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Highlights

e Fe304-HA was an effective adsorbent for the reductive adsorption of Au(l11) ion.

e Phenolic —OH of HA played a key role on the reduction of Au(lll) ion into Au.

e The presence of radical scavenger 2-propanol decreased the adsorption of Au(lll)

ion and subsequent reduction to Au.

Abstract

Recently, it is obvious that the recovery of gold from secondary resources has been of great
interest due to its high profitability and vast applications. Among many methods available,
reductive adsorption is the easiest, cheapest and eco-friendly way for gold recovery. In the

present study, an effective and magnetically separable adsorbent, i.e., humic acid-



functionalized magnetite (FezOs-HA), had been prepared and used for the reductive adsorption
of Au(lll) ion. The as-prepared FesOs-HA was characterized by using a Fourier transform
infrared (FTIR) spectrometer, an X-ray diffractometer (XRD), a scanning electron microscopy
with an energy dispersive X-ray spectroscopy (SEM-EDS) and a vibrating sample
magnetometer (VSM). Quantitative analyses of the total acidity and the content of carboxyl and
phenolic —OH groups of HA and FezO4-HA were also performed. While the experiment results
showed that FesOs-HA was optimum in adsorbing Au(lll) ion at pH 3.5 with adsorption
capacity (b) according to Langmuir isotherm model was 200 mg g, the adsorption process
followed pseudo-second order with rate constant (kzp) 3.03 x 104 g/(mg.min). It was found that
the phenolic —OH group of HA was the one responsible for the reduction of Au(lll) ion into
metallic gold on the surface of the adsorbent, while the carboxyl group was the active site for
the adsorption of Au(ll1) ion. It was revealed that the presence of radical scavenger 2-propanol
decreased the adsorption of Au(lll) ion and subsequent reduction to Au. Meanwhile, the
adsorbent was easily separated from the medium by an application of an external magnetic
field.

Keywords: Reductive adsorption, magnetite, humic acid, gold recovery.

1. Introduction

The hoarding of electronic waste, so-called e-waste, has been a great burden in many
countries for the last two decades. Particularly in developing countries, rapid development of
technologies, short-term uses of electronic devices, improper management and inadequate
recycling technique have been the major causes for the problems. It was reported that roughly
about 40 million metric tons, which is 5% of total solid wastes worldwide, are produced every
year (Islam et al., 2020). Not only causing ecological problems, the leaching of heavy metals

and other toxic substances have been reported to cause also severe issues for human health



(Chan et al., 2007; Huo et al., 2007; Zhao et al., 2008). To overcome this emerging problem,
recycling has become increasingly important.

Since printed circuit board (PCB) is a major component of electronic devices, thus it is
one of the major wastes besides plastics, ceramics and glass materials found in e-waste (Zhou
and Qiu, 2010). In PCBs from computers and phones, there are many recoverable metals, e.g.,
copper (Cu), nickel (Ni), iron (Fe), lead (Pb), gold (Au) and palladium (Pd). Among these
metals, gold is the most valuable one with an intrinsic value of 67% of all metal components
in PCBs (Tuncuk et al., 2012). There are several methods available for gold recovery, including
cyanidation, pyrometallurgy, hydrometallurgy, biohydrometallurgy, electrochemistry,
amalgamation and leaching with thiosulphate and thiourea (Zhao et al., 2008). However, these
techniques are uneconomical, hardly-handled and non-eco. Notably for cyanidation process,
the cyanide ion used for gold recovery is highly toxic (Wright, 1964) that if it leaches to the
environment, its toxicity is far more lethal than that caused by any other substances in PCBs.

Recently, reductive adsorption has been widely regarded as a promising green
technique for gold recovery from secondary resources. Since the first report by Parajuli et al.
(Parajuli et al., 2005) that crosslinked lignophenol was able to reduce gold ion into metallic
gold, several adsorbents for the process have been reported, including alginic acid (Gao et al.,
2017), gallic acid (Santosa et al., 2020a), glutamic acid (Mihailescu et al., 2019), humic
substances (Krisbiantoro et al., 2017; Santosa et al., 2011; Sudiono et al., 2017), salicylic acid
(Santosa et al., 2020a) and tannin acid (Liu et al., 2019). Among them, humic acid (HA) as a
fraction of humic substances has been reported to be highly potential for reductive adsorption
of gold ion owing to the high adsorption capacity and strong reduction potential (Struyk and
Sposito, 2001). In terms of the use of HA for the adsorption of gold ion, Lestari (Lestari, 2017)
reported that HA isolated from peat soil of South Kalimantan, Indonesia, possessed an

adsorption capacity of 90.91 mg g for Au(lll) ion at pH 2 and under room temperature.



