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Abstract

The thiourea grafting method can effectively improve the ability of activated carbon to
recover chloroauric acid (AuCly~). Conventional grafting strategies rely on acyl halide
reactions using reagents such as SOCl, and CH,Cl,, which suffer from instability and
high toxicity. Herein, we propose a green grafting strategy for thiourea by activating
carboxyl groups with EDC-HCI/NHS in acetonitrile, followed by the amidation reaction to
obtain thiourea-modified carbon (AC-NCS). FT-IR and XPS analyses confirm the successful
grafting of thiourea onto the activated carbon surface. Compared with pristine activated
carbon, the adsorption capacity of AC-NCS is 104.8 mg/g, increased by 5.76 times. Fur-
thermore, it maintains a recovery rate of 84.2% after three cycles. XPS and FT-IR further
reveal that adsorption occurs on the thiourea sulfur atoms (C=S) and protonated primary
amines(-NH3"), and the recovery of chloroauric acid is achieved through a synergistic
“reduction—electrostatic attraction” mechanism. This method reduces the dependence
on highly toxic reagents and provides a promising approach for the efficient and green
recovery of gold from secondary resources.

Keywords: efficient gold recovery; amidation; thiourea; green synthesis

1. Introduction

Gold is a precious metal known for its outstanding physicochemical properties. Its
electrical conductivity and thermal conductivity are 41.0 x 10° S/m and 318 W/(m-K),
respectively, second only to those of silver and copper. Gold is relatively soft, resistant to
oxidation and acid corrosion, and excessive mining has imposed severe pressure on the
ecological environment. These characteristics render gold widely applicable in numerous
fields [1]. However, the difficulty and cost of gold mining have been increasing annually,
and excessive mining imposes significant pressure on the ecological environment [2]. At
the same time, the loss of gold during its subsequent production and application cannot
be ignored—this process is often accompanied by the discharge of large volumes of gold-
containing wastewater. If left untreated, this directly results in the loss of gold resources [3].
Recently, recycling valuable resources from wastewater has gained increasing attention.
The approaches highlight the potential of waste-to-resource strategies [4]. Therefore, the
efficient recovery of gold from wastewater is not only a necessary measure to reduce
resource waste but also helps to lower the demand for primary gold mining.

Currently, the methods for recovering gold from wastewater mainly include solvent
extraction [5], membrane separation [6,7], reduction [8], and adsorption [9]. Among them,
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adsorption is particularly suitable for gold-containing wastewater with complex composi-
tions and low gold concentrations, and is thus the most widely applied [10,11]. For exam-
ple, Ren et al. designed a magnetically driven MXene/Graphene oxide hydrogel, which
enables highly selective gold recovery from strong acidic wastewater. Through a “magnetic-
adsorption-reduction” synergistic mechanism, the adsorption capacity is 2821.8 mg/g and
gold purity of 99.9%, demonstrating that integrating adsorption and reduction functions
into a single material is a promising strategy for efficient gold recovery [12].

As the most widely used material in adsorption methods, activated carbon offers
several advantages, including low cost, high stability, and a large specific surface area. It
has been widely applied in the recovery of gold from cyanide leaching tailings [13-15]. It
has been demonstrated that the adoption of different activation strategies can potentially
enhance the adsorption capacity of activated carbon toward specific molecules [16]. How-
ever, activated carbon has limited inherent active sites and its surface carries negatively
charged oxygen-containing groups, which electrostatically repel the similarly negatively
charged, bulky gold—chloro complex anions, thereby impeding their adsorption and recov-
ery. In view of the strong coordination ability of thiourea toward gold ions, functionalizing
activated carbon with thiourea offers a feasible solution to this problem [17].

According to different modification routes, the strategies for enhancing gold adsorp-
tion performance using thiourea can be classified into three categories: (1) Physical mixing
-impregnation: thiourea is loaded onto AC via hydrogen bonding or physical adsorption,
requiring only mixing, impregnation, and drying. Although simple to operate, the loaded
thiourea is prone to detachment and loss under mechanical agitation, significantly reduc-
ing the adsorption lifetime [18]. (2) High-temperature pyrolysis: thiourea and AC are
co-pyrolyzed under a protective atmosphere, and the nitrogen and sulfur atoms derived
from thiourea decomposition are incorporated into the carbon lattice, forming N,S-doped
carbon. The mechanism of gold recovery by this material is fundamentally different from
that of thiourea [19]. (3) Chemical grafting method: Thiourea molecules are anchored onto
the AC surface via covalent bonds, improving its adsorption selectivity. The electrophilicity
of the carboxyl groups on the activated carbon surface is relatively weak, resulting in low
grafting efficiency. In the laboratory, acyl halide reactions are commonly employed to
activate the carboxyl groups on activated carbon to promote grafting [20,21]. However, this
system involves reagents such as thionyl chloride and dichloromethane, its instability and
high toxicity are inconsistent with the concept of green synthesis.

