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Abstract

In this age of cutting-edge technology, electronic equipment consumption, such as mobile phones, has increased tremendously.
This was followed by a staggering increase in electronic waste (e-waste). However, it has been known that e-wastes contain
higher amounts of precious metals than pristine sources, such as Au, which is valuable as an alternative precious metal source.
Due to its various advantages, adsorption has emerged as one of the most common metal removal or recovery methods. A
crucial aspect of adsorption is developing a cost-effective adsorbent for selective recovery of Au from the e-wastes. Thus,
functionalized biomass-based adsorbent was developed to recover precious metals from e-waste. Functionalized activated
carbon (ACIL900) has an appealing high adsorption capacity (116.2 mg g~!) performance and follows the chemisorption
route, which fits with the monolayer model. The presence of IL boosts the adsorption efficiency due to its compatible interaction
with the metal complexes. Remarkably, ACIL900 could quantitatively adsorb precious metals and several base metals from
mobile phone leachate. The selective recovery of Au from the adsorbent was performed by sequential desorption using various
solutions. Finally, Au was successfully recovered from the desorption solution using an electrochemical reduction process.
ACIL900 was also found to maintain its performance for three adsorption—desorption cycles. This work reported the full
recovery of Au from e-waste to its final pure product through the combination of adsorption, sequential desorption, and
electrochemical reduction.

Keywords Activated carbon - Ionic liquid - Gold - Electronic waste - Waste recycling

1 Introduction

Technology has driven changes in almost every sector of
human life over the past few decades, as evidenced by the
incredible increases in performance, a significant reduction
in consumer prices, and extensive choices in people’s daily
electric appliances. However, the obsolescence of modern
appliances becomes a significant issue due to the short lifes-
pan of electrical equipment usage of 3-5 years [1]. The
modern world has generated electronic waste (e-waste) at an
alarming rate resulting in a 30% increase in e-wastes produc-
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tion between 2014-2030 [2]. However, in most developing
countries, especially Indonesia, e-wastes need to be regu-
lated because several studies have predicted that the number
of e-wastes products in Indonesia will double in the next
decade [3]. Mairizal et al. (2021) have estimated that Indone-
sia’s per capita e-wastes production will increase by 30% in
2040 [4]. It is unfortunate that without proper regulation and
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management implementation, e-wastes will significantly be
a threat to the Indonesian environment and health. On the
bright side, recycling e-wastes also brings benefits not only
to the environmental sector but also to the economic sector.
It is estimated that e-wastes from mobile phones contain sig-
nificantly higher levels of precious metals than metals from
natural sources. Global e-wastes (2019) were estimated to
contain 320 tonnes of precious metals with a valuation of over
13 billion USD, with gold being the most significant contrib-
utor (200 kt, 9 billion USD) [5]. As scholars and researchers
have observed in recent years, the dependency on resources
from several countries can be a significant obstacle. South
Africa and Russia currently account for more than 75% of
the global supply of platinum, palladium, and rhodium [6].
E-waste recycling may help reduce reliance on some of the
world’s most critical resource-producing countries.

Regarding the recycling process, mechanical dismantling
and separation in e-waste are typically the first steps in
the recycling process, followed by a hydrometallurgical or
bio-metallurgical process [7]. Solvent extraction, precipita-
tion, electrolysis, cementation, and adsorption can separate
and purify metals from e-wastes leachate. Among these
processes, the adsorption process is known to have finan-
cial and practical advantages by providing an economical
and sustainable opportunity for recovering precious metals
from e-wastes because it can be efficiently done by devel-
oping adsorbents to recover precious metals, like gold, plat-
inum, and palladium. Several adsorbents, including graphene
oxide, mesoporous silica, alumina, and membrane matrix,
have shown an excellent affinity toward Au [8]. The interestin
converting palm oil agro-industry biomass into a value-added
product has steadily increased. Various methods have been
employed to convert biomass (e.g., composting, pelletizing,
briquetting, pyrolysis, and enzymatic digestion). Activated
carbon (AC) is a highly desired product due to its versatil-
ity [9]. Nonetheless, palm oil agro-industry biomass, such
as palm kernel shell (PKS), still needs to be fully exploited
in Indonesia due to its massive amount, leading to difficulty
handling and transporting. PKS is a good precursor for AC
production. The performance of AC derived from PKS was
demonstrated in studies evaluating its adsorption of heavy
metals and other pollutants [10-12].