Recently, we investigated the role of carboxyl (-COOH) and hydroxyl (—OH) groups of HA in
removing Au(lll) ion from aqueous solution (Sudiono et al., 2017). It was revealed that the
carboxyl group of HA played a key role as the adsorption site for Au(lll) ion, while the
hydroxyl group was responsible for the reduction of Au(ll1) ion into metallic gold. Although
HA is an excellent adsorbent for gold recovery, it is hardly separated from aqueous solution
and thus impractical for real application.

Magnetite (FesOs or Fe?*Fe®*,0.) is an iron oxide compound that is a member of the
inverse spinel mineral group with isometric space group Fd3m (Fleet, 1981). The intrinsic
magnetic properties of magnetite allow the material to be used for wide ranges of applications,
such as storage media, tracking, sensors and separation (Xu et al., 2007); making magnetite is
one of the most studied and used minerals in modern era. In terms of adsorption, magnetite has
been mainly used as a supporting material to give magnetic properties of the main adsorbent
material so that the adsorbent can be easily separated from an aqueous solution with an external
magnet. Although the study on the modification of magnetite with HA and its application as
an adsorbent for heavy metals have been widely reported (Liu et al., 2008; Rashid et al., 2018,
2017; Singhal et al., 2017), the application for the reductive adsorption of gold ion has not been
reported yet.

In the present study, humic acid-functionalized magnetite (FesOs-HA) was prepared
through conventional co-precipitation method and used for reductive adsorption of Au(l11) ion.
HA in this study was isolated from peat soil of Rawa Pening Lake, Central Java, Indonesia.
The total acidity and the content of carboxyl and hydroxyl groups of HA before and after being
functionalized on magnetite were quantitatively investigated. To evaluate the performance of
Fe304-HA in adsorbing Au(lll) ion, the adsorption parameters including adsorption kinetics
and isotherms were investigated. Further, to elucidate the reduction pathway of Au(lll) ion on

the adsorbent, the effect of electron-scavenging agent, i.e., 2 propanol, was also examined. The



data presented here were partly from the work of a student in our research group, i.e., Mustika

Yuniarti, for her undergraduate thesis (Yuniarti, 2013).

2. Experimental
2.1  Materials

Analytical grade FeClsz-6H.0, FeSO4-7H,0, HAuCls, Ca(CH3COO)2, NH3-H20 (25%),
Ba(OH)., HCI (37%) and HF were purchased from Merck Co. Inc. (Germany) and used without
further purification. Peat soil was obtained from Rawa Pening Lake, Central Java, Indonesia.

Meanwhile, N2 gas with purity of 99.99% was supplied from CV Perkasa (Indonesia).

2.2 Instrumentation

The apparatuses used in this study were including hot plate equipped with magnetic
stirrer (Nouva), analytical balance (Shimadzu), electric pH-meter (Hanna Instrument 211),
oven (Fischer Scientific model 655F), centrifuge (Kokusan type H-107), shaker (OSK EFM-
60) and siever 200 mesh. For the characterization of the materials, analytical instrumentals,
including infra-red spectrometer (Shimadzu FTIR-8201 PC), X-ray diffractometer (Shimadzu
XRD-6000), scanning electron microscopy (JEOL JED-2300) and vibrating sample
magnetometer (type OXFORD VSM 1.2 H) were used. Meanwhile, the concentration of

Au(l11) ion was analyzed by using atomic absorption spectroscopy (Analytik Jena).

2.3 Isolation of HA

The isolation of HA was done according to a procedure recommended by the
International Humic Substances Society (IHSS). Firstly, peat soil was dried at room
temperature and separated from roots and branches. The soil was grinded and sieved to pass

through a 200-mesh sieving apparatus. The powder (100 g) was added into 1 L of NaOH (0.1



mol L) and stirred under N, atmosphere for 24 h. The supernatant was then separated from
the solid by centrifugation at 2000 rpm for 20 min. The supernatant was added by HCI (0.1 mol
L1) until pH = 1 and followed by centrifugation at 2000 rpm for 20 min. The precipitate was
then dried in an oven at 50 °C overnight to obtain crude HA.

The crude HA was washed by immersing into a mixture solution of HCI (0.1 mol L™?)
and HF (0.3 mol L) with a volume ratio of 1:1 in a plastic container. The mixture was stirred
for 24 h and aged overnight. The solid of HA was then separated from the solution by
centrifugation at 2000 rpm for 20 min. The separated HA was washed by using pure water and

finally was dried in an oven at 50 °C overnight.

