Au(III) on AM adsorbent at different temperature and fitting by
Elovich model (a), Intraparticle diffusion model (b).

It is useful to note, that during the adsorption nylon-12 adsorbent tends to change its color
(Figure 25). After adsorption at room temperature, AM adsorbent takes the yellow color of
gold solution and only the intensity of the color is changing depending on the adsorption
time. This can be explained by the amount of gold transferred from the liquid phase towards
polymer surface. However, at higher temperatures the color was changed from yellow to
purple. The possible explanation is the formation of gold nanoparticles Aunp on the surface
of adsorbent, which can differ by the size and shape thereby the optical properties may vary.
Synthetic gold solution reflects the yellow color whereas nanoscale gold tends to revel the
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red color (Faraday, 1857). Addition of salt such as sodium chloride during the gold particles
aggregation, changes its red color to purple (Pluchery, et al., 2013).

Figure 25. AM nylon-12 adsorbent after adsorption at 333K at different contact time.

Gold-loaded AM adsorbent with different colors were tested with SEM. Figures 26 (a), (b),
(c), (d) shows gold aggregations occurred on the surface of nylon-12. Although it is clear
that gold has been reduced to the gold nanoparticles, it is tricky to see the tendency in the
size of nanoparticles changing with the color.

Figure 26. SEM pictures of N12 adsorbent after adsorption at different contact time (a) 15 min, (b)
1 h, (c) 6 h, (d) 24 h at temperature 333K.
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Adsorption isotherm
Figure 27 presents the adsorption isotherms of gold ions on additive manufactured nylon-12
adsorbent at room temperature. Non-linear Langmuir and Freundlich isotherm models as
well as Sips model were applied to characterize the adsorption of Au(III) on the AM
adsorbent and calculated parameters with regression coefficient and residual standard
deviations are shown in Table 8. Figure 28 shows color changes of AM samples after
adsorption at room temperature with different initial gold concentrations in the solution.
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Figure 28. Nonlinearized isotherms for Au(III) adsorption by AM N12 adsorbent at room
temperature.

According to the results, both Langmuir isotherm and Sips isotherm exhibit the highest
regression value which is equal to 0.997 unlike the Freundlich isotherm (0.914). Langmuir
parameter KL indicating the affinity between the adsorbate and adsorbent is equal to 0.355
which is higher than KL of gold adsorption on N12 powder. The monolayer capacity of AM
N12 objects is 2.63 mg/g. Since Sips constant nS is closer to unity and equal to 0.969, it is
tends to Langmuir isotherm therefore the adsorption of Au(III) on AM adsorbent is
considered as monolayer adsorption with rather homogeneous adsorbent.
Table 8. Adsorption isotherms parameters

Langmuir model

qm

2.798

53

𝑞 =

𝑞 𝐾𝐶
1+𝐾 𝐶

KL

0.355

r2

0.997

∑(𝑞 − 𝑞

)

0.013

Freundlich model

KF

0.880

𝑞 = 𝐾 𝐶

n

3.162

r2

0.914

∑(𝑞 − 𝑞
Sips model
𝑞 =

𝑞 (𝐾 𝐶 )
1 + (𝐾 𝐶 )

)

0.397

KS

0.345

qm

2.827

nS

0.969

r2

0.997

∑(𝑞 − 𝑞

)

0.013

Figure 28. AM samples after adsorption at room temperature with initial concentrations in the range
from 20 mg/L to 250 mg/L.

7.5 Comparison of different AM samples
Mechanical and structural properties of additive manufactured materials depend on the
manufacturing parameters such as temperature, laser power, scanning speed, layer thickness
and build orientation (Flodberg, et al., 2018). Adjusting scanning speed during PBF process
helps to achieve desired surface of final product. From mechanical point of view, it is more
reasonable to use lower scanning speed, therefore providing fully fusion of powder particles
and as a result more rigid structure. However, in term of adsorption, porous structure is more
favorable due to increasing the surface area and providing availability of adsorption cites.
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Hence, higher scanning speed will help to achieve more friable structure of the adsorbent
even though it will be more fragile.
Table 9 displays the characteristics of nylon-12 adsorbents produced with higher and lower
scanning speed. BET and BJH methods were applied to observe the differences in surface
area and pore size distribution. As one can see, the pore dimeter decreased with increasing
scanning speed. Consequently, surface area of the sample grown as well. SEM pictures show
that surface morphology was different, and sample printed with lower scanning speed
comprised smoother surface (Figure 29).
Table 9. Characteristics of AM samples manufactured with different scanning speed.

