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We herein propose an advanced gold recovery process employing biomass waste of human origin. Au(III)
adsorption on human hair (HH) was found to be efficient and to concurrently reduce Au(III) to metallic gold. The
maximum loading capacities of gold on HH and white HH were determined using Langmuir equation fitting to be
3.04 and 3.24 mmol g}, respectively. This result indicates that melanin pigment in HH is not involved in Au(III)
adsorption. The concurrent reduction of Au(Ill) was confirmed using X-ray diffraction analysis and scanning
electron microscopy before and after Au(IIl) adsorption. To gain more detailed understanding of Au(III)
adsorption at a molecular level, complexations of Au(IIl) with each amino acid component found in the peptides
of HH was investigated. 1-Cystine and 1-cysteine were found to play a role in both the adsorption and reduction of
Au(Ill). The mechanism of Au(Ill) adsorption and reduction on HH was investigated using proton nuclear
magnetic resonance spectroscopy. The stepwise purification of three precious metals was also demonstrated: Pt
(IV) and Pd(II) were successfully removed from HH by washing with acidic thiourea solution, while pure gold
could be recovered by incineration. Thus, HH waste has shown potential as beneficial and efficient utilization on

the separation and recovery of precious metals.

1. Introduction

Precious metals are valued for their application in a wide array of
modern industries, including electronics, catalysts, medicines, and
jewelry. Rapid technological innovation has accelerated the consump-
tion of precious metals and resulted in the production of huge quantities
of electronic waste. The accumulation of electronic waste in 2016 was
reached to 7211 kilotons (kt) in China, 6295 kt in U.S., 2139 kt in Japan
and 1884 kt in Germany [1]. Although precious metals take a seemingly
small content in electronic devices (< 0.5 %), they have decisive impact
of the value of electronic scrap [2]. Only computer equipment and
mobile phones take 3 % share of the world production for Ag, 4 % of Au
and 16 % of Pd production [3]. These domestic metal wastes represent a
significant untapped resource. This “urban mine” contains various
metals at minute concentrations within a vast quantity of non-metallic
materials [4], so highly specific selectivity is required for the
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separation and recovery of precious metals.

After multistep of physical pre-separation for non-metallic parts
removal, hydrometallurgical technology, is generally utilized for the
stepwise separation and recovery of precious metals from leaching so-
lutions [5]. It has been achieved with various techniques, including
precipitation, solvent extraction, adsorption and electrolysis. Classical
precipitation methods are most extensively applied at the early stages of
stepwise separation, such as silver removal [6,7]. Isolation of individual
metals at the latter stages is often achieved with the use of extractants
and adsorbents, owing to their high capacity and specific selectivity for
metal separation [8,9]. The adsorption technique avoids the use of
flammable organic solvents required in the solvent extraction process.
Among various kinds of adsorbents, those prepared from biomass waste
are attractive for their low cost, ease of preparation and environmental
friendliness. Bio-adsorbents use various functional groups, including
amino, hydroxyl, carboxylic acid and carbonyl moieties, to facilitate
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metal adsorption via complexation or chelation [10].

Bio-adsorbents sourced from biomass waste can be classified on the
basis of active component into materials rich in polysaccharides, pro-
teins or polyphenols. Polysaccharides have alcoholic hydroxyl groups,
proteins consist of various amino acids and polyphenols use phenolic
hydroxyl groups. To date, plant leaves [11,12], crustacean shells [13],
eggshell membranes [14], and fruit peels [15], have been employed as
bio-adsorbents for precious metals with remarkable capacities. In this
work, we have investigated the use of human hair (HH) waste as a
protein-rich adsorbent for Au(Ill) recovery. Most bio-adsorbents are
environmentally friendly, but often suffer from easy deterioration and
limited shelf life. HH waste has more than environmentally friendly
property with mold-resistance.