2.4  Preparation of Fes0s-HA

Fez0s-HA was prepared through co-precipitation method by using NHsz-H0 (25%, v/v)
as a precipitating agent. Typically, 2.78 g of FeSO4-7H-0 (0.01 mol) and 5.41 g of FeClz-6H.0
(0.02 mol) were dissolved into 100 mL pure water. The mixture was stirred at 90 °C under N>
atmosphere. During stirring, 10 mL of NH3-H20 (25%, v/v) and 1 g of HA were rapidly added.
The vigorous stirring was stopped after 30 min and the mixture was then allowed to stand at
room temperature. The suspension was separated from filtrate by using a 0.45 um membrane
paper with the help of an external magnet and the obtained solid was washed with pure water
to neutral pH. Meanwhile, bare FesO4 was prepared in the same manner, except without the

addition of HA.

2.5  Stability of Fe3s04 on Fez0s-HA
FesO4—HA (10 mg) was poured into 10 mL of pure water at various pH ranges from 2
to 12 by the addition of HCI (0.1 mol L) or NaOH (0.1 mol L) solution. The mixture was

then shaken for 120 min and the filtrate was separated from solid by filtering using a 0.45 pm



membrane paper with the help of an external magnet and then was analyzed its Fe content by

using atomic absorption spectroscopy.

2.6 Determination of total acidity and carboxyl/hydroxyl content
2.6.1 Total acidity

Into 20 mL of Ba(OH)2 (0.1 mol L) solution, HA (100 mg) or Fe3Os-HA (100 mg)
was poured under N2 atmosphere. The mixture was shaken for 24 h and the suspension was
filtered by using a 0.45 um membrane paper while retaining FesOs-HA inside the reacting flask
using an external magnet. The solid was then rinsed with 20 mL of CO.-free pure water. It
should be noted that CO»-free pure water was obtained by slowly bubbling pure water with N>
gas for 30 min just before its utilization. The rinse water was mixed with the filtrate and was
titrated by HCI (0.05 mol L) until pH 8.4. As a control, a blank solution in the absence of HA
and Fez0s-HA was also treated in the same manner as solutions with samples. The total

acidities of HA and Fes04-HA were then calculated by the following equation:

(Vp=Vs)xMx105
bT (1)

Total acidity (cmol kg™?) =
where M, Vb, Vs and Ws are the molarity of standard HCI solution, volume of standard HCI
used for the titration of blank solution, volume of standard HCI solution used for the titration

of sample solution and weight of sample, respectively.

2.6.2 Carboxyl content
HA (100 mg) or Fe3Os-HA (100 mg) was poured into an Erlenmeyer flask and was
subsequently added with 10 mL of Ca(CH3COO); solution (0.5 mol L) and 40 mL CO,-free

pure water under N2 atmosphere. The mixture was shaken for 24 h and the suspension was



filtered by using a 0.45 pum membrane paper with the help of an external magnet. The solid
was rinsed with 10 mL CO»-free pure water. Further, the rinse water was mixed with the filtrate
and was titrated by NaOH (0.1 mol L) until pH 9.8. The content of carboxyl group of HA and

Fes0O4-HA was calculated according to the following equation:

— 5
Carboxyl content (cmol kg?) = w @

where M is the molarity of standard NaOH solution, Vy is the volume of standard NaOH used
for the titration of blank solution, Vs is the volume of standard NaOH solution used for the

titration of sample solution and W5 is weight of sample, respectively.

2.6.3 Phenolic hydroxyl content
The phenolic —OH content was calculated by simply subtracting the total acidity with

carboxyl content (Eqg. (3)).

Phenolic —OH content (cmol kg™?) = Total acidity — carboxyl content (3)

2.7  Reductive adsorption of Au(l1l) ion
2.7.1 Effect of pH

A series of 10 mL of Au(ll1) ion (50 mg L) solutions was prepared and their acidity
was adjusted to pH ranging from 2 to 10. Into the solutions, FezOs-HA (10 mg) was poured
and the mixture was shaken for 15 h. The filtrate was separated from adsorbent by pouring-out
the solution through a 0.45 um membrane paper with the help of an external magnet. The

filtrate was then analyzed by using atomic absorption spectroscopy.



2.7.2 Adsorption kinetics

Fes04-HA (10 mg) was firstly poured into a series of 10 mL of Au(I11) ion (50 mg L™?)
solutions at optimum pH and every mixture was shaken at different contact times ranging from
5 to 1500 min. Subsequently, the filtrate was separated by pouring-out the solution through a
0.45 pm membrane paper while retaining FesOs-HA inside the reacting flask using an external
magnet. The filtrate was then analyzed by using atomic absorption spectroscopy. To evaluate
the adsorption mechanism, three kinetic models were used:

Q) First order kinetic model by Santosa and Muzakky (Suyanta et al., 2010), which

n (g—g)

was evaluated from the plot of —<2 versus Ci (Eq. (4)).
in(Co
e gtk @
Ca Ca

(i) First order reaching equilibrium was calculated by using Langmuir-Hinshelwood

kinetic model (Jin et al., 1996). This model was calculated based on the linearity of

wversus C; from Eq. (5).

o a 0—Ca

plot of

C
In(=2 K1,
m) g = bt (5)
o a o a

(iii)  Pseudo-second order by using Ho and McKay kinetic model (Ho and McKay, 1999),

which based on the plot of i versus t (Eg. (6)).

