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Selective recovery of platinum
from spent autocatalyst solution
by thiourea modified magnetic
biocarbons

Shao-Yi Lo', Wahid Dianbudiyanto? & Shou-Heng Liu%2**

The precious platinum group metals distributed in urban industrial products should be recycled
because of their rapid decline in the contents through excessive mining. In this work, thiourea
modified magnetic biocarbons are prepared via an energy-efficient microwave-assisted activation and
assessed as potential adsorbents to recover platinum ions (i.e., Pt(1V)) from dilute waste solution. The
physicochemical properties of prepared biocarbons are characterized by a series of spectroscopic and
analytic instruments. The adsorption performance of biocarbons is carried out by using batch tests.
Consequently, the maximum adsorption capacity of Pt(IV) observed for adsorbents is ca. 42.8 mg g*
at pH=2 and 328 K. Both adsorption kinetics and isotherm data of Pt(IV) on the adsorbents are fitted
better with non-linear pseudo second-order model and Freundlich isotherm, respectively. Moreover,
the thermodynamic parameters suggest that the Pt(1V) adsorption is endothermic and spontaneous.
Most importantly, the adsorbents exhibit high selectivity toward Pt(IV) adsorption and preserve ca.
96.9% of adsorption capacity after six cyclic runs. After adsorption, the regeneration of the prepared
adsorbents can be effectively attained by using 1 M thiourea/2% HCl mixed solution as an eluent.
Combined the data from Fourier transform infrared and X-ray photoelectron spectroscopies, the
mechanisms for Pt(IV) adsorption are governed by Pt-S bond between Pt(IV) and thiourea as well as
the electrostatic attraction between anionic PtCl¢>~ and cationic functional groups of adsorbents. The
superior Pt(IV) recovery and sustainable features allow the thiourea modified magnetic biocarbon as a
potential adsorbent to recycle noble metals from spent autocatalyst solution.

Due to the industrial revolution, commercial products have been manufactured by the intense usage of metals.
Among them, platinum group metals (PGMs) have been widely used in energy devices, catalysts, automobile and
petrochemical industrials in recent years because of their specific physicochemical properties, e.g., high melting
point, electrothermal stability, excellent corrosion resistance, and superior catalytic activity' . The PGMs are
hard to be replaced by other metals due to their aforementioned unique properties. Therefore, industrial wastes
including spent catalysts and electronic wastes have been regarded as one of the secondary PGMs resources*.
From the viewpoints of urban mining, it is essential to develop effective methods to separate and recycle PGMs
from above-mentioned waste streams.

The recovery technologies of PGMs can be mainly divided into pyrometallurgy and hydrometallurgy. Pyro-
metallurgy is a metallurgical process that extracts metals from raw materials at high temperatures by the sequence
of ore preparation, smelting and refining’~®. Hydrometallurgy includes solvent extraction, precipitation and ion
exchange that extract metals by chemicals'®'>. However, these methods may suffer from the high cost, energy
consumption and secondary pollution''*. For example, the recovery of PGMs was reported by using organic
solvents (e.g., toxic cyanide'*/aqua regia'®/chloroform'’, ion exchange membrane'®!? and ionic liquids**-2. It was
mentioned that the adsorption technique was one of economical and eco-friendly strategies for the recycle of
PGMs*-¥. Among various adsorbents, the biocarbons exhibit potential benefits in the environmental remedia-
tion, energy conversion and storage?®->* due to their abundant functional groups, high mechanical and chemical
stability and renewable sustainability. For instance, the activated carbons and carbon nanotubes were prepared
from low-value biomasses (i.e., alkali silicate herbaceous and brewer’s spent grain biomasses) via two-stage
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activation for wastewater remediation®***. The results demonstrate the circular economy concept by upcycling
biowaste feedstocks for value-added applications. Also, the simple chemical modification of biocarbons can
further enhance the adsorption capacity and selectivity toward PGMs from a complex solution. The efficient
applications of sulfur-containing functional groups toward PGMs recovery were reported®~*°. However, very
limited studies on the thiourea/biocarbons as adsorbents for the adsorption of PGMs can be found.