HH is naturally derived and abundant, with annual production
approximated at 5.9 kt in 2011 (roughly estimated from the reported
amount of HH produced in India in 2011, extrapolated from the ratio
between Indian and global population in 2011) [16,17]. HH comprises
65 %-95 % protein with the remainder comprising water, lipids, poly-
saccharides, pigments, nucleic acids, and trace elements [18]. Research
using HH has been undertaken in the fields of cosmetics, medical sci-
ence, and chemical materials [19-21]. Complete hydrolysis of the pro-
tein in HH reveals that it contains 13 %-18 % cysteine [22], which
stabilizes the structure of HH from weathering and exposure to reducing,
oxidizing, and hydrolyzing reagents. Cystine, the dimer of cysteine ex-
ists in cuticle layer and contributes to high wet strength, moderate
swelling, and insolubility [23]. Proteins in HH are densely cross-linked
by cystine disulfide bonds. Cysteine and cystine are sulfur-containing
and typically classified as soft Lewis bases with high affinity for soft
acids such as gold [24,25]. 1-Cysteine adsorption onto the surface of gold
via an Au-S bond has been reported [26,27].

HH waste is an abundant biomass resource that boasts excellent
stability and unique chemical properties. We have focused herein on the
application of untreated HH waste in the adsorption and separation of
precious metals. Both white human hair (WHH) and black HH were
evaluated for gold adsorption to ascertain the role of melanin. Selec-
tivity for gold over other precious metal ions, recovery after adsorption
and incineration were also investigated. Proton nuclear magnetic reso-
nance spectroscopy was carried out to elucidate the mechanism of gold
adsorption on HH.

2. Materials and methods
2.1. General procedures

The concentrations of precious metals in sample solutions were
measured using an inductively coupled plasma atomic emission spec-
trometer (ICP-AES; Shimadzu, ICPS-8100). The structure of the samples
was assessed using X-ray diffraction (XRD; Shimadzu, XRD-7000). The
images were collected on a digital microscope (KEYENCE, VHX-1000).
The micrographs were taken using scanning electron microscopy
(SEM; Hitachi, SU-I500). Elemental analysis of the samples was carried
out using energy dispersive spectroscopy (EDS; Hitachi, SU-8010).
Proton nuclear magnetic resonance (lH NMR) spectra were obtained
on an NMR spectrometer (400 MHz, Agilent). Metallic gold was ob-
tained via incineration of Au-loaded HH in muffle furnace (Yamato
model FO100). EDS spectra were measured with the support of Liaoning
University, while all other equipment was accessed at the Analytical
Research Center for Experimental Sciences of Saga University.

2.2. Reagents

Precious metals (gold(III), platinum(IV), palladium(II), and silver(I))
solutions were prepared by dissolving appropriate amounts of hydrogen
tetrachloroaurate(Ill) tetrahydrate (HAuCl4-4H30), hydrogen hexa-
chloroplatinate(IV) hexahydrate (HoPtClg-6H20), palladium(II) nitrate,
and silver nitrate salts, respectively, in acidic solutions. All metal salts,
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as well as hydrochloric acid, nitric acid, ethanol, and amino acids (t-
cysteine, L-cystine, L-alanine, glycine, L-glutamic acid and 1-serine), were
purchased from Wako Pure Chemical Industries, Ltd, Osaka, Japan. -
Arginine was purchased from SIGMA-Aldrich, USA. Crude HH was
supplied by a barbershop in Saga, Japan. Deuterium oxide (D;0) and
hydrogen peroxide (H202) were procured from SIGMA-Aldrich, USA.
Deuterium chloride (DCl, 35 % solution in 99.5 % D,0) was purchased
from Wako Pure Chemical Industries.

2.3. Method for adsorbent preparation

The supplied HH was cut to approximately 0.3-1 mm lengths. Cut
HH (3.0 g) was stirred in ethanol (100 mL) for 1 h to wash out impurities
(oil, dust, scurf) and stood overnight. The washed HH was then dried at
room temperature and stored out of direct sunlight. Clean HH with or
without gold loading was analyzed using EDS, XRD, and SEM. Although
the “untreated HH” is often used for the obtained HH in this article, it
was used as bio-adsorbent.