+ —t (6)

ac kxpa? = de

10



where C, and C, are the initial and remaining concentration of Au(ll1) ion (mg L™!) at contact
time t, respectively. t is the contact time (min), while K is the equilibrium constant. ge and gt
are the adsorbed amount of Au(I11) ion (mg g2) at equilibrium and contact time t, respectively.
ki, kip and kzp are first order, first order reaching equilibrium and pseudo-second order rate

constants, respectively.

2.7.3 Adsorption isotherms
Fe30s-HA (10 mg) was added into a series of 10 mL of Au(l11) ion solution at various
initial concentrations ranging from 0 to 400 mg L ! and at optimum pH obtained from the
experiment of the effect of pH. All mixtures were shaken at equilibrium time obtained from
the experiment of adsorption kinetics and followed by immediate separation of filtrates by
using a 0.45 um membrane paper while retaining FesOs-HA inside the reacting flask using an
external magnet. The filtrate was then analyzed by using atomic absorption spectroscopy. Two
isotherm models were used to estimate the adsorption capacity and surface behavior of Fez0a-
HA:
Q) Langmuir isotherm model, with adsorption capacity (b) and equilibrium constant

(KL) were estimated from the slope and intercept of plot between C/m and C from

Eqg. (8).

m= (Nonlinear) (7

+ ¥ (Linear) (8)

11



(i) Freundlich isotherm model, with the removal capacity of Freundlich model (B) was

determined from the intercept of plot between log m and log C (Eg. (10)).

m=BC'/n (Nonlinear) 9)

logm = logB + ~logC  (Linear) (10)

where m is the amount of adsorbed Au(lll) ion, b is Langmuir’s adsorption capacity
corresponding to energetically complete monolayer coverage, K is the equilibrium constant, C
is the equilibrium concentration of Au(lll) ion in solution, B is the Freundlich’s removal

capacity and n is a constant.

2.8  Effect of 2-propanol

Fe30s-HA (5 mg) was added into 10 mL of Au(lll) ion solution at optimum pH and
concentration from the previous experiments. Into the mixture, 2-propanol was added with
concentrations were varied from 2 to 50% (v/v). The mixture was then shaken at the optimum
time obtained from the adsorption Kinetics experiment. The filtrate was filtered by using a 0.45
pm membrane paper while retaining FesO4-HA inside the reacting flask using an external
magnet. The filtrate was then analyzed for the content of its remaining Au(lll) ion by using

atomic absorption spectroscopy.

3 Results and discussion
3.1  Characteristics of HA and Fe30s-HA
3.1.1 XRD
Figure 1 shows the XRD spectra of purified HA, FesO4 and Fe3Os-HA. As expected,

purified HA showed no diffraction lines (Fig. 1a), which means that the as-extracted HA was

12



completely free from the inorganic impurities. As shown in Fig. 1b, FesO4 gave six typical
diffraction lines at 26=30.28, 35.60, 43.30, 53.62; 57.22 and 62.82° which assignable to (220),
(311), (400), (422), (511) and (440) planes, respectively, of cubic structure. Meanwhile, Fez0s-
HA gave the same diffraction lines as that of pristine FesO4, while the intensities of these peaks
were all decreased (Fig. 1c). This implies that the modification of FesO4 with HA did not
change the geometrical structure of FesOs but may decrease the crystallinity of FesOs. In
addition, the crystallite sizes estimated by applying Debye-Scherrer to the highest diffraction
lines at 35.60 and 35.64 for pristine FezO4 and modified FesOs, respectively, were 19.20 and

15.30 nm.

3.1.2 FTIR

FTIR spectra of crude and purified HA, FesO4 and FesOs-HA are given in Fig. 2. As
displayed in Fig. 2a-b, both crude and purified HA possessed common absorption bands at
3425, 2924 and 1627 cm*, which can be ascribed to O—H stretching from phenolic groups,
aliphatic C—H asymmetric stretching and C-O asymmetric stretching in —COQO-, respectively.
While the appearance of absorption bands at 1404, 540 and 470 cm™ indicate that metal ions
impurities exist in crude HA (Fig. 2a), a peak at 1033 cm™ is highly likely to correspond to
siliceous compounds. These peaks were eventually diminished after purification with HF
solution (Fig. 2b). This supports the previously mentioned fact that the diffraction line due to
inorganic crystal was not found on the XRD spectra of purified HA (Fig. 1a). The purification
process also enhanced the absorption bands of the aliphatic C-H asymmetric stretching and
leads to the appearance of C=0 stretching of carboxyl groups at 2924 and 1705 cm™,
respectively (Fig. 2b).

