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Abstract
Adsorption capacity, selectivity and adsorption rate are all important indicators to judge the performance
of an adsorbent. At present, most of the studies on gold recovery with adsorbents have weakened the
consideration of adsorption efficiency. Therefore, there is a need to develop an adsorbent with fast
adsorption rate for gold ions to ensure high adsorption capacity and selectivity. Here, we report two humic
acid-derived sulfonated resins (SHAR and NSHAR) using sulfuric acid and sodium sulfite as sulfonating
agents respectively, which were prepared by a simple two-step method using water as solvent. They can
recover Au(III) quickly and efficiently from mixed metals (Fe(III), Mn(Ⅱ), Cu(Ⅱ), Cr(III), Mg(Ⅱ), Ni(Ⅱ), Sn(Ⅱ),
Co(Ⅱ), Pb(Ⅱ) and Zn(Ⅱ)). Adsorption behavior and mechanism of Au(III) on SHAR and NSHAR were
studied. The Freundlich isotherm model and the Pseudo-second-order kinetic model are suitably for the
description of Au(III) behavior meaning that the process belongs to multi-molecular chemical adsorption.
Furthermore, adsorption thermodynamic study indicates that the adsorption of Au(III) on SHAR and
NSHAR is endothermic and spontaneous. Different from conventional adsorbents, Au(III) are reduced to
element gold and deposited on the adsorbent. NSHAR takes only 10 min to reach adsorption equilibrium,
and the adsorption capacity is up to 927 mg·g− 1 (SHAR needs 50 min with capacity of 1440 mg·g− 1).
This research provides a new scheme and idea for quickly and efficiently recovering gold.

1. Introduction
As a strategic reserve resource, gold plays an irreplaceable role in many fields, such as electronics,
medicine, chemicals, and aerospace[1, 2]. With the development of science and technology, the demand
for gold has gradually increased, which has accelerated the depletion of gold resources[3]. Therefore,
researchers turned their attention to gold-containing e-waste, which is also known as urban minerals,
hoping to recover gold from it to ease the exploitation of natural minerals[4, 5]. Among the many recycling
technologies, adsorption is considered to be an excellent way to recover secondary resources due to its
low-cost and simple operation[6–10].

Humic acid has an uncertain conformation and chemical structure, and belongs to a mixture of
macromolecular organic weak acids[11]. It is mainly divided into natural and artificial, with abundant
sources.Natural humic acid is organic matter formed from the remains of animals and plants, while
artificial humic acid can be obtained from glucose, eucalyptus leaves, etc. as raw materials[12, 13]. Due to
the abundant presence of oxygen-containing functional groups (phenolic hydroxyl, carbonyl, carboxyl,
etc.), humic acid exhibits good complexing ability for metal oxides and heavy metals[14, 15]. So it has the
potential to adsorb gold ions. Nevertheless, humic acid is easy to swell and dissolve in aqueous solution
and difficult to be separated from the solution, which limits its application in the field of adsorption.
Modification or cross-linking to other materials are commonly used to improve its shortcomings. For
example, starch[16], zero-valent iron particles,[13] natural vanadium and titanium-containing magnetite[17]

were used to prepare composite materials with humic acid to recover lead ions, showing excellent
adsorption properties. T.S. Anirudhan[18] also innovatively prepared the humic acid-aminated
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polyacrylamide/ bentonite composite to adsorb Cu(II), Zn(II) and Co(II) ions, and proved the feasibility for
humic acid to recycle metal ions. However, there are few studies on the recovery of gold for humic acid or
its derivatives. Gatellier[19], Avramenko[20] and Machesky[21] only studied the humic acid in lignite or
sludge and found it often accompanied with gold particles. Therefore, it is proposed that there exists
interaction between humic acid and gold ions in natural environment and it has the ability to reduce gold
ions. In addition, gold is generally widely distributed in the humus layer, and no enriched large ore
deposits appear[22–24], which indicates that gold particles cannot stably exist on humic acid. The detailed
adsorption behavior and mechanism have not been studied.