In light of this, the present study reports a more environmentally friendly and
efficient method for the grafting of thiourea onto activated carbon. By employing N-
Hydroxysuccinimide/1-Tthyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride cou-
pling reagents, a relatively stable activated carboxyl intermediate was obtained, and the
thiourea-grafted modified carbon, designated as AC-NCS, was successfully prepared.
Based on this, the recovery behavior and adsorption mechanism of this material toward
chloroauric acid were further investigated.

2. Characterization and Preparation
2.1. Characterization

Fourier transform infrared (FTIR) spectra were recorded on a Nicolet iS5 spectrometer
(Thermo Fisher Scientific Inc., Waltham, MA, USA) to analyze the surface functional
groups of the samples. Prior to measurement, a background spectrum was collected using
thoroughly dried KBr (purity 99%) as the reference. The dried sample was then mixed with
KBr at a mass ratio of 1:100 and ground to a fine powder. The mixture was pressed into
a transparent pellet for analysis. The spectra were acquired in the wavenumber range of
4000-400 cm~! with a resolution of 4 cm~!, and 16 scans were co-added per spectrum.
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X-ray photoelectron spectroscopy (XPS) was performed on an AXIS SUPRA+ X-ray
photoelectron spectrometer (Shimadzu Corporation, Kyoto, Japan) using monochromatic
Al Ka radiation (hv = 1486.6 eV) operated at 150 W, and the pass energy for high-resolution
spectra was set to 50 eV. All binding energies were calibrated with reference to the C 1s
peak at 284.8 eV.

The structure of the powder samples was characterized using an InVia confocal Raman
spectrometer (Renishaw plc, Wotton-under-Edge, UK). The powder samples were evenly
spread onto a concave quartz glass slide and focused using a 50 x objective lens. The laser
wavelength was 532 nm, and the grating was 1800 lines/mm.

The morphology and surface elemental composition of the samples were characterized
using a JSM-IT800 scanning electron microscope (SEM) (JEOL Ltd., Akishima, Japan). The
specific surface area and pore structure of the samples were analyzed by nitrogen adsorption—
desorption measurements using an ASAP 2460 surface area and porosity analyzer (Micromerit-
ics Instrument, Norcross, GA, USA). Prior to the measurement, the sample was degassed
at 160 °C for 2 h to remove physically adsorbed water and gases. Nitrogen adsorption—
desorption isotherms were measured at liquid nitrogen temperature (77 K).

The concentration of metal ions in the solution samples was determined using a
PQ9000 inductively coupled plasma optical emission spectrometer (ICP-OES) (Analytik
Jena AG, Jena, Germany). The calibration curve was constructed using standard solutions
with a series of concentration gradients, which were prepared by diluting national standard
samples. Prior to measurement, all samples were filtered through a 0.22 um polytetrafluo-
roethylene (PTFE) membrane filter. Calibration curves were constructed based on these
standard solutions, and the correlation coefficient (R?) was required to be no less than 0.999.
The concentration of each test sample fell within the range of the calibration curves.

2.2. Preparation of Thiourea-Grafted Modified Carbon (AC-NCS)

Commercial activated carbon was first oxidized according to the method reported
by Figueiredo [22]. All reagents used for the synthesis in this work are listed in Table S1.
Typically, 200 mg of commercial activated carbon was mixed with 100 mL of 6 mol/L
H,SOy4 solution at 60 °C for 4 h. The resulting solid was washed with deionized water until
the washing solution reached a neutral pH, and then dried in an oven at 80 °C for 24 h
to obtain the oxidized activated carbon. Subsequently, 100 mg of the oxidized activated
carbon and 17.3 mg of NHS were placed in 50 mL of acetonitrile and mixed at 60 °C under
stirring at 300 r/min for 10 min to ensure sufficient penetration of NHS into the pores of
the activated carbon. Then, 47.9 mg of EDC-HCl was quickly added, and the reaction was
allowed to proceed at 60 °C under stirring at 300 r/min for 3 h. After the reaction, the
mixture was vacuum-filtered, and the solid was washed three times with acetonitrile to
remove the reaction intermediates, yielding the modified carbon with grafted activated
carboxyl groups. Thereafter, 76 mg of thiourea and 2.4 mg of 4-dimethylaminopyridine
(DMAP), used as an acylation catalyst, were rapidly mixed with the above modified carbon
in 50 mL of acetonitrile. The reaction mixture was maintained at 60 °C in a water bath for
12 h. The preparation process is shown in Figure 1. Upon completion, the activated carbon
was collected, washed repeatedly with ethanol and water, and finally dried at 60 °C for 6 h
to obtain the thiourea-grafted modified carbon, designated as AC-NCS.
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Figure 1. Schematic illustration of the grafting reaction.