As given in Fig. 2c, Fe3O4 displayed three typical absorption bands at 3425, 1627 and

578 cmt, which assignable to O—H stretching of surface hydroxyl groups, O—H bending and
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Fe—O stretching, respectively. After FesOs was modified with HA (Fig. 2d), while the
absorption bands at 3425 and 1627 cm™ were increased, new peaks were observed at
wavenumber 1404 and 1118 cm™. These peaks are due to the stretching vibration of C=0 and
C—O of free carboxyl groups which interact with FeO of Fe3O4 (Koesnarpadi et al., 2015; Liu
et al., 2008; Yantasee et al., 2007). Since the preparation of FesO4-HA was performed under
basic condition (pH ~ 10), the possible reaction between HA and Fe30s is a ligand-exchange
reaction between —COO™ and surface hydroxyl groups of FesO4 (Eq. (11)) (Koesnarpadi et al.,

2015).

Fe—OH + R-COO~ — Fe—OOC-R + OH" (11)

3.1.3 SEM-EDS

Fig. 3 shows the SEM images and EDS analyses of HA, FezO4 and Fe30s-HA, while
Table 1 summarizes the percentage of the mass of elements on the sample from EDS analysis.
HA has an irregular structure and size with smooth surface (Fig. 3a), while Fe304 shows smaller
in particle size with rougher and brighter surface (Fig. 3b). When HA was functionalized on
Fe304 to form Fes04-HA, the surface of HA appeared to be modified by rough-bright spots of
Fe30s (Fig. 3c). Meanwhile, from EDS analysis, the functionalization of HA on FesO4
decreased the percentage of C and Fe atoms of pure HA and pristine FezOa, respectively (Table
1). Notably for Fe atom, the significant decrease in the percent mass, i.e., from 54.21 to 24.93%,
implies that HA was successfully coated the surface of Fes04. We have previously reported
similar results on the SEM images and EDS analyses of HA, FesOs and FesOs-HA

(Koesnarpadi et al., 2015).
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3.1.4 Magnetic characterization

The magnetization curve of FesO4 and FesOs—HA was measured at room temperature
using VSM and the result is shown in Fig. 4. As clearly depicted, the magnetization of both
Fe304 and FesO4—HA increases with the increasing of the applied magnetic field until it reaches
the saturation point. Both materials were paramagnetic with almost zero coercivity with the
specific saturation magnetization (Ms) of Fe3O4 (71.3 emu g1) was relatively higher than that
of FesOs—HA (63.3 emu g1). This expected result suggests that the functionalization of non-
magnetic HA on FezO4 negatively affects the magnetic properties of FesOa. Nevertheless, it is
clear from the conventional magnetic test that FesOs—HA is still strongly attracted to the

external magnetic field (Fig. 4).

3.1.5 Stability of Fe3s04 on Fez0s-HA

As shown in Fig. 5, the stability of FesOs on FesO4-HA towards dissolution is high
under all tested initial pH. At pH ranging from 2 to 10, the amounts of leached Fe from
adsorbent were less than 0.1 mmol gt (> 99% stability), while at pH 11 and 12, the stability
was slightly decreased. The increase in the amount of leached Fe under strong basic condition
is presumably due to the dissolution of HA from the surface of Fe3Oa. It must be noted that HA
is highly soluble under basic condition (Stevenson, 1994). This detachment of HA further
decreases the resistance of Fe3O4 against dissolution due to the direct contact with OH™ in the
working solution. Nevertheless, since the amounts of dissolved Fe at pH 11 (0.27 mmol g})
and 12 (0.42 mmol g1) were very small, it is plausible to mention that FesO4 on Fe3Os-HA is

highly stable towards dissolution.

15



3.1.6 Total acidity and carboxyl/hydroxyl content

In the present study, the total acidity and the content of carboxyl groups of HA and
FesO4-HA were determined through an indirect potentiometric titration by using Ba(OH)2 (Eq.
(1)) and Ca-acetate methods (Eq. (2)) (Stevenson, 1994), respectively. As shown in Table 2,
while the total acidity and the content of carboxyl and phenolic —OH groups are within the
range of the values reported by Stevenson (Stevenson, 1994), the functionalization of HA on
Fe30s significantly decreases the total acidity owing mostly to a drastic decrease of carboxyl
groups content from 315.79 to 87.43 cmol kg1. This is because, as described in section 2.4,
the preparation of FesOs-HA was performed under basic condition (pH ~ 10). At such
condition, all carboxyl and mostly phenolic —OH groups are ionized which then readily interact
with positively charged Fe?* and Fe3* on the freshly formed Fe3O4. The reason for the higher
consumption of carboxyl groups, on the other hand, is simply because the ionization degree of
carboxyl group is much higher than that of phenolic —OH groups, and thus carboxyl groups are
much ready to interact with FesO4 than phenolic —OH groups. This supports the previously
mentioned fact that the appearance of sharp absorbance at 1404 cm™ on FesOs-HA was due to
the C=0 stretching from carboxylate anion which interacted with Fe-O (Koesnarpadi et al.,

2015; Liu et al., 2008; Yantasee et al., 2007).