In order to utilize the ability of humic acid to absorb and reduce gold ions, and to improve the
disadvantages of it as an adsorbent, in our previous work[25], humic acid-derived resin (HAR) was
prepared using humic acid as the functional component and phenolic resin as the matrix structure,
without using surfactants and template. The phenolic resin was employed because it has the
characteristics of low smoke, non-toxicity and easy preparation. Combining it with humic acid can not
only reduce the solubility and swelling of humic acid in aqueous solution, but also increase the specific
surface area of the composite material. The adsorbent exhibits progressive adsorption performance for
gold ions with an adsorption capacity of up to 920 mg·g− 1 (removal rate of 92%). A downside of HAR is
that it takes too long to reach adsorption equilibrium, which greatly reduces the treatment efficiency in
practical applications. This is because gold ions are adsorbed by humic acid due to electrostatic
interactions and then reduced to elemental gold by phenolic hydroxyl groups. Elemental gold, as it has no
electric charge, will break away from HAR and return to the solution under the action of mechanical
vibration.When the gold nanoparticles in solution accumulate to a certain size, they can be deposited on
the HAR surface again, which takes a long time.

Based on this, according to the hard and soft acid base principle (HSAB), hard acid and hard alkali can
form strong bond through coulomb force interaction, while soft acid and soft base can form strong
bonds through covalent bond interaction. In theory, therefore, a strong affinity can be formed between
gold and soft sulfur atoms[26]. In this work, -SO3

− was introduced to prepare irregular sulfonated humic
acid-derived resin microspheres. The adsorption kinetics, thermodynamics, adsorption behavior and
mechanism of gold ions on the new product were systematically examined. The novel adsorbent was
applied in column adsorption experiments to recover gold from the simulated leach liquor of ore and
circuit board.

2. Experimental

2.1. Materials
Gold standard liquid (99.8% GSB 04-1715-2004) and multielement mixing standard solution were
prepared based on the national standard sample (GSB 04 1715–2004). Humic acid (≥ 90%), FeCl3·6H2O
(99%), Mn(NO3)2 (50 wt. % in H2O ), Cu(NO3)2·3H2O (AR), CrN3O9·9H2O (99%), MgSO4·7H2O (≥ 99%),
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NiCl2·6H2O (AR), SnCl2·2H2O (98%), CoCl2·6H2O (AR), PbCl2 (99.5%), ZnCl2 (98%) and HAuCl4·xH2O

(339.79 g·mol− 1, Au ≥ 47.5%) were purchased from Aladdin. Resorcinol (≥ 99.5%), formaldehyde (37 ~ 
40%), sulfuric acid (95% ~ 98%), sodium sulfite (AR), sodium hydroxide (AR) and ammonium hydroxide
(25 ~ 28%) were purchased from Sinopharm Chemical Reagent Co., Ltd. Distilled water was made in
laboratory. All the reagents were used without further purification.

2.2. Characterization
The concentrations of the metal ions were determined from the inductively coupled plasma-optical
emission spectrometer (ICP-OES, PerkinElmer, USA). Fourier transform infrared spectroscopy (FT-IR)
measurements were performed on VERTEX 70v (Bruker, Germany) using KBr pellets. Thermogravimetric
analyses (TGA) were performed on SDTQ600 (TA, USA, 10 K·min− 1). X-ray photoelectron spectroscopic
(XPS) measurements were performed using an AXIS Supra instrument (China, Al K as Alpha source). N2

adsorption-desorption was performed using an Autosorb-IQ MP apparatus (USA). Structure
characterization was performed by X-ray diffraction (XRD, Bruker AXS D8, scan range: 5°~80°). The
structure and morphology were acquired through transmission electron microscopy (TEM, Tecnai G2 F20,
China), scanning electron microscope (SEM, zeiss/auriga-bu, Germany) and energy disperse
spectroscopy (SEM-EDS). Batch adsorption tests were carried out in the thermostat oscillator (THZ-82B,
China).

2.3. Synthesis of sulfonated humic acid-derived resin
The fabrication process of sulfonated humic acid-derived resin was divided into two steps: preparation of
sulfonated humic acid and sulfonated humic acid-derived resin.

Synthesis of sulfonated humic acid: In order to introduce the sulfonate group, we used sulfuric acid and
sodium sulfite as sulfonating agents to modify humic acid. Each gram of humic acid was mixed with 3
mL sulfuric acid and heated in a water bath at 60℃for 2 h, and then the miscible liquid was placed in a
140°C oven and heated for 24 hours. After cooling to room temperature, wash the product with plenty of
water to neutrality, grind it for later use (named as SHA). Humic acid, water and sodium hydroxide with a
mass ratio of 12.5:25:1 were stirred to dissolve at 60℃. Then, the sulfonate sodium sulfite (the mass
ratio of humic acid to sodium sulfite was 1:3) was added to the solution and stirred at 90 ℃ for 3 h.
Subsequently, the pH was adjusted to 4 by 0.5 mol·L− 1 hydrochloric acid solution, and the precipitated
product obtained was sulfonated humic acid (named as NSHA).