BET surface area

Total pore volume

Mean pore diameter

(m2/g)

(cm3/g)

(nm)

Old

0.086

0.006

294.90

New

0.428

0.015

141.80

Adsorbent

Nylon-12 adsorbents manufactured with two different scanning speed were used for
adsorption tests to observe the difference in adsorption capacity of Au(III) on the polymer.
Figure 30 reveals the effect of initial concentrations of gold solution on adsorption efficiency
of AM nylon-12 adsorbent produces with lower (a) and higher (b) scanning speed. Clearly,
more porous structure allows to achieve higher adsorption capacity of the material. Capacity
of the material manufactured with higher scanning speed was double higher and equals 5.42
mg/g whereas adsorption capacity of adsorbent printed with lower scanning speed was 2.03
mg/g.
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Figure 30. Adsorption capacity of Au(III) on AM adsorbent manufactured with (a) higher laser speed
(b) lower laser speed.

Figure 29. SEM pictures of AM samples with (a) lower and (b) higher scanning speed.

7.6 Adsorption of Au(III) on Fishing net
Acid-washed fishing net was cut randomly in small pieces with the length range from 5 to
10 mm (Figure 31). Table 10 shows the adsorptive removal of Au(III) from aqueous chloride
solution at room temperature. The maximum adsorption capacity achieved was equal to 19.3
mg/g and the BET surface area of fishing net was 0.260 m2/g.
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Figure 31. Fishing net used as adsorbent for gold adsorption.

Removal efficiency of Au(III) onto fishing net manufactured from nylon-6.6 decreased with
increasing of initial gold concentration in the solution (Table 10). The possible explanation
is that at lower gold concentration the availability of adsorption cites is higher. Thus, the
percentage of gold removal is decreasing whereas the adsorption capacity is raising.
Table 10. Removal of Au(III) from the synthetic solution with fishing net.

Cin, mg/L

Removal, %

qe mg/g

29.38

99.29

2.91

48.17

98.89

4.75

70.38

99.23

6.96

99.35

99.11

9.83

194.90

99.05

19.31

Nevertheless, the adsorption of Au(III) onto old fishing net was successful even though it
was manufactured using nylon-6,6 instead of nylon-12. That means that in the future, it is
possible to achieve plastic reuse by collecting fishing nets from household or water media
like lakes or seas and use it as an adsorbent for rare metal recovery. The possible route is to
place washed and cut fishing net into the extruder and produce filaments for material
extrusion machine. Second step will be choosing the right design, and possible modification
of the polyamide before or after printing to achieve higher metal recovery by adding active
functional group to polymer structure.
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7.7 Adsorption mechanism
To understand the possible adsorption mechanism of Au(III) on nylon-12 polymer the
material was analyzed by FTIR, SEM and XPS before and after adsorption. FTIR analysis
of nylon-12 powder before and after adsorption at both pH 0 and pH 9 are presented on
Figure 32. In FTIR spectrum of N12 powder the peak at 3292 cm1 corresponds to stretching
NH group. The region above 3110 cm is also useful for determining of existence of hydrogen
bonds. In general, a band in the range 3400-3460 is thought to arise from a free amide proton,
and a band in the range 3120-3320 from a hydrogen bonded amide proton. The integrated
intensity of these two bands can yield the relative number of free and hydrogen bonded
amide protons. When there is a decrease in intensity of the peak which is responsible for
hydrogen bonding, intermolecular hydrogen bonding occurs. Moreover, the peak at 1552
cm-1 for the secondary amine groups on N12 was shifted to 1539 cm-1 after the adsorption
of Au(III) at ph = 0 indicating the interaction between gold ions with nitrogen atom in NH
group. However, the peak assigned to C=O groups at wavenumber 1638 cm-1 was not
shifted. Thus it may be suggested that carbonyl groups in amide linkage were not involved
in the gold adoption on nylon-12 powder.

Figure 32. FTIR spectra of N12 powder before and after adsorption at pH 0 and pH 9.
SEM pictures of both N12 powder and AM samples reveals that gold was reduced on the
surface of the polymer (Figure 33). At higher temperature during adsorption, gold
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agglomerates were presented. Since FTIR spectrum didn’t reveal changes in polymer
functionality which could possibly be involved in redox reaction with gold chloro-complex,
it may be assumed, that other factors influenced on gold reduction such as light, temperature
and contact time. It should be considered as well that during PBF manufacturing the N12
powder is a mixture of used powder and a new powder, hence it is difficult to track the exact
composition. EDS analysis revealed the presence of the elements such as Co, Cr, Mg, Al,
Si, Ti on some of the samples with different concentrations. Thus, there is a chance that these
elements can act as a catalyst during the redox reaction. In addition, based on EDS results
the polymer samples after adsorption contained gold in the area although there were no
visible particles on some SEM pictures. That may also indicate that partially gold was
involved in complex formation with some available nitrogen presented in nylon polymer.
XPS analysis is being used for identification of element’s chemical state presented on the
material surface. Thus, the interaction between metal ions with the active groups presented
on the adsorbent’s surface may be identified. Once the chemical bond forms between metal
ions and an ion on the surface of the solid, it affects the electron clouds around atoms. Thus,
donor ligands tend to decrease the binding energy whereas electron acceptor ligands usually
rise their binding energy. (Deng, et al., 2003).
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Figure 33. SEM pictures of metallic gold particles on (a) N12 powder and (b), (c) 3-D printed
adsorbent.