It is estimated*! that the demand for coffee around the world has been increasing year by year. Therefore,
the spent coffee grounds (SCGs) are intensively produced and mostly used as fertilizers in the agriculture or
fume adsorbents in the household. In terms of zero-waste hierarchy for management of biomass (i.e., SCGs),
thermochemical conversion of SCGs may be a better route compared to other methods*2. To further enable the
volarization of SCGs, in this study, the thiourea-modified magnetic biocarbons (denoted as Tu-N-SCG-C-A),
which can be easily recovered with an external magnetic field, were prepared from SCGs by using physical (i.e.,
CO,) and chemical (i.e., KOH) activation under microwave irradiation. The surface of biocarbons was further
nitrogen-doped by microwave NH; ammoxidation***. Then, these biocarbons were cross-linked with thiourea
functional groups via glutaraldehyde. The physicochemical properties of Tu-N-SCG-C-A were examined by
various analytic methods [i.e., N, adsorption-desorption isotherms and elemental analysis (EA)] and spectros-
copies [i.e., X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), transmission electron microscopy
(TEM) and Fourier transform infrared spectroscopy (FTIR)]. The objectives of this research were to (1) synthe-
size and characterize the prepared Tu-N-SCG-C-A with various techniques and evaluate its feasibility to act as
an adsorbent in the recovery of Pt(IV) ions, (2) explore the adsorption kinetic, isotherm, thermodynamic studies
of Pt(IV) ions and study the effects of adsorbent dosages, pH and competitive adsorption, (3) and identify the
plausible adsorption mechanisms of Pt(IV) onto Tu-N-SCG-C-A.

Materials and methods

Chemicals. The SCGs which contained hemicellulose (30-40 wt%), lignin (25-33 wt%), cellulose (8.6-13.3
wt%) and protein (6.7-13.6 wt%)* were collected from cafeterias in Tainan city (Taiwan). To eliminate the
impurities, the SCGs were washed with boiled and distilled water till the colour of the water was no longer
turbid, followed by drying in an oven at 60 °C for 24 h. Afterward, the pre-treated SCGs would be stored in a
moisture-proof box for further biocarbon preparation. In this work, all chemicals were analytical reagent grade,
including (1) potassium hydroxide (KOH) and ammonia solution (NH;) from Sigma-Aldrich; (2) iron(III) chlo-
ride (FeCl;) and thiourea from Acros; (3) iron(II) sulfate heptahydrate (FeSO,7H,0) and glutaraldehyde from
Showa; and (4) platinum and palladium ICP standard were obtained from Merck.

Preparation of magnetic biocarbons.  Firstly, the SCGs were mixed with 0.2 M of FeCl; and FeSO,-7H,0
solution (2:1) in a ratio of 1:15. The mixture was well mixed at 60 °C for 2 h, followed by adding 2.5 M of NH;
solution slowly. The pH was adjusted to 12 and keep stirring for 1 h at 70 °C to generate Fe;O, on SCGs. After
drying at 60 °C, the samples were then carbonized at 700 °C in the atmosphere of CO, (flowrate =500 mL min™?).
The resultant samples were denoted as SCG-C. To further activate the biocarbons, the microwave-assisted KOH
activation was performed. About 1 g of prepared SCG-C samples were mixed with 3 g of KOH in 2.5 mL of
deionized (DI) water solution. After drying, the samples were heated under 700 W microwave oven (Milestone,
Ethos Easy) for 10 min in a N, flow of 100 mL min™'. After that, the activated samples were washed with DI
water until the filtrate reaching pH =7, which was named as SCG-C-A. In order to have more active sites in
the samples, N-doping treatment was carried out by irradiating 700 W microwave under an NH; atmosphere
for 10 min. The obtained samples were denoted as N-SCG-C-A. Thiourea-modified magnetic biocarbons were
further prepared. Firstly, ca. 2.5 g of thiourea was dissolved in 50 mL water and glutaraldehyde was used as the
crosslinker at 50 °C for 3 h in a reflux device. Afterward, ca. 1 g of the N-SCG-C-A sample was added into the
above mixture at 70 °C and kept stirring for 8 h. The obtained sample was denoted as Tu-N-SCG-C-A.

Characterizations of magnetic biocarbons. The XRD patterns were recorded by using a D8 DIS-
COVER (Bruker AXS Gmbh, Germany) diffractometer (Cu Ka, A =1.541 A) operated at 40 kV and 40 mA. The
identification of functional groups on biocarbons was performed by using a FTIR spectroscopy (Bruker TEN-
SOR 27). The elemental compositions of biocarbons were revealed by elemental analyzer (Elementar vario EL
III). The porosity and the Brunauer-Emmett-Teller (BET) surface area were measured by using a volumetric
analyser (Micromeritics ASAP 2020). The surface elemental speciations of biocarbons were analysed by employ-
ing XPS (PHI 5000 Versa Probe). The microstructures and morphologies of biocarbons were characterized by
using TEM (JEOL-2100F).