Several approaches have been studied previously to
enhance the adsorption capacity of activated carbon. Kharrazi
et al. (2020) and Macias-Garcia et al. (2017) reported physi-
cal modification of AC through heat treatment [13, 14]. The
modification significantly increased the adsorption capacity
toward transition metals due to changes in AC surface proper-
ties. Surface functionalization, acid modification, and active
agent immobilization have been carried out to modify the
properties of AC chemically. Lesaoana et al. (2019) explored
the acid modification of AC using HNO3 and H>SOy4, which
increased surface properties and adsorption capacity [15].
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Nadeem et al. (2006) and Rehman et al. (2019) reported the
modification through impregnation resulting in an enhance-
ment in physicochemical properties leading to an increase
in the adsorption capacity of AC [16, 17]. One of these
modifications is grafting ionic liquids (IL) to improve the
adsorbent capability. IL has been tested as an electrolyte,
chemical capture technology, bacterial sensing, solvent, and
metal extraction [18-21]. However, IL has a significant draw-
back due to its high viscosity, which leads to using a large
amount of volatile organic compounds (VOCs). However,
this disadvantage could be addressed by grafting the IL onto
a solid support, which reduces their viscosity issue. An ini-
tial report was working on the IL functionalized mesoporous
silica adsorbent as the solid support for recovering Pt and
Pd [22]. Similar works were also reported by Kumar et al.
(2015) and Sharma et al. (2016), who highlighted the use
of the impregnation method over grafting for Pd(II) recovery
[23,24]. When this article was written, there were few reports
onrecovering Au from an actual mobile phone leachate using
palm biomass as an adsorbent. Hence, this work attempted
to explore the potential of the palm biomass-derived and
IL-enhanced activated carbon as an adsorbent to recover
Au from the mobile phone leachate selectively. This report
also investigated the adsorption behavior of Au in the batch
adsorption process, covering kinetic, thermodynamic, and
isotherm. Afterward, the selective separation of Au was con-
ducted by sequential desorption and Au recovery from the
desorption solution through electrochemical reduction.

2 Materials and Methods
2.1 Materials

The palm kernel shell (PKS) was obtained from Trici-
tra Agri Perdana Inc., Bogor. Standard solution of Au(IIl)
(1000 mg L~! in 1 mol L~! HCI), dimethyl ether (> 95%)
1-methylimidazole, and 3-(chloropropyl)trimethoxy silane
were purchased from Sigma-Aldrich. Dichloromethane (>
95%), NaySO3, KOH, NaOH, NH4OH, 5 mol L~! H,SO4,
5 mol L~! HCI, and 5 mol L™! HNOj3 were purchased from
Merck. CS(NH3)2, NayS,03, and NaClO4 were purchased
from Loba Chemie. All reagents were of analytical grade,
and the necessary solutions were prepared in aquabidest.

2.2 Pretreatment and Activation of Activated
Carbon

The PKS was washed, dried overnight at 383 K, and ground
using an electrical grinder (Q2-8050, China). After that, a
mechanical grinder (Timemore Chestnut C2, Thailand) was
used to pulverize PKS, and the size separation was done using
a mesh strainer and a sieve shaker. Then, the carbonization
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Fig. 1 Chemical structure of the IL and its precursor

process was performed using a muffle furnace (Nabertherm
L 9/11/SKM, Germany) for two h at 973 K. Furthermore, the
carbonized samples were soaked in 0.1 gmL~! KOH solution
with a ratio of 4:1 for 24 h. Carbonization was generated
under an N, atmosphere at 1173 K. The final product was
denoted as AC900 and washed thoroughly using 0.1 mol L™!
HCI and distilled water until it reached a pH of 7. Finally,
AC900 was air-dried overnight in an oven at 383 K.