3. Results

3.1. Structural Characterization of Thiourea-Grafted Activated Carbon
3.1.1. Raman Spectroscopic Characterization and Analysis

Raman spectroscopy was employed to detect the structural changes in activated
carbon before and after thiourea grafting, and the results are shown in Figure 2. The D band
and G band of carbon appear at 1355 cm~! and 1591 cm ™!, respectively, corresponding
to the degree of atomic disorder in the carbon layer structure and the graphitization
crystallinity [23].

AC
——AC-NCS

Intensity(a.u.)

I,/1.=1.16

300 600 900 1200 1500 1800
Raman shift(cm ™)

Figure 2. Raman spectra of activated carbon before and after thiourea grafting.

As shown in Figure 2, after thiourea modification, the Ip/Ig ratio increased from
0.80 to 1.16, indicating an increase in the disorder degree of activated carbon. Prior to
thiourea grafting, the activated carbon was subjected to sulfuric acid etching to introduce
sufficient carboxyl groups, providing abundant active sites for subsequent covalent grafting
of thiourea. During the oxidation process, the well-ordered graphitic carbon structure on
the activated carbon surface was oxidized, generating a substantial amount of amorphous
carbon bearing oxygen-containing functional groups, which disrupted the integrity of the
lattice atomic arrangement. Meanwhile, the oxidizing environment of hot acid etching
caused certain corrosion to the carbon skeleton, readily inducing structural defects such as
pore wall collapse and crystal wrinkles, further increasing the structural disorder of the
carbon material from a physical structure perspective. Overall, the Raman spectroscopic
characterization results indicate that the two-step process of sulfuric acid oxidation pretreat-
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ment followed by covalent thiourea grafting collectively enhances the structural disorder
of activated carbon and provides more active sites for the grafting of thiourea molecules.

3.1.2. Study on Surface Morphology and Pore Structure

The morphology and microstructure of AC-NCS were measured: As shown in
Figure 3a, SEM images showed a smooth surface morphology, and EDS mapping revealed
that the distribution of O, S, and N elements closely followed that of the carbon matrix
(Figure 3b—d). The mass ratio of O:N:S was determined to be approximately 6.7:3.2:1
by EDS quantification. This low sulfur content implies that the free hydroxyl groups
on the acid-etched carbon surface are not efficient anchoring sites for thiourea grafting.
BET analysis (Figure 3e,f) demonstrated that the specific surface area increased from 583
to 841 m?/g after modification, suggesting that acid etching generated additional pore
channels—a conclusion supported by the increased amorphous carbon ratio observed
in Raman spectra. Overall, the acid etching and subsequent thiourea functionalization
produce an activated carbon with an enlarged specific surface area and abundant N- and
S-active sites, both of which are favorable for the adsorption of chloroaurate ions.
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Figure 3. (a-d) SEM image of AC-NCS and distribution of O, S and N, (e,f) BET isotherm of AC
(before grafting) and AC-NCS (Yellow curve for AC and blue curve for AC-NCS).
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3.1.3. FT-IR Spectroscopic Characterization and Analysis

To verify the successful occurrence of the amidation reaction and thiourea grafting,
FT-IR spectra of the activated carbon samples before and after the reaction, as well as of
AC-NCS, were recorded, and the results are shown in Figure 4. Before modification, only a
small amount of bound water was present on the activated carbon surface. The absorption
peaks at 1380 ecm~1 1132 em~1, and 1085 cm ™! are attributed to the vibration modes of
the conjugated aromatic ring, saturated C—H bonds, and the mixed carbon chain skeleton,

respectively [24].
— AC
AC-NCS
- \
3 1745:-C=0- 1574:-RN-H {184..C=S
.‘? 1651:-C=0-NH
72} e )
2 N
= 3438:N-H/O-H
L)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cm ')

Figure 4. FT-IR spectra of activated carbon before and after grafting.

After the grafting reaction, a set of medium-intensity absorption peaks with similar
intensity and relatively broad shapes appeared in the range of 13861692 cm~!. Among
them, the peak at 1651 cm~! corresponds to the stretching vibration of the amide C=0O
group, while the peaks at 3438 cm~! and 1574 cm ™! are assigned to the stretching and
bending vibration modes of N-H, respectively [25,26]. The peak at 1184 cm ! is attributed
to the C=S stretching vibration, whose wavenumber is relatively low due to the electron-
donating conjugation effect [27]. These spectral changes indicate that the amidation reaction
proceeded successfully and that the oxidized activated carbon was converted into the
thiourea-grafted modified carbon AC-NCS. Additionally, the weakest signal at 1745 cm ™!
suggests that the number of carboxyl grafting sites introduced onto the activated carbon
surface by strong acid oxidation remains limited.