Batch adsorption experiments. Firstly, 50 mg L™ stock solution of Pt(IV) was prepared by respectively
dissolving certain amounts of H,PtCls-5H,0 in 0.1 M HCI solution. A series of adsorption tests including the
effect of adsorbent dosages, pH effect (pH =2-8), kinetics, adsorption isotherms, thermodynamics, adsorption
selectivity, adsorption-desorption and reusability were evaluated. Typically, 0.25 g of adsorbents was introduced
into a flask with 100 mL of Pt(IV) solution at 25 °C, followed by placing in a temperature-controllable shaker at
175 rpm for adsoprtion equilibrium. After adsorption, the concentrations of precious metals in the filtrate were
analyzed by an inductively coupled plasma-optical emission spectrometer (ICP-OES, JY ULTIMA 2000). The
equilibrium adsorption capacities (q., mg g™') of Pt(IV) on biocarbons were estimated by using the mathemati-
cal Eq. (1):
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Figure 1. (a) X-ray diffraction patterns, (b) FTIR spectra of various samples, (¢) XPS N 1 s and (d) S 2p spectra
of Tu-N-SCG-C-A.
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where C; and C, represent the initial and equilibrium metal concentrations (mg L™), V denotes the solution
volume (L) and M signifies the initial mass (g) of adsorbents.

The spent biocarbons were regenerated by using different mixtures of ethylenediaminetetraacetic acid
(EDTA)/HCl and thiourea/HCl solution to desorb metal ions. The selectivity adsorption of Pt (IV) onto prepared
biocarbons was investigated in the presence of the simulated metal ions (e.g., Pt(IV), Ni(II), Cu(II), Zn(II) and
Pb(II)) of spent catalysts from catalytic converter). The reusability of the prepared biocarbons for adsorption
and desorption of metal ions was carried out. The regenerated adsorbents were washed with DI water for several
times and then dried at 70 °C overnight before they were used for next batch adsorption.

Results and discussion

Physicochemical properties of prepared biocarbons. As shown in Fig. 1a, the XRD peaks at 26 of
30.3° 35.7°,43.4°, 53.8°, 57.0° and 62.6° observed for SCG-C are the characteristics of (220), (311), (400), (422),
(511) and (440) basal planes of magnetite (Fe;O,) (JCPDS No. 19-0629)*”#%. Upon activating SCG-C with micro-
wave-assisted KOH process (i.e., SCG-C-A), the structure of Fe;O, is almost intact. However, the peak intensity
of Fe;0, observed for N-SCG-C-A is noticeably decreased after microwave-assisted N-doping process. At the
same time, the peaks at 26 =44.8° and 41.8° are ascribed to the formation of a-Fe and Fe;C, respectively. Moreo-
ver, the crystalline phases of Fe;O, and a-Fe still can be found for Tu-N-SCG-C-A. The magnetic crystalline of
iron in the Tu-N-SCG-C-A biocarbons can be further verified via TEM images as can be seen in Fig. 2. The well-
identified Fe;O, (311) and a-Fe (110) lattice fringes with d-spacings of 0.253 and 0.202 nm***, respectively can
be observed. Furthermore, selected area electron diffraction (SAED) pattern confirms the above results, which
are in good accordance with aforementioned XRD.

The FTIR spectra were used to understand the functional groups on the biocarbons. As displayed in Fig. 1b,
the FTIR spectra of SCG-C and SCG-C-A show the similar patterns, which have broad bands at ca. 3343 cm™
attributing to the stretching vibration of hydroxyl functional groups (i.e., -OH)! and two peaks at ca. 1600 and
1400 cm ™! respectively relating to the vibrations of aromatic rings and the C-C stretching of aromatic groups®.
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Figure 2. High-resolution TEM and SAED images of Tu-N-SCG-C-A.

Sample Sger (m*/g) | Vi (cm®/g) | N (%) | S (%)
SCG - - 203 |0.06
SCG-C 256.6 0.18 176 | 026
SCG-C-A 320.9 0.18 029 | 0.09
N-$CG-C-A 202.6 0.15 075 |0.13
Tu-N-SCG-C-A | 138 0.05 179 | 049

Table 1. Textural properties of spent coffee grounds and their derived biocarbons.