2.3 Functionalization of Activated Carbon

The synthesis of 3-methyl-1-(3-(trimethoxysilyl)propyl)
imidazolium chloride was adapted from the works of Zhang
et al. (2009) and Lievano and Diaz (2016) [25, 26]. The
IL was prepared through an alkylation reaction between 1-
methylimidazole and (3-chloropropyl)trimethoxysilane in a
1:1.5 ratio. The mixture was constantly stirred for 18 h at
368 K under reflux conditions, followed by purification using
dimethyl ether in a rotary evaporator. The structure of the IL
and its precursor is presented in Fig. 1. Then, the final prod-
uct was characterized using '3C nuclear magnetic resonance
(NMR). To immobilize IL onto AC900, IL was diluted four
times using toluene, then mixed with AC900 in a 1:5 solu-
tion in a round-bottom flask under an N, atmosphere at 363 K
for 20 h. Subsequently, the unreacted organic compound was
extracted using dichloromethane, and the purification using
a rotary evaporator yielded the final product, a solid func-
tionalized AC900, denoted as ACIL900.

The physical properties of ACIL900 were characterized
using X-ray diffraction (XRD, MiniFlex, Rigaku, Tokyo,
Japan), scanning electron microscopy (SEM, Phenom Desk-
top ProXL, Thermo Fisher Scientific Inc., USA), and gas
adsorption (Beckman Coulter SA3100, USA). ACIL900
chemical properties were characterized using NMR (JNM-
ECZ500, Jeol Ltd., Tokyo, Japan) and a Fourier transform-
infrared spectrophotometer (FTIR, Thermo Nicolet Avatar
360, Thermo Fisher Scientific Inc., USA).

2.4 Preparation of Mobile Phone Leachate

The processing and leaching of the discarded mobile phone
were kindly done by Shibata Industry Co. Ltd. (Japan). A
mechanical milling process of the discarded phone into a
powder with > 2 mm diameter was conducted using a rotary
cutter, followed by metal separation from the powder phys-
ically using a magnetic force. Then, the remaining PCBs
were removed from the powder through calcination, and the
digestion of the powdered mobile phone was carried out by
Matsuda Sangyo (Japan). The final product was subsequently
digested in aqua regia, denitrated, and concentration adjusted
to 4 mol L~! with HCL.

2.5 Adsorption Procedure

The Au(Ill) adsorption behavior was initially investigated
in a synthetic solution. Then, a batch adsorption—desorption
process was carried out to recover Au(III) from mobile phone
leachate. The adsorption process was carried out by mix-
ing 200 g of ACIL900 and Au(IIl) (100 mg L) for a set
period with three replications. The mixture was shaken using
a linear shaker (DLAB SK-L180-E) at 160 rpm at room tem-
perature. The concentration of the metals in the mobile phone
leachate used in this study was adjusted by diluting the orig-
inal leachate. The concentration of Au(Ill) was measured
by atomic absorption spectroscopy (PerkinElmer PinAAcle
900 T) and determined by using Eq. (1). Furthermore, the
adsorption behavior of ACIL900 toward precious metals was
determined using Langmuir (Eq. (2)) and Temkin (Eq. (3))
isotherm models; pseudo-first (Eq. (4)) and pseudo-second
rate order (Eq. (5)) kinetic models:
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The amount of Au(Ill) adsorbed at equilibrium was g.,.
The constants of the Langmuir, Temkin isotherm model,
pseudo-first-order, and pseudo-second-order kinetic model
were represented by K7 (L mg™1), by (kJ mol~ 1), K;, and
K>, respectively. The adsorption capacity was represented by
g, (mg g~1). In addition, the equilibrium binding constant
was presented as A7 (L mol™1).
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In the desorption experiment, 50 mL of various des-
orption solutions of H,SO4, NH40OH, Na;SO3, NayS,03,
CS(NH3);, and NaClO4 were mixed with the used ACIL900
and constantly mixed for 8 h. The mixture was then separated
by filtration, and the metal concentration in the desorption
solution was measured using AAS. The desorption experi-
ment was conducted in triplicate. The desorption efficiency
(D%) was calculated as presented in Eq. (6).