3.2 Adsorption of Au(lll) ion
3.2.1 Effect of initial pH

As shown in Fig. 6, the adsorption of Au(lll) ion is largely affected by the initial pH
of the reaction solution. This is because the initial pH is an important parameter that affects the
surface charges of the adsorbent as well as the ionic speciation of the adsorbate. Fe3Os-HA
showed high adsorption performance for Au(l1l) ion under acidic condition (pH 2 - 5), in which

pH 3.5 was the optimum condition where complete adsorption of Au(lll) ion was achieved
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(Fig. 6). At pH > 3.5, the adsorption was gradually decreased and even further abruptly
decreased after pH 6. As we previously found that the adsorption of Au(ll1) ion on HA isolated
from Rawa Pening Lake, Central Java, Indonesia, was solely due to the binding of Au(lll) ion
(which present as AuCls”) with the protonated carboxyl groups of HA (Sudiono et al., 2017).
The effect of pH for Au(ll1) ion on FesO4-HA can be explained as follows. Under strong and
weakly acidic conditions (pH 2 - 5), the available active carboxyl groups of FezOs-HA are
highly protonated and hence readily interacts with CI- from AuCls™ ion through a hydrogen
bonding. As the pH increases, the carboxyl groups of HA on FesOs-HA deprotonate into
carboxyl anions and CI- on AuCls ion are substituted with OH™ to form [AuClsx(OH)x]~
complex (Eqg. (12)). It must be noted that at pH 5, approximately 90% of carboxyl groups are
ionized (Muscolo et al., 2013; Santosa et al., 2006). Consequently, the repulsive interaction
between carboxyl anions and [AuClsx(OH)x]~ complex occurs which then subsequently leads
to the decrease in the amount of adsorbed gold ions. This is supported by the fact that the point
of zero charge pH (pHezc) of FesOs-HA (calculated by using the pH-drift method with the
procedure similar to that reported by Nuryono et al., 2020), is 6.47. This means that the
adsorbent is negatively charged at pH > 6.47. The same behavior was also observed on the
adsorption of Au(l11) ion on fulvic acid-coated magnetite (FesOs-FA), in which pH 4 was the
optimum condition for the adsorption of Au(lll) ion and that carboxyl groups were the
responsible active sites for the adsorption process (Krisbiantoro et al., 2017). Such trend was
also observed in our previous work on the adsorption of Au(lll) ion on HA (Sudiono et al.,

2017).

[AuCls]” + OH 2 [AuCIl3(OH)] + OH™ 2 [AuCl(OH)2] + OH~ (12)
™
[AuCI(OH)3]” + OH™ 2 [Au(OH)4]- +CI
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3.2.2 Adsorption kinetics

Fig. 7 displays the effect of reaction time on the amounts of adsorbed Au(lll) ion on
Fe30s-HA. The adsorption process was initially rapid at the first 30 min and then gradually
increased before reached equilibrium at 900 min. This equilibrium time is indeed much longer
than that of immobilized HA (600 min) in our previous report, presumably owing to the much
lower carboxyl content (Sudiono et al., 2017).

To evaluate the adsorption behavior of Au(l11) ion on FesO4-HA, the effect of time was
fitted to first-order (Eq. (4)), first-order reaching equilibrium (Eq. (5)) and pseudo-second order
kinetic models (Eqg. (6)) by Santosa and Muzakky (Suyanta et al., 2010), Langmuir-
Hinshelwood (Jin et al., 1996) and Ho-McKay (Ho and McKay, 1999), respectively. From
Table 3, it is obvious that on the basis of correlation coefficient value (R?), the adsorption of
Au(I11) ion on Fes04-HA followed pseudo-second order kinetic model with R? value greater
than 0.995. The fact that the R? was substantially higher than that of first-order (R?= 0.9869)
and first-order reaching equilibrium (R?= 0.9576) implies that the adsorption process inclined
towards chemisorption. In this case, the adsorption process is governed by at least two
parameters, presumably the number of active sites of adsorbent, i.e., carboxyl groups and the

concentration of Au(ll11) ion.