2.4. Precious metal adsorption in acidic media

Precious metal adsorption on HH was carried out using a conven-
tional batch-wise method from two acidic aqueous media: nitric acid
and hydrochloric acid (except with silver, because of precipitation of
silver chloride). Metal solutions were prepared by dissolving each metal
salt 1.0 mM (M = mol/L) in acidic solution (10 mL). HH or WHH (20 mg)
was added to each metal solution (1.0 mM) and adsorption was carried
out at 30°C with 150 rpm shaking for 24 h. After filtration, the metal
concentration of the aqueous solution was measured using ICP-AES.
Time dependence of individual precious metal adsorption was
assessed using 0.10 M HNOj3 with different shaking time intervals.
Maximum adsorption capacity was tested by varying metal concentra-
tion in 0.10 M HNOg. The gold-loaded adsorbents were analyzed using
SEM, digital microscope, and XRD. For the recovery test, directly after
the competitive adsorption test, the metal loaded HH (1.0 g) was washed
3 times with deionized water (3 x 300 mL) followed by washing with
acidic thiourea (0.05 M in 0.01 M HCI, 300 mL) at 30°C with different
shaking time intervals at 150 rpm. The concentration of eluted metal in
the sample solution was measured using ICP-AES.

The adsorption percentage was calculated using Eq. (1):

C —C,
%Adsorption = < x 100 (@D)]

the amount of metal adsorbed per unit mass of the adsorbents was
calculated using Eq. (2):

C —-C,
w

X Vy 2)

and the elution percentage from the HH was calculated using Eq. (3):

%Elution = TE % 100 3)

Naa

where C; and C, are the initial and equilibrium concentrations (mM) of
metal ions, respectively; Vy is the volume (L) of sample solution; W is
the weight (g) of adsorbent; and ng and naq are the eluted and adsorbed
molar quantities of gold (mmol), respectively.

2.5. Au(Ill) complexation with various amino acids

Each amino acid (22.0 pmol), 1-cystine, L-cysteine, L-serine, L-gluta-
mic, glycine, L-arginine and 1-alanine, was dissolved in 10 mL of 0.10 M
HNOj3 solution containing 1.0 mM Au(IIl). The mixture was shaken at
150 rpm at 30°C for 24 h. Because of precipitate formation, the samples
were passed through a 0.45-pm membrane filter and the metal con-
centration in the filtrate was measured using ICP-AES. For 'H NMR
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Fig. 1. (a) Time dependence of individual system of adsorption on HH in 0.10 M HNOs, effect of (b) nitric and (c) hydrochloric acids concentration on adsorption
percentage of precious metals on HH in individual system, (d) nitric acid in competitive system.

measurements, L-cystine (1.00 mg, 4.16 pmol) or i-cysteine (1.00 mg,
5.69 pmol) was dissolved into 1.0 mL D20 containing a trace DCI. The
solution was then mixed with HAuCly-4H50 (45.0 mg, 109 pmol) to form
a gold complex. The spectra of cystine and cysteine were obtained at two
time intervals (1 min, 1 h) before and after complexation with gold. In a
subsequent experiment, cysteine (20.0 mg, 114 pmol) was dissolved in
0.4 mL D20 containing a trace DCl and mixed with 0.4 mL Hy0,. The
spectra were obtained at two time intervals (1 min, 168 h) post peroxide
addition.

2.6. Recovery of metallic gold from HH

To recover pure gold after the adsorption of mixed precious metals,
the HH was washed thrice with deionized water and once with acidic
thiourea (0.05 M in 0.01 M HCI) before incineration in the muffle
furnace at 800 °C for 2 h.

3. Results and discussion
3.1. Time dependence of precious metal adsorption on HH

The time dependence of Au(III), PA(II) and Pt(IV) adsorption on HH
in 0.10 M HNOs is shown in Fig. 1a. Au(IIl) adsorption on HH gradually
increased over time and reached a plateau after 24 h. Pd(II) and Pt(IV)
adsorption on HH also increased gradually over time, although the in-
crease in adsorption percentage was too small to be significant. The
optimal time for precious metal adsorption on HH was determined to be
24 h.