3.1.4. XPS Surface Elemental Characterization and Analysis

To further confirm whether thiourea was covalently loaded onto the activated carbon
surface, X-ray photoelectron spectroscopy (XPS) analysis was performed. The survey
spectrum (Figure 5) shows that the sample surface is primarily composed of C and O
elements, along with characteristic S 2p and N 1s signals appearing near 162-170 eV and
398-410 eV, respectively.

The unmodified carbon was characterized using XPS. The survey spectrum showed
almost no N or S signals (Figure 5a), and the high-resolution C 1s spectrum indicated only
a few oxygen-containing functional groups on the surface (Figure 5b). The high-resolution
C 1s spectrum of AC-NCS was deconvoluted (Figure 5d), with fitted peaks at 284.8 eV,
285.9 eV, 287.2 eV, and 288.5 eV corresponding to the backbone sp? and sp® hybridized
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carbon atoms, C-NH carbon atoms in the grafted structure, the C=S carbon of the amide
group, and the surface C-O/C=0 oxidized carbon, respectively.
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Figure 5. (a) XPS survey spectrum of active carbon (AC), (b) high-resolution C 1s spectrum of AC,
(c) XPS survey spectrum of AC-NCS, (d) high-resolution C 1s, (e) N 1s, and (f) S 2p spectrum.

Analysis of the high-resolution N 1s spectrum (Figure 5e) reveals that the peak at
407.67 eV corresponds to high-valence nitrogen atoms originating from residual quaternary
ammonium intermediates, which play no role in gold recovery. Excluding the high-valence
nitrogen, the fitted peak at 398.98 eV shows the largest area, accounting for 51.64%, and
is attributed to -NH; groups not involved in the grafting reaction. The peak at 400.10 eV
corresponds to the nitrogen atom of the amide bond, accounting for 41.93%. A small
fraction of nitrogen species with a higher binding energy (402.18 eV) is observed, which
is speculated to arise from weak hydrogen bonding between surface hydroxyl groups
and -NHj, or from resonance between aromatic carbon and grafted nitrogen atoms, as
also reported in the literature [28-30].The high-resolution S 2p spectrum (Figure 5f) can
be deconvoluted into four peaks. The peaks at 163.93 eV and 165.17 eV correspond to
the sulfur atoms of thiourea, while the peaks at 167.74 eV and 168.92 eV are attributable
to unreacted NHS and its active esters, as well as residual oxidized SO42~ species [31].
The appearance of these signals confirms that thiourea molecules are chemically linked
to the activated carbon surface via amide bonds, thereby improving the grafting stability.
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Combining the FI-IR and XPS results, it is confirmed that thiourea has been successfully
grafted onto the activated carbon surface through the amidation reaction.

3.2. Adsorption Behavior Study

To investigate the adsorption behavior and mechanism of chloroaurate ions on the
modified activated carbon, the effect of enhanced mass transfer under different stirring
rates on the adsorption performance was first examined. On this basis, the adsorption
capacity, adsorption isotherms, and adsorption thermodynamics of the modified activated
carbon were studied.

3.2.1. Effect of Stirring Speed on Adsorption Kinetics

A 100 mL aliquot of low-concentration chloroauric acid solution (measured concentration:
15 £ 0.5 mg/L) was prepared, and 10 mg of modified activated carbon was added. The
mixture was stirred at room temperature at speeds of 0, 100, 200, and 300 r/min, respectively.
The concentration of AuCly ™ in the solution was monitored at different time intervals.

As shown in Figure 6, two minutes after the addition of the adsorbent, the concen-
tration of AuCly~ decreased by 0.66, 3.36, 3.97, and 4.3 mg/L at stirring speeds of 0, 100,
200, and 300 r/min, respectively. Visual observation during the initial stage of adsorption
revealed that at a stirring speed of 0 r/min, the activated carbon tended to aggregate and
float on the liquid surface due to its low density and insufficient surface wetting, which
limited effective contact with AuCly~. Upon the introduction of stirring, as the rotational
speed increased, the fluid shear force gradually dispersed the activated carbon particles,
significantly enhancing the solid-liquid contact efficiency and facilitating rapid migration
of AuCly~ toward the adsorbent surface. At stirring speeds of 100, 200, and 300 r/min, the
half-life of the AuCly~ concentration was shortened from approximately 120 min to 30 min.
Under static adsorption conditions (0 r/min), although a certain adsorption capacity was
observed within 120 min, the actual adsorption capacity fluctuated. This phenomenon is
speculated to arise from the weak interaction between the primary amine groups and gold
ions, indicating that the system had not yet reached adsorption equilibrium. In this case,
AuCls™ had not been reduced to the elemental state and was only transiently captured at
the solid-liquid interface. When the stirring speed was increased to 300 r/min, adsorption
reached equilibrium within 120 min, suggesting that this stirring speed is more favorable
for the adsorption of low-concentration gold solutions. Therefore, a stirring speed of
300 r/min was selected for subsequent experiments.