Also, the shoulder at 564 cm™ is attributed to the Fe-O-Fe vibration of magnetite phase, again indicating
the existence of Fe;O, on the biocarbons®. The N-SCG-C-A biocarbons have broad features in the range
of 3200-3700 cm™!, indicating the presence of -OH and -NH groups. In addition, the peak at ca. 1038 cm™*
is attributed to vibration of C-N groups, implying the successful N-doping on the biocarbons®*. The peaks
observed for Tu-N-SCG-C-A biocarbons at ca. 1650, 1530 and 1378 cm™ are assigned to the C=N, N-C-N
and C=S stretching vibrations, respectively. The above FTIR features suggest that the thiourea has been suc-
cessfully modified on the magnetic biocarbons®->’. The amounts of N and S elements on the prepared biocar-
bons are summarized in Table 1. The N contents are decreased upon the carbonization and activation process.
After microwave-assisted N-doping, the N amounts are increased. It is worthy to note that the S content in the
Tu-N-SCG-C-A is increased to 0.49 wt% which is at least three times that of N-SCG-C-A, again proofing the
effective modification thiourea onto N-SCG-C-A biocarbons.

The porous structures of prepared biocarbons were studied by N, adsorption/desorption isotherms. In Table 1,
the BET surface areas and pore volumes of SCG-C and SCG-C-A are remarkably increased as compared to
that of SCG. However, the surface area of N-SCG-C-A is reduced, indicating that the N-doping via micro-
wave-assisted treatments may alter the structure. Because the pores of N-SCG-C-A could be occupied via the
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Figure 3. (a), (b) Effect of dosage on Pt(IV) adsorption capacities, (c) effect of pH on Pt(IV) adsorption and (d)
zeta potential of Tu-N-SCG-C-A.

glutaraldehyde cross-linking reaction between thiourea and SCGs, the surface area (13.8 m? g™!) and pore volume
(0.05 cm® g™') of Tu-N-SCG-C-A are decreased compared to those of N-SCG-C-A.

The high-resolution XPS N 1 s fitted spectrum of Tu-N-SCG-C-A is shown in Fig. 1c. The peaks at 399.0,
399.7 and 400.3 eV are assigned to nitrogen in the binding structure of =N-, -NH, and N-H, respectively which
indicates that the possible formation of imine® due to the cross-linking reaction via glutaraldehyde between
SCG and thiourea (also discuss later). The high-resolution XPS S 2p spectrum of Tu-N-SCG-C-A is shown
in Fig. 1d. The S 2p peak is composed of S 2p;;, and S 2p,;, at 163.6 and 167.9 eV, respectively, suggesting the
probable existence of C-S species.

Adsorption performance of Tu-N-SCG-C-A
Effect of dosages and pH. The effect of adsorbent dosages (0.5-3.0 g L™!) on the adsorption of Pt(IV)
(50 mg L") was evaluated by batch adsorption tests. Figure 3a, b illustrate that the Pt(IV) ions can be adsorbed
onto the biocarbons rapidly in the initial stage and reach the equilbrium with time. Upon loading the dosage to
1.5 g L', the adsorption rate can be increased to 98.3%. However, it takes ca. 90 min to reach the equilbrium for
the dosage of 1.5 g L™*. For the dosage of 2.5 g L™, the equilibrium can be achieved within 45 min. The increased
dosages can provide more availability of surface active sites on the adsorbents®®. The above results show that
the dosage of 2.5 g L™! is effective in terms of the maximum adsorption efficiency and rapid rate to equilibrium.
The influence of pH on the adsorption efficiency of Tu-N-SCG-C-A biocarbons between pH 2.0-8.0 is
presented in Fig. 3c. It can be found that the higher values of pH, the lower of adsorption capacity of Pt(IV) ions.
The highest removal efficiency of 99.4% Pt(IV) can be observed for Tu-N-SCG-C-A at pH =2.0. However, the
adsorption of Pt(IV) decreases to 88.0% at pH value =8.0. The effect of pH on the adsorption of Pt(IV) could
be explained by the point zero charge (pHypyc), as shown in Fig. 3d. The pHpy¢ of Tu-N-SCG-C-A biocarbons
is ca. 5.04. Whenever pH value is less than 5.04, the surface of adsorbents is charged positively, while charged
negatively at pH > 5.04. It was reported that the speciation of Pt(IV) varied with the concentration of Cl- and pH®.
In the range of low pH, the dominant species of Pt(IV) are [PtCls]>~ and [PtCl;(H,0)] . The zeta potentials of
Tu-N-SCG-C-A biocarbons become more negative as the pH>5.04 probably due to the deposition of more
OH™ on the Tu-N-SCG-C-A surface, which the electrostatic repulsion may occur. On the contrary, more NH,*
are formed on the Tu-N-SCG-C-A biocarbons. Thus, the surface charge of Tu-N-SCG-C-A is positive upon
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Pseudo first order
Qeexp (Mg g™") ki(min™") Qo (Mg g™") R’ SD(%)
19.97 0.035 23.65 0.8011 2.56