D% = ————=% x 100 (6)
w

where V, C4, and W are the desorption solution volume (L),
metal ion concentration of desorption solution (mg L™!), and
mass of ACIL900 (g), respectively.

2.6 Electrochemical Reduction of Au(lll)

The electrochemical reduction was conducted in a one-
compartment cell. The electrodes used were Cu as a working
electrode, Pt spiral, and Ag/AgCl as a counter and a refer-
ence electrode. The Cu and Pt electrodes were pre-treated
by ultrasonication in ultrapure water. A Cu electrode with a
surface area of 2.54 cm?, an Ag/AgCl electrode, and the Pt
spiral electrode were immersed in the Au desorption solution
cell (5 mL). The Au reduction was carried out for 100 s using
the chronoamperometry technique with a reduction potential
of — 0.2 V (vs. Ag/AgCl). The reduced Au nanoparticles
would be deposited on the Cu electrode.

3 Results and Discussion
3.1 Physicochemical Characterization of ACIL900

The ACIL900 adsorbent showed an irregular grain morphol-
ogy (Fig. 2A), unaffected by the grafting process. The EDX
spectra of ACIL900 presented Si and N elements originating
from the IL (Fig. 2B). The elemental mapping in subsequent
processes showed a uniform distribution of Si and N orig-
inating from the IL, which could indicate the success of
IL grafting onto ACIL900. The diffractogram of ACIL900
shows a maximum of 23° (Fig. 2C), which could be associ-
ated with the crystal face index of 002, similarly observed
in graphite [27]. The crystal face index of 002 was due to
the presence of graphitic crystallite layers. The resulting AC

created a multi-layer graphitic crystallite at a high pyrolysis
temperature.

Figure 2D and Table 1 show ACIL900 N, adsorption
behavior and pore size distribution. The N, adsorption
isotherm by ACIL900 shows a type IV isotherm with an
Hj3 hysteresis loop. These results indicate the presence of
mesopores in the form of interparticle porosity originating
from the amorphous structure of activated carbon [28]. In
line with the isotherm result, the presence of mesopore only
accounted for less than 20% of the total pore volume. More-
over, it was demonstrated that the grafting of IL decreased
the surface area and the porosity volume by less than 10%.
The grafting of IL could induce a pore blockage of the AC,
which reduces the AC surface properties. The decrease in the
pore volume was more apparent in the micropore than in the
mesopore, indicating that IL was mainly deposited within the
microporous structure.

The surface functional groups on ACIL900 were iden-
tified with FTIR (Fig. 2E). A broad adsorption band at
3400 cm~! was associated with the stretching vibration of
the O-H groups, which may have been caused by mois-
ture during the measurement stage. The absorption bands of
silica-related peaks were observed in ACIL900 at 790, 1070,
and 1181 cm™!, which is related to the vibration of Si—C and
Si—~O—CH3s, respectively [29]. In addition, the presence of C
= N originating from the IL was detected in the adsorbent
by the absorption band at 1690 cm™! [30].

Moreover, the imidazolium ring of the IL in the ACIL900
was presented by the absorption band at 1278 cm™! [30]. Due
to the aliphatic chain in the IL, there is a significant difference
in the absorption bands at 2020-2840 cm™! than that of AC.
In the spectrum, absorption bands were also observedin 1615
and 1715 cm™ !, attributed to the stretching vibration of C=C
and C = O and conjugated C = O from the activated carbon,
respectively. Moreover, the adsorption bands at 1660 and
1030 cm ™!, observed in the pre-grafted AC, were associated
with the C-O stretching vibration [31].

3.2 Adsorption Behavior of Au(lll)

Langmuir and Temkin isotherm models were used to deter-
mine the adsorption behavior of Au(Ill), in which both
model’s linear fit are presented in Fig. 3A and B, respec-
tively. The adsorption of Au(IIl) was found compatible with
both models, as evidenced by the high correlation factor (R?)