18

—o—r=0
r=100

—o—r=200
r=300

16

14

12

10

Concentration of Au*'(ppm)

2 1 L 1 1 L L L
0 20 40 60 80 100 120

Time(min)

Figure 6. Effect of stirring speed on the adsorption of chloroauric acid.
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3.2.2. Adsorption Isotherm Study

To investigate the adsorption performance of the obtained modified carbon toward
gold, the adsorption capacity was measured at different initial concentrations. Chloroauric
acid solutions (50 mL, pH = 1) with initial concentrations of 4, 8, 16, 32, and 50 mg/L
(error & 0.5 mg/L) were prepared. The mass of adsorbent used was 10 mg (error £ 0.2 mg).

The fitting results are shown in Figure 7. The correlation coefficient (R?) obtained
from the Langmuir model was 0.9226, and the fitted maximum adsorption capacity was
109.54 mg/g, which was closest to the experimentally measured adsorption capacities
(104.18 and 104.76 mg/g at initial concentrations of 32 and 50 mg/L, respectively). In
contrast, the correlation coefficient for the Freundlich model was only 0.6601 (Table 1).
These results indicate that (1) the adsorption is dominated by monolayer adsorption.
Thiourea is grafted onto the activated carbon surface rather than into pores or collapsed
multilayer topological regions, and the homogeneous surface serves as the main site for
adsorption. (2) In the Freundlich model, n = 5.02, suggesting that the chemisorption of
gold through the interaction between the sulfur atoms of thiourea and Au proceeds as
expected. The relatively low correlation coefficient indicates that other mechanisms are
involved in the gold recovery process besides chemical reduction. This is attributed to the
fact that some primary amine groups do not participate in the amidation reaction and, upon
protonation, undergo electrostatic interactions with the negatively charged chloroaurate
ions [17], leading to the fitting models not fully describing the adsorption process.

120
° °
100 /
80 9
o [
=~ /
&b
E G |
o |
40r T @ Experimental data
‘ — Langmuir isotherm
20t,
0 5 10 15 20 25 30
C (mg/L)

Figure 7. Adsorption isotherms of AC-NCS and fitting curves by Langmuir and Freundlich models.

Table 1. Parameters of Langmuir and Freundlich isotherm models for AC-NCS.

Langmuir Adsorption Isotherm Freundlich Adsorption Isotherm
Je Ky 2 K 2
R R
(mg/g) (L/mg) - ((mg/g)(L/mg))!/" !
109.54 1.84 0.9226 5.02 56.54 0.6601

3.2.3. Adsorption Thermodynamics Study

The effect of temperature on the adsorption rate and kinetics was investigated: 50 mL
of low-concentration AuCly~ solution was prepared, and 10 mg of AC-NCS was added.
The concentration of AuCly~ in the solution was measured at regular intervals at 293 K,
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313 K, 333 K, and 353 K, and the corresponding adsorption capacities were calculated. The
results are shown in Figure 8a,b.

(a) 35t T=203K (b) 100
£ T=313K =
2 30t T=333K St
= T=353K £ 80r
% B
< ‘2
- 60 L
< 20 §_
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Figure 8. (a) Time-dependent concentration of AuCly~ at different temperatures, (b) adsorption
capacity at different temperatures, (c) Van’t Hoff plot for thermodynamic parameters, (d) Elovich
model fitting plot for the adsorption of gold ions.

Under enhanced mass transfer conditions, the concentration of chloroauric acid de-
creased rapidly and nearly reached equilibrium within 2 h. The equilibrium concentrations
were 3.52,1.88, 0.70, and 0.50 mg/L, respectively. By calculating the adsorption thermody-
namics (Figure 8c), the enthalpy change (AH) before and after adsorption was determined
to be 29.74 kJ /mol, indicating that the adsorption process is endothermic, and increasing
the temperature favors the forward adsorption reaction. Furthermore, the entropy change
(AS) of the reaction was 129.03 ]/ (mol-K), suggesting the dissociation of chloroaurate ions
into gold atoms and chloride ions during the adsorption process [22]. According to the
fitted equation, the Gibbs free energy at room temperature (25 °C) was calculated to be
—8.08 kJ/mol, confirming that the reaction proceeds spontaneously at ambient temper-
ature. However, the increase in temperature resulted in only a limited enhancement of
the adsorption capacity, with a slightly better effect on the adsorption rate. Considering
the susceptibility of thiourea to decomposition and the oxidative environment on the ac-
tivated carbon surface, excessively high adsorption temperatures should be avoided. To
further elucidate the adsorption kinetics under the enhanced mass transfer conditions,
the experimental data under 20 °C were fitted with the Elovich kinetic model. As shown
in Figure 8d and Table 2), the Elovich model yielded an excellent correlation coefficient
(R? = 0.996) for the adsorption of chloroauric acid onto AC-NCS. This good fit suggests that
the adsorption of gold species involves a chemisorption mechanism with an energetically
heterogeneous surface, which is consistent with the presence of thiourea functional groups
acting as active sites.
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Table 2. Kinetic parameters of the Elovich model for AC-NCS.