3.2.3 Adsorption isotherms

Since HA is rich in carboxyl and phenolic —OH groups, it is important to investigate
the surface behavior and the adsorption capacity of FesOs-HA. In the present study, the
adsorption capacity of the adsorbent was evaluated by using Langmuir (Egs. (7-8)) and
Freundlich (Egs. (9-10)) isotherm models. While Fig. 8 shows the plot of adsorbed Au(lll) ion
on Fe30s-HA versus the remaining concentration of Au(ll1) ion in the working solution, Table

4 summarizes the parameters obtained from the linear plot of the isotherm models. It is obvious
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that the non-linear plots of the experimental data more closely followed the Langmuir isotherm
model (Fig. 8). This is supported by the fact that the Langmuir isotherm model gives a better
fit than the Freundlich isotherm model on the basis of R? value (Table 4). These results simply
mean that the coverage of Au(l1l) ion on Fe3s04-HA is monolayer owing to the homogeneously
distributed active sites of FesOs-HA, presumably by carboxyl groups. The suitability of the
Langmuir isotherm model was also observed in our previous report on the adsorption of Au(l11)
ion on HA and esterified HA (Prasasti et al., 2019) and FezOs-FA (Krisbiantoro et al., 2017).
Since the equilibrium parameter values (RL) calculated from an equation of R = 1/(1 + K_Co)
was between 0 and 1, the adsorption process is favorable. Compared to other adsorbents (Table
5), FesO4-HA exhibited relatively high adsorption capacity towards Au(lll) ion, in which it is
the second-best of any other adsorbents ever reported just below the esterified HA (Prasasti et

al., 2019).

3.3  Characterization after adsorption

The XRD and FTIR spectra of FesO4-HA after adsorption of Au(l1l) ion are shown in
Fig. 9 and 10, respectively. After adsorption, FesO4-HA showed new diffraction lines at 26=
37.97 44.16 and 64.44°, which were assignable to (111), (200) and (220) planes, respectively,
of cubic Au. This clearly demonstrated that FesOs-HA was not only effective in adsorbing
Au(ll1) ion but also able to reduce adsorbed Au(lll) ion into metallic gold. However, the
intensity of diffraction lines due to FesO4 was significantly decreased, indicating that the
adsorption process leads to a decrease in the crystallinity of the magnetite core. Meanwhile,
the addition of a peak with an asterisk may be caused by the formation of goethite (a-FeOOH)
(Salviano et al., 2018).

A stark difference observed on the FTIR spectra of the adsorbent before and after

adsorption was the appearance of an absorption band at 1381 cm™2, which according to Sudiono
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et al. (Sudiono et al., 2017) is corresponding to the stretching vibration of carboxyl anion of
HA which interacts with gold ions. In addition, the absorption bands due to —OH stretching and
bending were decreased. Since it was suggested that phenolic —OH groups of HA are
responsible for the reduction of Au(lll) ion (Eg. (13)) (Sudiono et al., 2017), it is reasonable to
mention that the decrease in the intensity of these absorption bands is due to the oxidation

process of phenolic —OH of the adsorbent.

3R-OH) + Au3+(aq) — 3R=0¢) + Au(s) + 3H (aq) (13)

3.4  Effect of 2-propanol

Although it has been confirmed that the phenolic —OH group of the adsorbent was the
one responsible for the reduction of Au(ll1) ion, it is still uncertain in which manner the electron
is transferred to Au®". Since it was reported that HA is not only a redox-active organic
macromolecule but it also contains stable organic free radicals (Steelink and Tollin, 1962), the
effect of radical scavenger, that is 2-propanol, was investigated. From XRD spectra, as given
in Fig. 9b-d, the addition of 2-propanol significantly decreased the intensities of the diffraction
lines of Au. Because the intensity of a diffraction line in XRD spectra is proportional to the
population of crystal planes, it is plausible to assume that the addition of 2-propanol is indeed
decreasing the amount of reduced Au(l11) ion on the surface of adsorbent. Thus, it is most likely
that the reduction process of Au(lll) ion follows a radical pathway. Meanwhile, through FTIR
spectra, the increase of the concentration of 2-propanol added to the reaction solution increased
the intensity of —OH stretching (3425 cm™). This demonstrated that less phenolic —OH groups
were used for the reduction process of Au(lll) ion in the presence of 2-propanol.