Table 2. Parameters of Pseudo-first-order kinetic model for Pt(IV) adsorption on Tu-N-SCG-C-A.

Linear
Qeexp (Mg g") | ka(gmg' min™) | o ca (mgg™) | R? SD (%)
19.97 2.81x107 20.12 0.9999 | 1.34
Non-linear
Qeexp (Mg g™") | ka(gmg' min™) | gy (mgg™") |R? SD (%)
19.97 5% 1072 20.12 09999 |1.27

Table 3. Parameters of Pseudo-second-order-kinetic model for Pt(IV) adsorption on Tu-N-SCG-C-A.

the pH < 5.04. Consequently, the protanation of amine groups on the Tu-N-SCG-C-A biocarbons results in an
electrostatic attraction of anionic metal complexes®*¢!,

Kinetics of Pt adsorption. In order to study the kinetics and the possible mechanisms of adsorption pro-
cess, the experimental data were elucidated by fitting with three kinetic models, namely, pseudo-first-order,
pseudo-second-order and intraparticle diffusion models. Tables 2 and 3 list the fitting parameters of pseudo-
first-order and pseudo-second-order kinetic models. The correlation coefficient (R?) and normalized standard

2
o Gt ,exp—4t cal)
o (A))floox,/z[iqtm }
deviation (SD:

(n=1)
pseudo-first-order model, the higher values of R?, the lower values of SD and better fitted between experimental
and calculated q, values obtained from both linear and non-linear pseudo-second-order kinetic models indicate
that the adsorption process of Pt(IV) onto Tu-N-SCG-C-A is reasonably interpreted on the basis of pseudo-
second-order kinetic model. The above result is in good accordance with plots in Fig. 4a, b. The pseudo-second
kinetic order model is based on the assumption that the rate-limiting step may be a chemisorption involv-
ing valance forces through sharing or exchanging electrons between adsorbent and adsorbate®?. The theoretical
adsorption capacity of adsorbents is calculated to be 20.12 mg g™! for Pt(IV). The fitting results have better cor-
relation to linear model with R?=0.9999. However, the values of SD of non-linear model are lower compared
to those of linear model, indicating that the non-linear model is the better expression to predict the kinetics of
Pt(IV) sorption onto Tu-N-SCG-C-A. The fitting results of both linear and non-linear pseudo-second-order
kinetic model are poltted in Fig. 4b. It also can be confirmed that the Pt(IV) adsorption onto Tu-N-SCG-C-
A have a better prediction by using the non-linear pseudo-second kinetic order expression. Based on Weber
and Morris’s theory®, intraparticle diffusion also can be used to investigate the adsorption kinectics. It can be
seen from Fig. 4c that the plots of g, versus t'/? consist of more than one step of adsorption process with three
distinct reigons. The adsorption process of Pt(IV) on adsorbents could be described as three consecutive steps:
(I) the bulk and film diffusion of Pt(IV) in solution; (II) internal diffusion on the surface of adsorbent; and (III)
chemical interaction at the surface of adsorbents®*%. The slopes of three adsorption steps are decreased upon
the increase of adsorption time, indicating that the adsorption rates are decreased due to the decrease of adsorp-
tion sites. At the same time, it is observed that the intercepts of three steps are increased by following the order:
region III>region II>region I. The aforementioned results suggest that the chemical interaction at the surface
of adsorbents is the rate-limiting step.