Elovich Model
A (mg/(g-min)) B (g/mg) Re?
10,761.23 0.126 0.99644

3.2.4. Adsorption Kinetics Study

The linear fitting results of the pseudo-second-order model are shown in Figure 9.
The pseudo-first-order model gave relatively high correlation coefficients at lower tem-
peratures (293 K and 313 K), with R? values of 0.8876 and 0.9078, respectively. However,
when the temperature was raised to 333 K and 353 K, the pseudo-first-order model could
only reasonably describe the adsorption behavior within the first 30 min and 10 min of
adsorption, respectively, with linear correlation coefficients of 0.9523 and 0.9927 (Figure S1).
This is consistent with the conclusion that increasing temperature promotes the reductive
recovery of AuCly ~. As the concentration of surface active sites continues to decrease, the
adsorption kinetics become severely limited, and the reduction no longer occurs only on
the surface but extends into the deep pores, exhibiting adsorption behavior influenced by
diffusion kinetics.
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Figure 9. Pseudo-second-order kinetic linear plots for gold adsorption at (a) 293 K, (b) 313 K, (c) 333 K,
and (d) 353 K.

The correlation coefficients for the pseudo-second-order model fittings were all above
0.99, confirming that chemisorption dominates the adsorption process. As the temperature
increased, the pseudo-second-order rate constant decreased from 0.0101 to 0.0099, which
is attributed to the instability of the grafted thiourea molecules at elevated temperatures.
The adsorption capacity was only marginally affected by temperature within 2 h; when the
thiourea grafting density was similar, the dispersibility and mass transfer capability of the
adsorbent itself became the determining factors.
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3.2.5. Adsorption Selectivity Study

Adsorbents often suffer from insufficient selectivity because active sites bind to other
metal ions, resulting in inadequate AuCly~ recovery. Therefore, the selective recovery
capacity of the modified carbon toward AuCly ~ was investigated. A simulated real solution
containing 5 & 0.5 mg/L gold ions and 100 £ 15 mg/L metal impurity ions (pH = 1) was
prepared at an atomic mass ratio of 1:20. The results are shown in Figure 10:
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Figure 10. Adsorption selectivity experiment.

Due to the low concentration of AuCly ~, its concentration decreased from 5.50 mg/L
to 0.31 mg/L within 5 min and remained essentially stable over the next half-hour (with
a concentration fluctuation of only 0.3 mg/L within 30 min). Within the first 5 min, the
concentrations of Mg2+, Fe3*, Cu?*, and Ni2* decreased by less than 2 mg/L, while Zn%*
exhibited the largest decrease of 4.4 mg/L. The adsorption capacities of the modified carbon
toward gold and the other metal ions at 5 min and 30 min were calculated, and the results
are shown in Table 3.

Table 3. Adsorption capacity of modified carbon for various metal ions at 5 min and 30 min.

Au Cu Mg .
(mg/g) (mg/g) (mg/e) Zn (mg/g) Fe (mg/g) Ni (mg/g)
5 min 51.9 241 13.3 404 19.0 5.3
30 min 52.3 39.9 249 51.6 41.1 24.0

As shown in Table 3, the competition between Zn?* and AuCl,~ was pronounced
within the first 5 min. This is because Zn?* is a borderline acid belonging to the soft acid
category, which has a certain affinity for the soft base sulfur atoms, thereby competing
with gold for active sites [32]. Considering that the concentration of Zn?>* was much
higher than that of AuCly~, AC-NCS still exhibited good selectivity. Furthermore, under
acidic conditions, iron ions catalyze the oxidative decomposition of thiourea functional
groups, generating formamidine disulfide and even elemental sulfur. This accounts for the
significant decrease in Fe3* concentration observed after 30 min.
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3.2.6. Cyclic Adsorption Performance Study