On the other hand, as shown in Fig. 11, the increasing concentration of the added 2-

propanol solution also decreased the removal ability of the adsorbent. In the absence of 2-
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propanol, 58% of Au(lll) ion was removed and the value was maintained with the addition of
5% (v/v) of 2-propanol. With the addition of 10 and 20% (v/v) of 2-propanol, the percentage
of the removed Au(lll) ion from the reaction solution slightly decreased to 56 and 51%,
respectively. Indeed, these values are rather insignificant. However, the decrease in the amount
of removed Au(lll) ion became significant when the concentration of 2-propanol is 50%. In
such a high concentration of 2-propanol, only 27% of Au(lll) ion was removed from the
reaction solution. This can be explained as follows. If it is assumed that the reductive adsorption
of Au(l11) ion on the surface of FezOs-HA is a continuous process where once a carboxyl group
of the adsorbent is adsorbing Au(l11) ion, phenolic —OH groups are then subsequently reducing
Au(l1l) ionto Au; resulting in a complete detachment of the adsorbed species from the carboxyl
group. Consequently, that carboxyl group can do another uptake for Au(l11) ion. This process
is a continuous reaction until all phenolic —OH groups are oxidized to quinone. At this stage,
the equilibrium state is reached. When 2-propanol is added into the reaction solution, electrons
from phenolic —-OH groups are scavenged and thus they cannot reduce Au(lll) ion. As the
result, the removal process stopped since the carboxyl group cannot uptake another Au(l11) ion.
With the increase of the concentration of 2-propanol, more electrons are scavenged and hence
the adsorption equilibrium will be reached faster. This is why at high concentration of 2-

propanol, i.e., 50% (v/v), the percentage of the removed Au(lll) ion is very low (27% ~ 35.5

mg gr).

4 Conclusions

In the present study, FesOs-HA was synthesized through co-precipitation method and
used for the reductive adsorption of Au(ll1) ion in aqueous solution. While it is apparent that
Fe30s-HA possessed excellent performance for the reductive adsorption of Au(lll) ion, it is

magnetically separable, and thus ready to be re-collected from reaction solution. The
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adsorption of Au(lll) ion on Fe30s-HA was optimum at weakly acidic condition, i.e., pH 3.5,
with adsorption capacity (b) according to Langmuir isotherm model was 200 mg g*. The
adsorption process followed pseudo-second order with rate constant (kz) 3.03 x 107
g/(mg.min). Phenolic —OH group of HA was the one responsible for the reduction of Au(lll)
ion into metallic gold on the surface of adsorbent, while carboxyl group was the active site for
the adsorption of Au(l11) ion. It was revealed that the addition of radical scavenger 2-propanol
into the reaction solution decreased the adsorption of Au(lll) ion as well as the reduction of

Au.
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Figure 1. XRD patterns of (a) purified HA, (b) FesO4 and (c) Fes0s-HA.
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Figure 2. FTIR spectra of (a) crude HA, (b) purified HA, (c) Fes04 and (d) Fe3Os-HA.
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Table 1 EDS of HA, Fe304 and FesOs-HA.

Element HA /% wt. FesO4 /% wit. Fez04-HA /% wit.
C 45.97 - 25.65
O 39.53 29.44 41.46
Fe - 54.21 24.93
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Table 2 Total acidity and the content of carboxyl and phenolic hydroxyl groups of HA and
Fes0s-HA

Stevenson (1994)
. Fe30s-HA /
Functional groups (Stevenson, 1994)/
cmol kg™ cmol kg

cmol kg
Total acidity 570 — 890 710.66 320.44
—COOH 150 — 570 315.79 87.43
Phenolic -OH 150 — 400 394.87 233.01

Table 3. First order (ki), first order reaching equilibrium (kip) and pseudo-second order (kzp)
rate constants for the adsorption of Au(l11) by FesOs-HA.

First ~ order  reaching

First order* o Pseudo-second order@
equilibrium?®

R? ki® x 1073 R? kip x 1073 R? kop® x 107

0.9869 4.10 0.9576 3.60 0.9955 3.03

*Santosa and Muzakky, 2002; *Langmuir-Hinshelwood; ®Ho and McKay, 1999; 2k; in min:;
Pk1p in min~; °kap g Mgt min?.,

Table 4. Langmuir and Freundlich isotherm models for the adsorption of Au(lll) by FesOs-
HA.

Langmuir Freundlich
R? K2 b x 10~ R? 1/n B¢ x10®
0.9854 0.1389 200 0.9359 0.132 75.33

K inLmg™*; hbinmgg?;°Binmgg™

Table 5 Adsorption capacities of some reported adsorbents for the removal of Au(ll11).

Adsorbent Adsorption capacity /mg g Ref.
FesO4-HA 200 This work

) (Soleimani and
Activated Carbon 1.254

Kaghazchi, 2008)
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Chitosan-Fez0:@SiO2-(3-

_ _ 112 (Nuryono et al., 2020)
chloropropyl)trimethoxysilane
HA 192 (Prasasti et al., 2019)
Esterified HA 625 (Prasasti et al., 2019)
o (Krisbiantoro et al.,
FesO4-fulvic acid 44.85
2017)
Mg/Al hydrotalcite-gallic acid 175.43 (Santosa et al., 2020b)
L-lysine  modified  crosslinked -
70.34 (Fujiwara et al., 2007)

chitosan resin
(Nakbanpote et al.,
2002)

Rice husk ash 50.50
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