) are used to evaluate the fittness of these models. Compared to the

Adsorption isotherms and thermodynamics. In order to investigate the reaction behavior of adsor-
bents and adsorbates, the adsorption isotherms were employed. In this study, three adsorption isotherms at 298,
308, 318 and 328 K including Langmuir, Freundlich, and Temkin adsorption isotherms models were used to
evaluate the adsorption of Tu-N-SCG-C-A. As shown in Fig. 5, the experimental values of q. increase gradually
as the initial concentrations of Pt(IV) increase. Furthermore, the equilibrium concentrations gradually increase
as the temperatures increase. The fitting results of adsorption isotherm models and their derived parameters
are listed in Table 4. With the similar R? observed for Langmuir and Freundlich models, the SD values for
Pt(IV) adsorption of Freundlich model are smaller than those of Langmuir model. As reported previously®?, the
evaluation of error analysis by using SD values should be better than R? values for adopting the best-fitted iso-
therm model. Hence, the obtained results are indicative that both of the adsorption of Pt(IV) onto Tu-N-SCG-
C-A should follow Freundlich adsorption model, suggesting that the multilayer adsorption may be occurred
on the Tu-N-SCG-C-A. Meanwhile, the values of n which can be expressed as adsorption intensity between
adsorbents and the adsorbates are found to be greater than one, indicating the favorable adsorption of Pt(IV)
onto Tu-N-SCG-C-A®. Table S1 shows the Pt(IV) adsorption capacities of Tu-N-SCG-C-A and previously
reported adsorbents. The adsorption performance is mostly associated with the adsorbent preparation method
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Figure 4. (a) Pseudo first order, (b) comparison of the estimation of linear and non-linear regressions of
pseudo-second order model for Tu-N-SCG-C-A (red dash line: non-linear regressions; green dot line: linear
regressions) (c) adsorption kinetics of intraparticle diffusion model (operating conditions: 250 mg of biocarbons

and 50 mL of 50 mg L™ Pt(IV) solution, pH=2).
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Figure 5. Adsorption isotherms of Pt(IV) on Tu-N-SCG-C-A at different temperatures (298-328 K).
Operating conditions: 250 mg of biocarbons and 50 mL of 50 mg L™! Pt(IV) solution, pH =2) (red solid line:
Langmuir model; green dash line: Freundlich model; blue dot line: Temkin model).
Langmuir Freundlich Temkin
Temp Qon, exp (MG ™) q, (mgg™) Ki(L mg™) R? SD (%) Kr(L mg™) n R? SD (%) Kr(L mg™) R? SD (%)
298 K 41.35 54.56 0.92 0.9896 1.62 25.51 252 | 0.9412 1.14 11.65 09830 | 2.24
308 K 41.05 4263 2.75 09610 | 3.18 29.40 3.08 09927 |035 9.47 0.9888 1.69
318K 4220 38.35 20.20 0.9550 | 3.64 36.23 557 09649 | 0.83 541 0.9924 1.26
328K 42.76 41.51 35.52 09740 | 3.24 54.99 364 09892 |0.50 8.12 0.9951 1.03

Table 4. Parameters of Adsorption Isotherms including Langmuir, Freundlich and Temkin Models for Pt(IV)
on Tu-N-SCG-C-A.

AS°(Jmol! K)

AH°(k] mol™)

94.39

T (K) InK° | AG°(kJ mol™")
298 3.24 -8.03
308 3.38 -8.38
318 3.59 -8.89
328 4.01 -9.93

20.27

Table 5. Thermodynamic parameters of Pt(IV) adsorption on Tu-N-SCG-C-A.
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Figure 6. Effect of temperatures (298-328 K) on the adsorption capacities of Pt(IV) on Tu-N-SCG-C-A.
Operating conditions: 250 mg of biocarbons and 50 mL of 80 mg L™! Pt(IV) solution, pH=2.

and experimental conditions (e.g., adsorbent dosages, temperature, time, pH and agitation). The performance
of fabricated Tu-N-SCG-C-A is analogous to those of earlier reported adsorbents. It is noteworthy that the
microwave-assisted activation in the adsorbent preparation may provide time and energy-efficient route for
possible applications.