3.2. Precious metal adsorption in individual and competitive systems

Precious metal adsorption on HH in individual and competitive
systems was investigated. To confirm the role of melanin in Au(IIl)
adsorption, WHH was also studied. The effect of nitric acid concentra-
tion on the adsorption percentage of precious metals on HH and WHH in
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Fig. 2. (a) Adsorption isotherm of precious metals on HH and Au(III) on WHH in 0.10 M HNOj3, (b) The Langmuir isotherm kinetic model of Au(III) adsorption on HH

and WHH in 0.10 M HNOs.
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the individual system is shown in Fig. 1b. Results showed a marked
increase in Au(III) adsorption on HH and WHH with the increasing nitric
acid concentration up to 0.05 M. The Au(III) adsorption percentage then
plateaued and increased only marginally between 0.05 and 0.2 M nitric
acid. The adsorption percentage at 24 h of Ag(I), Pd(II) and Pt(IV) on HH
was less than 20 % regardless of the concentration of nitric acid. The
increase in Au(IIl) adsorption with increasing nitric acid concentration
reveals that adsorption is remarkably sensitive to acid strength, partic-
ularly for concentrations < 0.05 M nitric acid. Comparison of the
adsorption between WHH and HH suggests that melanin is not involved
in the binding mechanism.

The effect of hydrochloric acid concentration on the adsorption
percentage of precious metals on HH in the individual system is shown
in Fig. lc. Au(Ill) adsorption on HH was markedly suppressed with
increasing hydrochloric acid concentration, likely as a result of the
conversion of free Au®* to AuCly [28,29]. Pd(II) adsorption, however,
was not significantly suppressed, possibly indicating a mechanism of
adsorption different from Au(III). Pt(IV) adsorption was negligible
regardless of the concentration of hydrochloric acid (Fig. 1c).

Precious metal adsorption on HH in a competitive system was
investigated next. The effect of nitric acid concentration on the
adsorption percentage of precious metals on HH in the competitive
system is shown in Fig. 1d. Relative to the individual system, Au(III)
adsorption on HH was diminished by the adsorption of other precious
metals and coexisting chloride ions from the Pt(IV) salt. High selectivity
for Au(III) over Pd(II) and Pt(IV) was still observed.

3.3. Adsorption isotherm of precious metals on HH and WHH

3.3.1. Langmuir isotherm model

The individual adsorption isotherm for precious metal ions on HH
and WHH in 0.10 M HNOj; are shown in Fig. 2a. The amount of Au(IIl)
adsorbed on HH increased in line with the equilibrium concentration of
Au(Ill) before reaching the maximum adsorption capacity, which fol-
lows a typical Langmuir adsorption model [30]. The maximum
adsorption capacity of HH and WHH for Au(IIl) reached over 3 mmol
g~. However, the adsorption capacity of HH for PA(II) was less than 0.1
mmol g’1 and Pt(IV) was negligible.

The adsorption capacities of HH and WHH for Au(Ill) were calcu-
lated using the Langmuir model, represented by Eq. (4):

quLCe ‘ImCe

L = = 4
“=T5KC 1K +C. )

where g, and gy, are the adsorption amount at equilibrium (mmol g1)
and the maximum adsorption capacity (mmol g1), respectively; the
term “K;” is the Langmuir constant related to the adsorption energy (L
mmol~!). When equilibrium concentration, C,, is greater than the value
of 1/K}, the maximal adsorption capacity is obtained.

To further confirm the validity of the maximum adsorption capac-
ities, Eq. (4) was converted:

g quKi g

C, 1 C,
n ®)

Eq. (5) depicts a linear relationship between C, q’1 and C, for Au(III)
adsorption on both HH and WHH. Based on Eq. (5), the converted
Langmuir adsorption isotherms of Au(Ill) on HH and WHH were ob-
tained as shown in Fig. 2b. The regression coefficient (R?) values for
both are > 0.99. Valid adsorption capacity for Pd(II) was evaluated by
Eq. (5) as well. Langmuir parameters and the maximum adsorption ca-
pacities of precious metals were calculated from the slope and intercept
using linear regression analysis and are shown in Table S1. Adsorption
capacity of HH for Pd(II) (0.071 mmol g’l) was much lower than that for
Au(III) (3.04 mmol g_l). This result suggests that the adsorption per-
centages for Pd(Il) and Pt(IV) (depict in Fig. 1) were the product of a
physical process, rather than chemical affinity. WHH possess
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Table 1
Langmuir and Freundlich isotherm parameter values for Au(IIl) adsorption on
human hair (HH) and white human hair (WHH).”