The cyclic performance of the modified carbon was investigated through repeated
adsorption—desorption experiments to evaluate its practical application potential. The
specific experimental procedure was as follows: 100 mL of a 20 mg/L chloroauric acid
solution was prepared, and 10 mg of the thiourea-modified carbon was added. The adsorp-
tion was carried out for 1 h, after which the concentration of AuCl,~ in the supernatant
was measured. For desorption, 50 mL of an eluent consisting of 0.1 M thiourea, 0.1 M
H,S0y, and 0.25 M iron ions was prepared. The modified carbon loaded with gold was
ultrasonically eluted for 30 min. After desorption, the modified carbon was separated,
washed, and dried at 60 °C. It was then directly used for the second adsorption cycle
under identical conditions. This procedure was repeated four times. The recovery rate was
calculated based on the residual AuCl; ™ concentration in the solution after each cycle. The
results are shown in Figure 11.
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Figure 11. Cyclic recovery efficiency.

During the five adsorption cycles, the gold ion concentrations in the supernatant
were 0.45,1.33, 3.16, 7.21, and 8.55 mg/L, respectively, corresponding to a gold recovery
efficiency of 57.25% after five cycles. The results indicate that the recovery efficiency of
the modified carbon gradually decreased with increasing cycle number. This is attributed
to the presence of Fe3* jons in the eluent, which, under acidic conditions, damage the
C=S bonds of the grafted thiourea molecules, leading to a gradual decline in adsorption
capacity [33]. After three cycles, the thiourea-modified carbon maintained a recovery rate
of 84.2%, demonstrating good reusability.

3.2.7. Comparison of Adsorption Capacity Before and After Modification

To evaluate the enhancement of gold adsorption performance by thiourea grafting,
10 mg each of unmodified commercial activated carbon (AC), oxidized activated carbon
(Oxide-AC), and AC-NCS were added to 50 mL of a 30 mg/L chloroauric acid solution.
The mixtures were adsorbed at room temperature under stirring at 300 r/min for 1 h. The
adsorption capacities were measured and compared, and the results are shown in Figure 12.
After oxidation, the adsorption capacity of activated carbon decreased slightly, which is
attributed to the increased negative surface charge of the oxidized activated carbon, which
hinders the adsorption of AuCl,~. After modification, the adsorption capacities of activated
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carbon were increased by factors of 5.76 and 5.99, respectively, fully demonstrating that
this grafting strategy significantly enhances the adsorption capacity of activated carbon
toward AuCly ™.
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Figure 12. Comparison of adsorption capacity.

3.3. Exploration of Adsorption Mechanism
3.3.1. XPS Photoelectron Spectroscopy Analysis

To elucidate the mechanism of gold ion adsorption and recovery by the adsorbent,
the surface chemical states of the samples before and after adsorption were analyzed by
XPS, and the results are shown in Figure 13. After adsorption, characteristic Au 4f peaks
were detected in the binding energy range of 83-91 eV (Figure 13b). The peak-fitting results
indicate that three valence states of gold exist on the surface of the modified carbon after
adsorption: Au(0) (4f;/, = 84.0 eV), Au(l) (4f;/, =85.1 eV), and Au(Ill) (4f;/, = 86.3 eV),
with relative contents of 63.04%, 20.93%, and 16.03%, respectively. SEM observations
(Figure S2) further confirm that gold is predominantly present in its elemental state on
the adsorbent surface. The predominant presence of Au(0) suggests that reduction is an
important driving force in the gold recovery process. The co-existence of Au(I) and Au(III)
indicates that a portion of the gold remains on the surface in ionic form and has not been
fully reduced.

The N 1s peak-fitting results after adsorption (Figure 13c) show that the binding
energy of the amide groups (400.34 eV) did not change significantly, indicating that the
nitrogen atoms of the amide bonds do not participate in gold recovery. The binding energy
of the protonated amino groups shifted from 402.15 eV before adsorption to 403.18 eV after
adsorption, suggesting that the electron cloud density around the nitrogen atoms of the
protonated primary amines decreased during adsorption, thereby acting as positive centers
to capture AuCly~ through electrostatic attraction. In Figure 13d, the binding energy of the
sulfur atoms of thiourea increased slightly (by 0.2 eV), which is due to the partial transfer
of electrons from sulfur to gold ions, resulting in mild oxidation of sulfur.

The above XPS results indicate that the adsorption mechanism of the modified carbon
toward gold is a synergistic “reduction—electrostatic adsorption” effect.
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Figure 13. (a) XPS survey spectrum after adsorption, (b) high-resolution Au 4f, (c) N 1s, and (d) S
2p spectra.