The thermodynamic parameters (AH®, AS® and AG®) observed for adsorption of Pt(IV) onto Tu-N-SCG-C-A
at four different temperatures (298, 308, 318 and 328 K) were calculated and summarized in Table 5. The values
of AG? are negative, showing that the adsorption processes of Tu-N-SCG-C-A are spontaneous. In particular,
AG® becomes more negative when the temperatures increase from 298 to 328 K, indicating that the adsorption
process is more favorable at higher temperatures. As confrimed in Fig. 6, the adsorption capacities of Pt(IV) are
increased as the temperatures are elevated from 298 to 328 K. As a result, the values of AH® are calculated to be
20.27 k] mol™" for Pt(IV), revealing that the interaction between Pt(IV) and the Tu-N-SCG-C-A is an endother-
mal adsorption process. As such, a large amount of heat is consumed to transfer metal ions from aqueous to the
solid phase. Also, it is in line with the increase of Pt(IV) adsorption capacity when the temperature is increased.
Moreover, the positive value of AS® (94.39 ] mol™ K™) is indicative of favorable Pt(IV) adsorption due to the
increased randomness at the solid/solution interface. The adsorption of Pt(IV) onto Tu-N-SCG-C-A is more
likely attributed to physical-chemical process because the standard enthalpy change is less than 80 k] mol™¢".

Selectivity, desorption and reusability. In order to evaluate the practical applications, the selective
adsorption of noble metals by using Tu-N-SCG-C-A was carried out. As shown in Fig. 7a, the adsorption
capacity and recovery efficiency of Pt(IV) observed for the Tu-N-SCG-C-A are the highest among all the met-
als (i.e., Ni(II), Cu(II), Zn(II) and Pb(II)). With high concentration of chloride, Pt(IV) ions should mostly exist in
the forms of [PtClg]*~ and [PtCl;(H,0)]" at the pH =2, which results in the higher affinity toward the protonated
functional groups on the Tu-N-SCG-C-A as compared to other metal ions (positively charged). The desorption
efficiency of adsorbed Pt(IV) ions was studied by using various concentrations of EDTA/HCI and thiourea/HCl
mixture solution. As shown in Fig. 7b, it can be found that the thiourea can effectively desorb Pt(IV) ions from
the Tu-N-SCG-C-A compared to EDTA solution. Moreover, the recovery efficiency is decreased in more acidic
solution. This result may be elucidated by weakening the electrostatic interactions between the Pt(IV) ions and
the Tu-N-SCG-C-A adsorbents®®. Among these desorption agents, 1 M thiourea/2% HCI mixture is the supe-
rior eluent for Pt(IV) recovery. To reveal the reusability of Tu-N-SCG-C-A, six adsorption-desorption tests
were carried out via batch experiments by using 1 M thiourea/2% HCI mixture as an eluent. After each batch,
the samples were collected by a strong magnet. As shown in Fig. 7c, the recovery efficiency of Tu-N-SCG-C-A
is almost intact after the six successive sorption-desorption cycles. The FTIR spectra (see Fig. S1a) show that the
thiourea functional groups observed for used Tu-N-SCG-C-A at 3682, 1580 and 1445 cm™! which are assigned
to the stretching vibrations bands of N-H, C=N and N-C-N, respectively, are similar to those of fresh Tu-N-
SCG-C-A. However, the lower intensity of peak at 497 cm™ (i.e., Fe—-O-Fe) for used Tu-N-SCG-C-A indicates
the slight loss of magnetic particles because of the erosion in acidic solution. As observed in TEM and EDS
elemental analysis (see Fig. SI1b and c), the Fe;O, nanoparticles are still existed in the Tu-N-SCG-C-A after six
cycles. Although the magnetic response of used Tu-N-SCG-C-A is decreased after six adsorption-desorption
runs, the Tu-N-SCG-C-A samples can be separated and recovered by the magnet within 15 s (see Fig. S1d).

Proposed adsorption mechanism. To further realize the adsorption mechanism of Pt(IV) ions onto
Tu-N-SCG-C-A, the spectra of biocarbons after Pt(IV) adsorption (i.e., Pt-Tu-N-SCG-C-A) were measured.
As proposed in Fig. 8, glutaraldehyde is used to cross-link amine group (-NH,) of thiourea and hydroxyl group
(-OH) of Tu-N-SCG-C-A. This result has been discussed in the aforementioned FTIR and XPS analysis. In the
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Figure 7. (a) Selective adsorption of Pt(IV), (b) desorption studies of various solvents and (c) regeneration and
reusability of Tu-N-SCG-C-A.
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Figure 8. Proposed adsorption mechanism of Pt(IV) onto Tu-N-SCG-C-A.