Langmuir isotherm model Freundlich isotherm model

Adsorbent qm K; (L R? Kr n R?
(mmol mmol 1) (mmol g~1)/
g’l) (mmol L™HY
n
HH 3.04 0.960 0.9995 1.742 5.22 0.981
WHH 3.24 0.994 0.9984 2.118 8.21 0.939

? qm = maximum adsorption capacity; K;/Kr = Langmuir/Freundlich con-
stant; R? = linear regression coefficient.

Table 2
Au(IIl) adsorption capacities of human hair (HH) and white human hair (WHH)
relative to previously characterized bio-adsorbents.

Adsorbent Au(II) pH; Time to References
Adsorption reach
Capacity (qm) plateau/h
(mmol g~1)
Silk sericin 1.0 2.4-2.55 - [31]
Eggshell membrane 3.13 3 2 :
Modified 1.52 1 6 [33]
Lagerstroemia
speciosa leaves
(PEI-LS)
Modified cellulose 0.175 3.26 24 [34]
(TDAC)
Raw date pits 0.396 0.3 2 [35]
Modified wood 4.31 0 4 [36]
powder
Calcium alginate 1.47 2 24 [37]
Human hair (HH) 3.04 1 24 Present
work
White human hair 3.24 1 - Present
(WHH) work

comparable adsorption capacity (3.24 mmol g~!) to HH. The slight
difference in adsorption capacity between HH and WHH may be caused
by differing amounts of active functional group per unit weight of hair.

3.3.2. Freundlich isotherm model

The adsorption isotherm of Au(IIl) on HH and WHH was studied by
Freundlich model as well. The linearized forms of Freundlich isotherm
was expressed by the Eq. (6):

logg. = logKr + n"'logC, (6)

where Ky and n represent Freundlich isotherm constant and adsorption
intensity. The isotherms of Au(Ill) adsorption on HH and WHH are
shown in Fig. S1. The values of Kr and n were calculated from the
intercept and slope of the linear plot between log g. and log C. were
listed in Table 1. It is well known that the adsorption process is favorable
by the range of n value between 1-10, and the higher values stands for
the stronger adsorption intensity. Comparison of R? values between
Langmuir and Freundlich isotherm models (Table 1) indicated that
Langmuir isotherm model is an excellent fit to the experimental data.
Additionally, the Au(IIl) adsorption capacities of HH and WHH are
compared with other biomass materials in Table 2 [31-37]. Untreated
biomass waste WHH and HH exhibit capacity of Au(III) adsorption is
comparable to the modified materials or superior to previously charac-
terized raw bio-adsorbents, although it taking longer time to reach
maximum capacity. It reveals adequately high application for the future.

3.4. The oxidation state of Au after adsorption on HH

We have reported in previous work that adsorbents derived from
biomass waste containing polyphenols, pectic acid and cellulose not
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Fig. 3. XRD patterns of original HH and Au-loaded HH (1.07 mmol g™ ).

only adsorb Au(III) but also reduce it to its metallic state [38-42], so we
suspected that HH may also be capable of the concurrent reduction of Au
(I1I). To confirm the oxidation state of Au after the adsorption on HH, the
XRD analysis of Au-loaded HH was carried out. The XRD patterns before
and after Au-loading are shown in Fig. 3. The pattern of the original HH
shows only a broad peak at around 21° as 26 value, while the sharp
peaks of Au-loaded HH were observed at 38.29°, 44.39°, 64.74°, and
77.62°. These peaks correspond to those of metallic gold reported by our
group and other researchers [38-42,43]. The crystalline peaks demon-
strate that the concurrent reduction of Au(IIl) on HH does indeed take
place during the adsorption.