3.3.2. FT-IR Characterization and Analysis After Adsorption

The changes in functional groups of the modified carbon after AuCly~ adsorption
under acidic conditions were investigated by FT-IR spectroscopy. The results (Figure 14)
show that the bending vibration peak of the primary amine shifted from 1574 cm~! to
1572 cm~!, indicating that no redox reaction occurred during the adsorption process. This
is consistent with the conclusion from XPS analysis that the protonated primary amines
capture AuCly~ via electrostatic attraction. The sulfur-related peak shifted from 1184 cm ™!
to 1051 cm ™!, suggesting that the sulfur atoms were oxidized after adsorption, generating
sulfoxide or sulfone species.

Combining the XPS and FI-IR analyses, it can be concluded that there are two types
of active sites on the surface of the activated carbon for capturing AuCly~. One is the
protonated primary amine site, which carries a positive charge under acidic conditions and
efficiently captures negatively charged AuCly ™ through electrostatic interaction. The other
is the sulfur-containing site (C=S), which coordinates with AuCl;~ and gradually reduces
AuCly™ to elemental gold. The synergistic effect of these two types of sites significantly
enhances the adsorption and recovery capacity of activated carbon toward AuCly ™.

Compared with conventional carbon-based adsorbents (Table 4), the thiourea-grafted
modified carbon developed in this work does not require high energy consumption and is
well-suited for the recovery of gold ions from low-concentration solutions. Furthermore,
this grafting strategy can be readily extended to other carbonaceous substrates with a
higher density of anchoring sites, such as graphene oxide and biomass-derived activated
carbon, potentially leading to even higher adsorption capacities.
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Figure 14. FT-IR spectrum after adsorption.

500

Table 4. Comparison of Au adsorption capacities of various carbon-based adsorbents reported in the

literature and this work.

Carbon-Based Adsorbent Adsorption Capacity (mg/g) Reference
Palm-biomass-derived activated 64 [34]
carbon
thermal decomposition 1 [19]
thiourea-modified carbon (NCS-AC)
Reduced graphene oxide 1606 [35]
Hollow N-doped carbon spheres 305 [36]
Thiourea grafted activated carbon 105 This work

(AC-NCS)

4. Conclusions

In this study, a thiourea-grafted activated carbon (AC-NCS) was prepared using a
relatively environmentally friendly method. Various characterization techniques confirmed
the feasibility of chemically grafting thiourea molecules. The functional groups were
designed to enable rapid adsorption and recovery of AuCl; ~ while maintaining a degree
of selectivity in complex solutions. The grafting mode is chemical bonding, endowing the
material with reusability. The specific findings are as follows:

(1) Raman, FT-IR, and XPS analyses of AC-NCS confirmed that thiourea molecules were
successfully grafted onto the activated carbon surface. During the grafting process,
the carbon skeleton structure remained stable, with a slight increase in the degree

of disorder.

(2) Through the amidation reaction, sulfur- and amino-containing functional groups,
which exhibit strong binding affinity toward AuCly~, were introduced onto the

activated carbon surface.

AC-NCS demonstrated a high adsorption capacity

(104.76 mg/g) in adsorption experiments, and the adsorption process was domi-
nated by an endothermic chemisorption mechanism. After three cycles of reuse, the

https://doi.org/10.3390/separations13060178


https://doi.org/10.3390/separations13060178

Separations 2026, 13, 178 17 of 19

thiourea-modified activated carbon still maintained 84.2% of its initial adsorption
capacity, indicating good recyclability.

(38) XPS and FT-IR analyses revealed the adsorption mechanism of AC-NCS toward gold:
both sulfur atoms and amino groups participate in the adsorption and reduction
of AuCly~. The sulfur atoms coordinate with AuCly ~, and during this process, the
electron-donating sulfur atoms transfer electrons to AuCly ~, reducing the coordinated
AuCly~ to elemental gold. Additionally, under acidic conditions, the primary amine
groups become protonated, acquiring a positive charge and capturing AuCly~ via
electrostatic attraction. Through this synergistic mechanism of coordination and
electrostatic adsorption, efficient and selective adsorption of AuCly ~ is achieved.

This study validates the feasibility of thiourea grafting via amidation in the NHS/EDC-
HCI system. Future efforts may focus on (1) elucidating the effects of surface carboxyl
concentration and its interaction with NHS/EDC-HCI to enhance grafting efficiency; and
(2) addressing the trade-off between gold desorption efficiency and the stability of the mod-
ified carbon, given that the thiourea-Fe®* eluent used herein degrades the grafted thiourea.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/separations13060178/s1: SI-1: Material and Reagents and SI-2:
Fitting Models and Formulae. Figure S1: Pseudo-first-order kinetic plot (In(qe — qt) vs. t). (The
scattered points deviate significantly from linearity); Figure S2: Scanning electron microscopy (SEM)
image of gold; Table S1: Reagents.
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