Survey scan of native nylon-12 powder showed three peaks which defined as for C1s, N1s
and O1s respectively (Figure 34). However, new peaks appeared on the spectrum of nylon12 after adsorption of gold which can be assigned to Au 4d3, Au 4d5, Au4f, and to Cl2s and
Cl2p. The O1s, N1s and C1s core spectra of native N12 and N12 after Au adsorption are
compared in Figure 35. As it can be seen in Figure 35 (a), the C1s core level XPS spectra
can be fitted by three peaks. Peak at 284.91 eV corresponds to interactions of aliphatic
carbons such as C–C and C–H (Novak, et al., 2006). Peak at binding energy equals to 285.78
eV attributes to carbon atoms bonded to the –NH– groups and the peak at 287.8 eV assigned
to carbon atoms involved in carbonyl groups C=O (Zorn, et al., 2014). After the adsorption
of Au on N12powder no significant changes in the peaks can be observed. The O1s spectrum
of N12 powder can be fitted in two peaks: 531.19 eV assigned to oxygen atoms presents in
carbonyl groups C=O on the polymer surface; and 532.69 eV corresponds to interaction
between oxygen and carbon atoms C–O (Kerber, et al., 1996). After the adsorption of gold
ions no changes in binding energy was noticed.
Deconvolution of N1s peak at 399 eV reveals two peaks (Figure 35a). The first one at
binding energy of 399.49 eV can be attributed to the nitrogen in C–N interaction (Chan, et
al., 1990). Another one appears at 400.05 eV can be assigned to N–H groups and three amine
groups (Jermakowicz-Bartkowiak, et al., 2003). After adsorption of Au(III) on N12 powder
no new peaks were observed (Figure 35b), however the intensity of peak at BE of peak at
400.05 was increased. Sample composition on the polymer surface presented in Table 11.
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As it can be seen from the table 16, content of N–H is almost double higher after gold
adsorption.

C1s

After adsorption
Before adsorption

Au4d5

O1s

Au4d3
N1s

Cl2s
Cl2p

1200 1100 1000

900

800

700
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Au4f

100

0

Figure 34. XPS spectra of N12 powder before and after adsorption of Au(III).
Table 11. XPS surface composition on nylon-12powder.

N12 powder

C 1s

N 1s

O 1s

Au 4f7

N12 powder loaded
with Au(III)

Atomic (%)

Atomic (%)

C-CH2-C

57.41

54.7

C-CH2-NH

7.26

5.39

C=O

18.32

22.71

C–N

3.89

2.12

N–H

2.7

4.37

C=O

4.96

4.36

C–O

5.45

5.94

Au+

-

0.41

61

(a) before adsorption

(b) after adsorption
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Figure 35. XPS spectra of C1s, O1s and N1s for nylon-12 powder before (a) and after (b)
adsorption of Au(III).
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Figure 36 demonstrates high-resolution XPS Au4f spectrum. The fitted peak located at 84.1
eV assigned to Au(0) whereas the peak at 87.3 eV assigned to Au(III) and peak at 84.95

Au 4f7/2
Au(I)
84.95 eV

Au 4f5/2

Intensity

88.6 eV
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84

83

82

81

80

Binding Energy (eV)

Figure 36. XPS spectrum of Au4f for nylon-12 powder after Au(III) adsorption.