Table 1 Surface properties of the

ACIL adsorbent Catalyst Surface area [m? Microp. Volume Mesop. Volume Total Volume [cm?
gl fem® g~'] [em® g™ gl
ACIL900 661.5 0.2760 0.0568 0.3321
AC 735.1 0.2926 0.0791 0.3657
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Fig. 2 Physicochemical characterization of ACIL900 A SEM images, B elemental mapping, C Diffractogram, D adsorption isotherm of N, and

pore size distribution, and E FTIR spectrum

Table 2 Thermodynamic parameter of Au(III) adsorption by ACIL900

T (K) AG [KJ mol™!] AH [KJ mol~!] AS [J mol~!
K1

298 —29.88 [ [

303 —29.84 [ |

308 —29.75 — 3237 —8.36

318 —29.71 | |

328 —29.67 [ [

value. As for observation, the parameters of each model are
presented in Table 2. At various concentrations, ACIL900
maintained an adsorption efficiency of 98% up to 300 mg L~!
and exhibited a high adsorption capacity of 116.2 mg g~ .

The value of the Langmuir constant was close to unity (0.86 L
mol~!), which indicated the favorable interaction between
the adsorbate and adsorbent [32]. The Temkin isotherm
showed a positive slope indicating that the Au(IIl) adsorp-
tion was an exothermic process. In particular, the Temkin
constant (b7) obtained from the model referred to a value
of 68.5 kJ mol~!, which indicated that Au(IIl) was chemi-
cally adsorbed onto ACIL900 [33]. The chemical adsorption
process of Au(II) may occur through ion exchange between
[AuCly4]™ and the anionic moieties of IL.

The thermodynamic properties of Au(IIl) adsorption were
determined from the experimental data in the temperature
range of 298-328 K using a linearized Van’t Hoff equation
[34]:
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The linear plot between In(gey/C.q) and Ce, at vari-
ous temperatures determined the equilibrium constant (Kp).
Then, the linear equation from the plot between In Kp vs. 1/T
provides the values of Gibbs free energy (AG, kJ mol™!),
enthalpy (AH, kJ mol~!), and entropy (AS, J mol~! K1)

The increase in temperature resulting in a decrease in the
adsorption of Au(IIl) (Fig. 3C) and demonstrated negative
AH,positive AS, and negative AG value (Table 2), indicating
that the reaction occurred exothermically and spontaneously
with a high affinity for Au(IIT) [35]. Moreover, the linearized
Arrhenius equation (Eq. 8) could be used to determine both
the Ea and the adsorption rate as follows:

Geq _na— E9
Ceq RT

InK; =1n (8)

Springer

and the Ea value obtained of Au(Ill) adsorption was
85.4 kJ mol~ L. It was noted that the Au(III) adsorption fol-
lowed a chemisorption pathway because the Ea value was
higher than that of 40 kJ mol~!, which was in line with the
Temkin isotherm model [36].

The kinetic study of the Au(III) adsorption was performed
within 10-90 min, while ACIL900 could reach equilib-
rium within 60 min. The kinetic behavior was determined
using the pseudo-first-order and pseudo-second-order kinetic
models [37]. The closeness of g, value between the cal-
culation and experimental (Table 3) and the value of R?
(Fig. 3D and E) reflected the better fit of the adsorption of
Au(IIT) with the pseudo-second-order kinetic model. These
results made it possible to conclude that the Au(IIl) adsorp-
tion by ACIL900 followed the pseudo-second-order kinetic
model by a chemical adsorption pathway. However, these
results cannot explain the rate-limiting step of the adsorption
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Table 3 Kinetic parameter of Au(IIT) adsorption by ACIL900

Table 4 Elemental composition of the mobile phone leachate

Kinetic model Parameters Adsorbent
Chitosan Chi_IL

Pseudo-first order Ki 0.041 0.054
qe.exp 12.31 12.45
Ge cal 8.99 7.68
R? 0.9480 0.9967