3.5. Characterization of HH and Au-loaded HH

After the reduction of Au(Ill) on HH was confirmed, the surface
morphologies and the surface elemental analysis of the HH before and

‘

p
100.00um
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after Au(Ill) adsorption were measured using SEM, digital microscope
and EDS.

3.5.1. Surface morphology of HH before and after Au(IIl) adsorption

The SEM and microscope images of the original HH, Au-loaded HH
and the cut cross-section surface of the Au-loaded HH are shown in
Fig. 4a-d. Images of Au-loaded HH at both low (0.493 mmol g~!) and
high (2.881 mmol g~ 1) levels of adsorption were obtained. Because the
supplied hair was used without treatment or selection, variation in
diameter can be observed (Fig. 4a). Visible aggregates of gold particles
after adsorption appear as white spots at the outermost layer of the HH
(Fig. 4b). The visualization of gold particles further confirms the XRD
data (Fig. 3). Interestingly, gold particles were not observed at the cut
cross-section surface of the Au-loaded HH (Fig. 4c). This result indicates
that gold particles are not bound at the inner layers of HH, the adsorp-
tion reduction take place exclusively at the surface. Gold particles were
observed at the surface of WHH in a similar fashion (Figs. 4d and S2).
This result further confirms that the capacity and mechanism of
adsorption are the same for WHH and HH. Increased coverage area can
be observed when comparing of the Au-loaded HH at low and high levels
of adsorption (Fig. 4b and d).

3.5.2. Surface elemental analysis of HH before and after Au(IIl) adsorption

EDS analysis was carried out to investigate changes in the elemental
composition on the surface of HH. Untreated HH, HNOs-treated HH and
Au-loaded HH were evaluated. The results are shown in Fig. 5a—c; Fig.
S3 shows 0.1 M HCl-treated HH. The average atomic percentages of
sulfur and gold on the untreated HH were 0.67 % and 0.03 %, respec-
tively. After treatment with 0.10 M HNO3 or 0.10 M HCI, the average
atomic percentages of sulfur increased to 1.97 % and 2.13 %, respec-
tively. This demonstrates that treatment with acid frees sulfur-
containing components on the surface of HH. A strong peak corre-
sponding to atomic Au was observed after Au adsorption, and atomic
percentage increased to 11.67 % (Fig. 5c¢). The average atomic per-
centage of sulfur after Au adsorption decreased only modestly to 1.46 %.
Sulfur-containing components may affect Au(IIl) adsorption and

SU1500 15.0kV x160 SE

Fig. 4. SEM and microscope images of HH before and after Au(IIl) adsorption: (a) untreated HH, (b) Au-loaded HH (0.493 mmol g’l), (c) the cut cross-section of Au-

loaded HH, (d) Au-loaded HH (2.881 mmol g’l).
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Fig. 5. EDS analyses of (a) untreated HH, (b) 0.10 M HNOs-treated HH, (c) Au-loaded HH.

reduction.

HH is layered and comprises the medulla, cortex and cuticle. The
cuticle is the outermost layer and comprises the epicuticle, A-layer,
exocuticle, endocuticle and inner layer. Sulfur-containing cystine is
found primarily in the A-layer (35 %) and exocuticle (15 %). Moreover,
cystine is the oxidized dimer of the monomer, cysteine. After protein
hydrolysis, cysteine is the most abundant amino acid in HH [44]. The
sulfur-containing components detected using EDS are therefore very
likely to be related to cystine and cysteine.