corresponds to Au(I). According to the calculated sample composition, the amount of both
Au(0) and Au(III) are very low, indicating that gold reduction is not an adsorption
mechanism. Meanwhile, the majority of the gold presented on the nylon-12 surface is in the
state of Au(I). This can be explained by the complex transformation of Au(III) to Au(I) due
to certain factors such as ligand substitution or redox reactions. Regarding redox
transformations, gold specimens Au(III), Au(I) and Au(0) tend to convert into each other
based on the effect of reducing agents, coexisting ligands, electrolytes, and pH, resulting in
Au complexes with varying standard redox potentials in water. Thus, only a minor part of
gold was reduced to Au(0), whereas most of the Au(III) was reduced to Au(I). Therefore,
the possible adsorption mechanism of Au(III) on nylon-12 powder is suggested in Figure 37.
When N12 adsorbent was added to the synthetic gold solution, Au(III) was firstly adsorbed
on the surface of nylon-12 by electrostatic attraction, and then due to external factors, it was
reduced to both Au(0) and Au(I).
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Figure 37. Suggested adsorption mechanism of Au(III) on nylon-12.
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8. CONCLUSIONS

This work showed the efficiency of gold adsorption on the polymer adsorbent from
synthetic solution. Nylon-12 powder as well as AM nylon-12 adsorbents were tested for
Au(III) recovery. It was found that pH of the solution as well as adsorption temperature
affect the adsorption significantly. The maximum Au(III) adsorption capacity at room
temperature is equal to 21.49 mg/g. Solution pH was set to zero and the adsorption time was
12h. Obtained adsorption isotherm data were well fitted by Sips model whereas the
adsorption kinetic data were described by the Elovich model.
Nylon-12 adsorbent manufactured by PBF technology was used for gold recovery. The
maximum adsorption capacity value of 2.83 mg/g was achieved at 313K after 16h. Raising
the temperature helped to achieve the equilibrium in a shorter time and enhanced adsorption
capacity of the adsorbent. Experimental data showed a good fitting with Langmuir and
Pseudo-first order models. Increasing the scanning speed parameter contributed in
production of more porous objects what lead to enhancing the surface area of the adsorbent.
Thus, the BET surface area of AM absorbents with lower scanning speed was equal to 0.086
m2/g whereas the objects produced with higher scanning speed show the value was 0.428
m2/g. The maximum adsorption capacity of the adsorbent with a higher surface area at room
temperature was 5.42 mg/g.
The fishing net obtained from the household was tested as an adsorbent for gold recovery.
FTIR spectrum revealed that material composition was similar to one of nylon-6,6.
Adsorption of gold ions on the fishing net was performed at room temperature and 99.23 %
of metal removal was achieved. Therefore, fishing nets may be recycled to produce polymer
filaments for material extrusion machine where polyamide adsorbent for gold recovery can
be manufactured.
SEM pictures of nylon-12 adsorbents both virgin powder and additively manufactured,
revealed the presence of gold particles on the surface. Metallic gold observed on the surface
of nylon-12 after the adsorption process at different conditions was different in shape and
size. Thus, it may be suggested, that adsorption temperature along with adsorption time

65

influenced the size of gold particles. The optical properties of gold nanoparticles vary based
on their size. Hence, AM objects after adsorption at different contact times and different
temperatures changed the color from yellow to orange and purple.
According to FTIR spectra and XPS results adsorption mechanism of Au(III) on nylon-12
polymer was proposed. Deconvolution of Au4f gold peak at high-resolution XPS spectrum
indicated that the majority of the gold presented on the surface of the polymer is in the state
of Au(I). Only a few amounts of gold were adsorbed as Au(III) ions and some amount of
gold was reduced to Au(0). Therefore, it was suggested that at first [AuCl4]- was attracted
electrostatically to protonated amino groups located in amide linkage of nylon-12. After that
reduction reaction occurred and Au(III) was reduced to both Au(I) and Au(0) forms. It may
be suggested that Au(I) was involved in the formation of the metal complex with nitrogen
in the amine groups of the polyamide.
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9. SUGGESTIONS FOR FUTURE RESEARCH

For future studies, several aspects can be considered. At first, the desorption process should
be studied and based on the obtained knowledge about the chemical state of gold on the
nylon-12 surface applicable desorption environment should be suggested. Since Au(I)
complex is more stable, it could be tricky to proceed desorption and to recover Au(I) from
polymer surface especially when some amount of gold reduced to elemental gold. One may
suggest studying the agents that can be added either during adsorption or after adsorption
hence to block the transition between complexes of Au. Therefore, if the gold presents on
the N12 surface in the form of Au(III) it is more possible to desorb it from the adsorbent
surface.
Adsorption efficiency may be increased by modifying the surface of the adsorbent by
introducing more active sites. There are several ways how modification can be performed:
during the synthesis of the polymer before the AM process, during the AM process by
mixing nylon-12 polymer powder with additives and finally, after AM by coating final
objects.
Regarding the additive manufacturing aspect, improvements in adsorbent design may be
performed to obtain a higher surface area. Conversion of the fishing net into building
material for AM should be also studied. Other possibilities of using recycled polymers may
be investigated.
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