Pseudo-second order K> 0.072 0.092
Geexp 12.31 12.45
e cal 12.26 12.43
R? 0.9995 0.9999

process. The Au(IIl) adsorption rate could be limited by sur-
face adsorption (boundary layer) or intraparticle diffusion.
As a consequence, the Weber—Morris intraparticle diffusion
model (Eq. (9)) was used to explain this issue [38]:

4 = Kaiit"> +C ©))
where ¢; (mg g~ 1) and K g;fr (mg g~ min~%) represented the
metal adsorption at a specific time and the intraparticle diffu-
sion rate constant by a linear relationship between g; and 1°-.
The intercept of the plot, C, represents the surface adsorption,
and its effect was proportional to the intercept value. Two lin-
ear graphs were observed in the intraparticle diffusion model,
indicating that different rate-limiting steps controlled the
Au(III) adsorption. Two different diffusion constants (K giff 1
=0.413 mg g~ ! and Kgifro = 0.144 mg g~ ') were obtained
from the plot due to two linear phases (Fig. 3F). According
to Plazinski and Rudzinski (2009), surface adsorption plays
a more significant role in the latter part of the adsorption
process. This study shows that the first phase intercept was
higher than the second phase [39]. In the first phase, the intra-
particle mobility of Au(IIl) becomes more visible until the
intraparticle adsorption site is saturated. The surface adsorp-
tion process then continued until it was saturated.

3.3 Adsorption of Au(lll) from Mobile Phone
Leachate

The precious metal ions concentrations in the mobile phone
leachate are listed in Table 4. The presence of precious metals
in mobile phone leachate containing Au (160 mg L™!), Pt
(11 mg L™, and Pd (7 mg L™1). Aside from the precious
metals, significantly higher concentrations of various other
base metals were also present in the leachate.

The Au adsorption from the mobile phone leachate was
carried out in various pH and CI concentrations. During the
pH variation experiment, the Cl concentration of the solution

Element Concentration [mg L1
Au 160

Pt 12

Pd 7

Fe 6300

Cu 60,000

Zn 3000

Al 5000

Ni 3200

Pb 30

was maintained at 4 mol L~! by adding NaCl solution. It was
measured that in the pH variation study, some precious met-
als, including Pt, Pd, and Au, showed excellent adsorption
efficiency (Fig. 4A) yet were recorded to decrease signifi-
cantly at the pH of 5. Whereas the experiment with the high
concentration of Cl-, the dominant chlorocomplexes species
of Au, Pt, and Pd were [AuCl4]~, [PtCls]*~, and [PdCl4]>~,
respectively [40]. This high adsorption efficiency was due
to the compatibility between the chlorocomplexes and IL,
which allowed the anionic exchange to occur (Fig. 4B). How-
ever, it was seen that the ratio of chlorocomplex species
changed in the high-pH solution, leading to a decrease
in adsorption efficiency. Moreover, it is essential to note
that base metals such as Fe, Zn, and Cu were significantly
adsorbed, but the adsorption efficiency of these base metals
decreased while in the low-pH solution.

Throughout the various concentration of Cl, the adsorption
of the precious metals remained constant. However, signifi-
cant changes were observed in the base metals adsorption
efficiency, noting that metal chloride complexes, such as
[ZnCl4]2_, [CuCl4]?~, and FeCls, were easier to form at
high Cl concentrations due to the anion exchange process
of IL’s anionic moieties [41]. Therefore, to restrict the inter-
ference of base metals in the Au(Ill) adsorption and other
precious metals, the further experiment will use a pH of 1
and a Cl concentration of 1 mol L™

3.4 Desorption Studies

Au and other precious metals recovering from the adsorbent
was an essential aspect of its practical use since it promotes
the adsorbent reusability. As previously discussed, ACIL900
effectively adsorbed precious metals, such as Au (157 mg
L_l), Pt(11.8 mg L_l), and Pd (4 mg L1, as well as several
other base metals, such as Zn (31.5 mg L1, Cu (404 mg
L™, and Fe (34 mg L~!). The desorption efficiency from
various desorption solutions of base metals, like Zn(II) and
Cu(ID), could be quantitatively removed from ACIL900 using
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Fig.4 The adsorption performance of ACIL900 on the mobile phone leachate in A pH variation and B Cl concentration; C reusability of ACIL900

on the adsorption of Au from mobile phone leachate

Table 5 Desorption efficiency of various solutions on the adsorbed metals

D [%] Au(IIl) Pt(IV) Pd(I) Fe(III) Zn(Il) Cu(Il)
1 mol L=! H,S04 0 0 0 0 92.7 98.4
5 mol L-1 H,SO4 10.2 25.8 14.2 88.4 83.2