3.6. Mechanism of Au adsorption on HH

3.6.1. Au(Ill) complexation with various amino acids

The role of cysteine and cystine, as well as other constituent amino
acids in HH, on Au adsorption was further investigated. The amino acid
present in HH is as follows: 1-cysteine (17.5 %), r-serine (11.7 %), L-
glutamic acid (11.1 %), glycine (6.5 %), -arginine (5.6 %) and r-alanine
(4.8 %) [44]. The complexation of Au(III) with each of these amino acids
was studied. To approximate amino acid concentration in a sample of
HH bio-adsorbent (estimated from cysteine as0.029 mmol per 20 mg
HH), a quantity of 0.022 mmol of each amino acid was individually
employed. The formation of a precipitate was occasionally observed
upon dissolution of each amino acid in 0.10 M HNOj containing 1.0 mM

100 -
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X
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= 60- []Glycine [ L-Glutamic
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Fig. 6. Individual complexation of Au(IIl) with various amino acids in 0.10
M HNOs.

Au(III). Au concentration was determined after filtration. Results for the
complexation of Au(Ill) with various individual amino acids in nitric
acid solution are shown in Fig. 6. Cysteine and cystine were found to
achieve far more extensive complexation with Au(Ill) relative to the
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Fig. 7. 1H NMR spectrum of (A) L-cystine in Dy0-DCl (a), Au(III) mixture (1
min) (b), Au(IIl) mixture (1 h later) (c); (B) L-cyteine in D,O-DCI (a), Au(IIl)
mixture (1 min) (b), Au(III) mixture (1 h later) (c).

other amino acids investigated; their performance in Au adsorption was
even comparable to HH. r-Serine, which has a primary hydroxyl group,
also displayed significant complexation ability. However, little or no
complexation with Au(Ill) was observed for the other amino acids
investigated. These results suggest that amide carbonyl groups are not
effective moieties for Au complexation while the sulfur atoms in cysteine
and cystine display a high affinity for gold. We concluded from this work
that it is highly probable that the sulfur-containing components detected
using EDS are cysteine and cystine, and further suspected that the
oxidation of cysteine to cystine may be related to the reduction of Au(III)
to metallic gold. Further investigation was carried out to elucidate the
mechanism.

3.6.2. 'H NMR spectra of cystine and cysteine before and after reaction
with Au(1I)

The 'H NMR spectra of cystine and cysteine in D,0O-DCl solution
before and after exposure to Au(Ill) were obtained. Spectra were ob-
tained at two timepoints: 1 min and 1 h after reaction with Au(IIl). The

edulla

R-SH
ey
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'H NMR spectra of cystine, cysteine, and their Au(Ill) complexes are
shown in Fig. 7A and B. Because of their position adjacent to a chiral
center, the methylene protons of cystine appear as a doublet of doublets
at 3.00-3.30 ppm, while the methine proton appears at 4.10-4.18 ppm.
After reacting with Au(IIl), gold particles in the solution could be visu-
alized with the naked eye. Two new peaks appeared at 3.10 and 4.03
ppm in the 'H NMR spectra after 1 min. The methylene and methine
protons of cysteine appeared at 2.89-3.02 ppm and 4.01-4.10 ppm,
respectively, both signals shifted slightly upfield relative to cystine.
During the complexation of cysteine with Au(Ill), precipitation was
immediately formed in the solution. After one minute of exposure to Au
(I), neither of the original cysteine signals remained. After 1 h of
contact with Au(III), the same two new peaks observed for cystine are
visible for cysteine.

Because the reduction of the dimer cystine to monomer cysteine
appears to have taken place alongside the reduction from Au(III) to
metallic Au, the details of this transformation will be considered. In the
initial step, cystine would undergo hydrolysis in acidic aqueous solution
to form cysteine. Cysteine would then be oxidized back to cystine
alongside the reduction of Au(III) to metallic Au. We have demonstrated
that cysteine can be partially oxidized by hydrogen peroxide to form
cystine (Fig. S4). We therefore propose that Au(Ill), acting similarly to
hydrogen peroxide, also oxidizes this transformation. This rapid
sequence of reactions leads to the observation of the same peaks for
cystine and cysteine after 1 h contact with Au(Ill). Note that the
complexation with Au(IIl) results in signals distinct from the original
signals of free cystine and cysteine. While insight into the mechanism of
the complexation of gold with cystine and cysteine has been achieved,
the precise mechanism remains complex.