previous report®, the thioureas have several resonance structures which provide the adsorption sites for Pt(IV)
ions. To validate the adsorption mechanisms, FTIR and XPS spectra were carried out to study the interaction
between Pt(IV) and thiourea groups. As shown in Fig. 9a, the appearance of typical C-S stretching vibration
at 671 cm™ and the decreased intensity of typical C=S$ stretching absorption at 1378 cm™ suggest the conver-
sion of C=S to C-S$ in the resonance structure of thiourea. The stretching absorption of N-C-N at 1560 cm™ is
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Figure 9. (a) FTIR spectra of Tu-N-SCG-C-A and Pt-Tu-N-SCG-C-A, (b) XPS survey, (c) Pt 4f. and (d) S
2p spectra of Pt-Tu-N-SCG-C-A.

shifted to 1648 cm™, indicating that the N-C-N binding may have higher vibration energy after Pt(IV) adsorp-
tion. This finding may be due to the transformation of thioureas to the resonance structures. In addition, XPS
measurements were used to reveal the adsorption mechanism. In the full survey spectrum of XPS (see Fig. 9b),
the Pt 4f. peak can be observed for the Pt-Tu-N-SCG-C-A, indicating the successful accumulation of Pt onto
the adsorbents. Further high-resolution Pt 4f. XPS spectrum of Pt-Tu-N-SCG-C-A is shown in Fig. 9c. It can
be seen that the Pt 4f,,, spectrum could be deconvoluted into two peaks at 72.5 and 74.3 eV which are ascribed
to Pt(IV) and Pt(Il) ions, respectively®>*. As observed, some of Pt(IV) ions are reduced to Pt(II) after adsorp-
tion, which could be attributed to the reduction via C=N and ~OH groups on the Pt-Tu-N-SCG-C-A®. The S
2p XPS spectrum of Pt-Tu-N-SCG-C-A is deconvoluted and shown in Fig. 9d. Compared to the fitted peaks
observed for Tu-N-SCG-C-A (see Fig. 1d), the S 2p;,, and S 2p,, peaks (at ca. 164.2 and 169.0 eV, respectively)
are shifted to higher binding energies, which may be attributed to the coordination of S and Pt atoms®. The
aforementioned results confirm the formation pf Pt-S bonding after adsorption. However, the adsorption capac-
ity of Pt(IV) observed for Tu-N-SCG-C-A is ca. 0.22 mmol g”!, while the sulfur amount of Tu-N-SCG-C-A is
only 0.15 mmol g™}, implying that other adsorption mechanism (instead of Pt-S formation) may occur between
Tu-N-SCG-C-A and Pt(IV). In view of anionic (i.e., [PtClg]?") and cationic (i.e., Tu-N-SCG-C-A) properties
in acidic condition, the electrostatic interaction may also be involved in the adsorption process.

Conclusions

In summary, the magnetic biocarbons were prepared by carbonizing SCGs in the atmosphere of CO,, activat-
ing with microwave-assisted KOH process, N-doping treatments by microwave ammoxidation and modifying
thiourea by cross-linking via glutaraldehyde in this work. The adsorption kinetics and isotherms observed for
adsorption of Pt(IV) were well described by non-linear pseudo second-order model and Freundlich isotherm,
respectively, indicating the occurance of multilayer chemical adsorption on the surface of Tu-N-SCG-C-A.
The obtained thermodynamic data reveal that the adsorption of Pt(IV) onto the Tu-N-SCG-C-A can happen
spontaneously and endothermically. The Tu-N-SCG-C-A adsorbent is able to selectively uptake Pt(IV) ions
from simulated wastewater with mixed metal ions. In addition, Pt(IV) ions can be adsorbed and desorbed
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effectively up to six cyclic runs. From the results of FTIR and XPS spectroscopies, the adsorption mechanisms
are attributed to the formation of Pt-S bindings between Pt(IV) and thiourea via the resonance structures.
Also, the electrostatic attraction between anionic form of [PtClg]?>~ and cationic form of Tu-N-SCG-C-A may
be involved in the adsorption process. Further grafting more thiourea onto the biocarbons may enhance the
adsorption performance. The prepared Tu-N-SCG-C-A adsorbents via energy and time-efficient route are
prospective for recovery of noble metals owing to their superior adsorption performance, low-cost and envi-
ronmental friendliness.
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