1 mol L~! NH4OH 0.2 0.1 15.1 98.6 95.5

1 mol L~! Na,S03 0 0 0 98 0 0

1 mol L~! Nay$,03 99.1 2.1 0.2 0.1 0.2 0

0.1 mol L~! CS(NH,),» 92.8 152 88.6 0 0 0

0.1 mol L~! CS(NHy), in 0.1 mol L-1 HCI 95 6.2 98.2 0.2 0 0

1 mol L~! NaClO, 0.2 92 42 0 0 0
H20 0 0 0 0 0 0

The bold values shows the highest desorption efficienci of that particular solution

1 mol L~! H,SO4 (Table 5). Moreover, the desorption was
believed to be due to the formation of ZnSO4 and CuSO4
[42], in which high HySO4 concentration allowed a soluble
SO4 complex formation that led to the removal of the precious
metals. Thus, 1 mol L-1 H2SO4 was chosen to remove Cu
and Zn selectively. In comparison, 1 mol L! NapSO3 was
selected to selectively remove Fe metal by the formation of
Fe(OH); from the reduction of Fe(IIl) into Fe(II) [43].

In the desorption of precious metals study, it was noted
that precious metals have a strong affinity for NayS,0s3,
CS(NH3);, and NaClO,4 solutions. However, it was dis-
covered that both CS(NH,), and NaClOy4 solutions were
shown to be non-selective toward Pt and Pd. Thus, sequen-
tial desorption with a different solution could be used to
achieve selective desorption of precious metals. The selec-
tive recovery of Au by 1 mol L! NayS,03 was made
through the formation of Au(I) and subsequent complexation
with (S203)2~ into [Au(S203)2]3~ ion [44]. In addition, Pd

@ Springer

recovery was conducted using 0.1 mol L~! CS(NH,), in
0.1 mol L~ HCI to minimize the Pt desorption. In this
process, the Pd-thiourea complex was formed due to the
compatibility between CS(NH,); as a soft acid/base and the
synergistic effect between CS(NH3), and HCI, which pro-
moted the Pd desorption [45]. At last, the Pt removal could be
performed using 1 mol L~! NaClOy, which occurred due to
the ion exchange between the chlorocomplexes and [C1O4]™
ion [18].

3.5 Reusability

Following these results, Zn, Cu, and Fe were the initial tar-
get of sequential desorption using 1 mol L™! H,SOy, and
1 mol L™! Na,SO3, respectively. The selected desorption
solution was then used to perform selective recovery of pre-
cious metals. At first, Au was recovered selectively using
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Fig.5 Flow chart of the adsorption—desorption cycles of Au from mobile phone leachate using ACIL900

1 mol L™! NayS,03 to remove Au, followed by the des-
orption of Pd by using 0.1 mol L~! CS(NH,), in 0.1 mol
L~! HCI. Finally, Pt was removed from ACIL900 using
1 mol L~! NaClOj. Before ACIL900 was reused, the adsor-
bent was treated beforehand with 3 mol L~ HCI for 6 h.
These adsorption—desorption cycles were completed using
the mobile phone leachate, followed by sequential desorp-
tion. Following the results in Fig. 4C, it was visible that
ACIL900 could be recycled for three cycles without experi-
encing a significant decrease in function. This suggested that
adsorbents could perform long-term adsorption processes.
The entire scheme of adsorption—desorption cycles of Au is
depicted in Fig. 5.