3.7. The proposed adsorption model

Precise understanding of the adsorption model is complicated by the
fact that many reactions take place simultaneously. We propose the
following sequence to explain the adsorption observed: Firstly, HH are
treated with acidic solution and release cystine or cysteine from inner
layers. Cystine is hydrolyzed or reduced to cysteine. The newly formed
cysteine is then readily oxidized back to cystine by the reduction of Au
(III) to metallic gold. These reactions are rapid and all take place within
a minute. Complexation and coordination of Au(IIl) with sulfur atoms in
cystine and cysteine may also take place. Plausible reactions contrib-
uting to this adsorption model are detailed below:

R-S-S-R + 2H,0 — 2R-S-H + 20H™ (Hydrolysis), )
R-S-S-R 4 2H" + 2e~ — 2R-SH (Reduction) (8)
2R-SH — R-S-S-R + 2H™ + 2e™ (Oxidation) 9
AT 4 3¢” - A’ (Reduction) (10)
2R-SH + Au’" 2 [(R-S),-Au]" + 2H" (Complexation) 11
4R-SH + Av’t 2 [(R-S)4-Au] ™+ 4H™ (Complexation) 12)

o

/YL"
"y

o o
o o o
J\r\ NH,* =NHy*
o s, 5
| Iy N/
Au

RS-Au RS-Au-SR

)
66¢ RS-SR

e Gold : ESH
Aucl, U ° RSH

Scheme 1. Proposed scheme of Au(III) adsorption processes on human hair.
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Fig. 8. (a) Recovery of precious metals from HH with acidic thiourea, (b) microscope image of the pure and filamentous metallic gold obtained from incineration.
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Scheme 2. Stepwise recovery of metallic gold from mixed precious metal solution with human hair.

and

R-S-S-R + Au*" 2 [(R-S),-Au]** (Coordination) 13)

The adsorption process is detailed in Scheme 1. Notably, the redox
potential of the conversion of Au(IIl) to Au(0) is much higher than Pt(IV)
to Pt(0) and PA(II) to Pd(0). [45] This may explain why adsorption on
HH and subsequent reduction was achieved for only Au(III).

3.8. Selective recovery of gold after competitive adsorption

The excellent selectivity of HH for Au(IIl) adsorption demonstrated
in the competitive system increases the feasibility that this new bio-
adsorbent could be applied in the processing of real waste leaching so-
lutions. To further support potential future applications, the selective
recovery of gold after competitive adsorption was investigated. HH
loaded with precious metals was washed with acidic thiourea (0.05 M in
0.01 M HCI). The time dependence of the elution percentage is shown in
Fig. 8a. Because very little Pt(IV) was initially adsorbed by HH, the
elution percentage of Pt(IV) was negligible. The elution percentage of
Au with acidic thiourea was also very modest, while Pd(II) was eluted
most successfully. Because the loading capacity of Pd(II) on HH was also
extremely small, the elution of the co-loaded-Pd(II) with acidic thiourea
for 5 min was determined to be sufficiently effective. After the elution of
Pd(II), the pure metallic gold remaining in the HH was recovered using
incineration in a muffle furnace. The microscope image of the pure and
filamentous metallic gold after incineration is shown in Fig. 8b. Thus,
the recovery of pure gold can be achieved with a simple stepwise process
requiring only adsorption, washing with acidic thiourea and finally re-
covery with incineration, as shown in Scheme 2. Untreated HH is a
promising bio-adsorbent for the selective purification and recovery of
gold over other precious metals.

4. Conclusions

An advanced technique for the recovery of gold using natural
biomass waste was studied. Untreated HH waste exhibited high
adsorptive selectivity and adsorption capacity for gold among other
precious metals. Melanin as hair pigment was unrelated to gold
adsorption. 1-Cystine and 1-cysteine were the main components
responsible for gold adsorption and reduction supported by 'H NMR
studies. Pure gold was recovered from solution containing other metals
by adsorption using HH, followed by wash and incineration. Nature HH
waste is chemically stable and can be an abundant bio-adsorbent used to
achieve specific selectivity and excellent adsorption without any
chemical modification.
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