3.6 Electrochemical Reduction of Au

At this stage, the electrochemical reduction method was
utilized to recover Au from the desorption solution by
depositing the reduced Au onto a copper plate. This step con-
firmed that the electrodeposited compound consists of Au by
a granular morphology, as in Fig. 6A. The diffractogram of
the sample, as shown in Fig. 6B, presented diffraction peaks

at 38 and 44°, which indicated the presence of Au with crys-
tal face index of (111) and (200), respectively [46]. CuyO
diffraction peaks could be attributed to the electrodeposition
plate that comes off while scrapping the electrodeposited Au.

3.7 Comparison with the Previous Study

Table 6 compares ACIL900 with a previous study on recov-
ering precious metals from printed circuit boards and mobile
phone waste. Precious metal recovery using biomass-derived
adsorbent showed comparable performance to the previous
study.

4 Conclusions

E-waste production has risen significantly due to economic
and technological growth in recent decades. However, it
turned out that e-wastes were shown to contain much higher
amounts of precious metals, such as Au, than pure sources.
An adsorption technology was chosen as one of the meth-
ods for recovering Au from the mobile phone leachate
considering its efficiency for its cost and ease of use.

@ Springer
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Fig.6 A SEM image and EDX
analysis and B diffractogram of
the electrodeposited sample
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Table 6 Comparison between current study and previous works

Sample Target metal Methods Performance Refs

PCB* Au, Ag, Bi, Cd, Co, Cr, In, Zn Pyrolisis, Liquid-liquid Separation 92.2% of Au and 91.3% of Ag were [47]
recovered in Cu-rich Substances

PCB Au Thiosulfate Leaching, Electrowinning 75% Au leached and 94% recovery [48]
by electrowinning

PCB Au, Ag, Pd, Pt, Rh Smelting, Alloying 95% Au, Ag, Pt, Pd, and Rh [49]
recovered in Cu-Fe-Sn alloy

PCB Au Thiourea Leaching, Adsorption 95% Au & 98% Ag recovery with [50]
Persimmon tannin gel, and 95%
Au and 78% Ag recovery with
Activated Charcoal

PCB Au Successive Leaching 85% Au recovery in thiourea [51]
leachate

PCB Au Chlorate Leaching, Adsorption 98% Au recovery with Crosslinked [52]
Chitosan adsorbent

MPW:#* Au, Cu, Ni Thiourea Leaching, Adsorption 95% recovery of Au, Cu, and Ni [53]

MPW Au Leaching, Polymeric Membrane Selective transport of 96% Au into [54]
receiving solution

MPW Au Polymeric Membrane 98.83% extraction rate of Au from [55]
leachate

MPW Au, Pt, Pd Leaching, Adsorption 99% recovery of Au, Pt, and Pd This Work

*Printed Circuit Board
**Mobile Phone Waste

The functionalization of activated carbon (ACIL900) from
palm biomass was successfully performed by grafting 1-
methyl-3-((trimethoxysilyl)methyl)-1-imidazolium chloride
through an alkylation process. The Au adsorption was con-
firmed to follow a chemical adsorption pathway supported
by the isothermal, kinetic, and thermodynamic models. This
work noted that ACIL900 showed an adsorption capacity of
116.2 mg g~ !, and Au was successfully adsorbed from the
mobile phone leachate, along with Pt, Pd, Cu, Zn, and Fe. The

@ Springer

selective desorption of these metals was conducted through
sequential desorption with different desorption solutions.
To begin with, base metals were removed using 1 mol
L~! H,SO4 for Cu and Zn and 1 mol L~! NaySOs for Fe.
Meanwhile, selective desorption for precious metals was con-
ducted as follows: 1 mol L™! NayS,03 was used for Au,
0.1 mol L~! CS(NH,); in 0.1 mol L=! HCI for Pd, and
1 mol L~ NaClOy for Pt. After three cycles of the adsorp-
tion—desorption process have experimented with, ACIL900’s
function and performance remained unimpacted once the
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desorption was conducted. The result of this finding was that
the recovery of Au from the desorption solution was success-
fully achieved by using an electrochemical reduction with a
reduction potential of — 0.2 V into solid Au.
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