Synthesis of sulfonated humic acid-derived resin

Sulfonated humic acid-derived resin was prepared by a modified method[25]. With SHA, formaldehyde and
resorcinol as raw materials, ammonia water as catalyst and water as solvent, the pre-polymer was
obtained by magnetic stirring at 30℃ for 24 h in a jacketed beaker. Next, the pre-polymer was transferred
into the hydrothermal kettle for 8 h at 80℃. The sulfonated humic acid-derived resin (named as SHAR)
was obtained by thoroughly removing the unreacted raw material and catalyst with ethanol and water as
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detergents. Similarly, other humic acid-derived resins were prepared by replacing SHA with HA and NSHA,
respectively (named as HAR and NSHAR).

2.4. Batch adsorption experiment
The batch adsorption experiment was carried out by shaking 10 mL solution with 0.005 g dry SHAR or
NSHAR in a brown glass bottle with a mechanical shaker of 200 rpm for some time at specific
temperatures. Then, SHAR and NSHAR were separated from the solution by centrifugation. For accuracy,
the concentration of the solution was measured three times and averaged.The adsorbents concluding
gold (50 mg·g− 1) were obtained (named as Au-SHAR and Au-NSHAR) to carry out a series of
characterization to investigate adsorption behavior and mechanism. Meanwhile, batch adsorption
experiments were employed to investigate the influence of initial concentration (100–900 mg·L− 1), pH
(1–7) and adsorption time on the adsorptive property. The adsorption isotherms, adsorption
thermodynamics and kinetics of gold ions on SHAR and NSHAR were further explored.

Adsorption percentage (q, %) and adsorption capacity (Q, mg·g− 1) were calculated according to Eq. (1)
and Eq. (2):

1

2

To study the selectivity between other metal ions and Au(III), we simulated the metal concentration and
types in the leaching solution of gold ore and waste electronic circuit board of mobile phones
respectively, as shown in Table s7[27]. The concentration of gold ions in the waste electronic circuit board
leaching solutions are much higher than that of gold ore leaching solution, which explicitly proves the
economic value of recycling gold from waste electronic. The separation coefficient between metal ion A
and B (RA/B) was calculated according to Eq. (3) and Eq. (4) [28]:

3
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Adsorption kinetics[29] of Au(III) onto SHAR and NSHAR were analyzed by pseudo-first-order kinetic,
pseudo-second-order kinetic and intra-particle diffusion models to fit the experimental data, as expressed
in Eq. (4), Eq. (5) and Eq. (6):

4

5

6

Where, Qt (mg·g− 1) is the adsorption capacity at time t. The value of C is related to the boundary
thickness and t (min) is the operation time. k1, k2 and kid are the rate constant of pseudo-first-order
kinetic, pseudo-second-order kinetic and intra-particle diffusion models.

Adsorption isotherms of Au(III) onto SHAR and NSHAR were analyzed by Langmuir and Freundlich
models, expressed as Eq. (7) and Eq. (8):

7

8

Where, Qm (mg·g− 1) is the maximum adsorption capacity, KL and KF are the constant of the Langmuir and

Freundlich model. R is the gas constant (8.314 J·mol− 1· K− 1). Generally, a favorable adsorption tends to
1/n in the range of 0–1.

2.5. Column adsorption experiment
The dynamic adsorption behavior of Au(III) on sulfonated humic acid resin was studied by column
adsorption experiment. The schematic of the experimental device is illustrated in Fig. s2(a). The text
solution enters the ion-exchange column from the bottom. Since the size of the adsorbent particles
reported in this work was in nanometer, large bed resistance caused by traditional top-down feeding was
avoided. According to the optimization results, the wet column loading method was employed to fill the

ln (Q − Qt) = lnQ − k1 × t

= +
t

Qt

1

k2 × Q
2

t

Q

Qt = kid × t + C
1

2

= +
ce

Q

ce

Qm

1

KL × Qm

lnQ = lnKF + × lnce
1

n



Page 7/22

adsorbent. In a special column adsorption experiment, the penetration curve was drawn with 0.1g
adsorbent and 1.5 mL·min− 1 flow rate.

3. Results And Discussion

3.1. Characterization before and after the sulfonated
Figure 1 illustrates the SEM images of HA and HAR before and after introducing the sulfonic acid group.
The sulfonation process caused certain damages to the original morphology of HA. SHA particles are
looser and have greater damage to HA than NSHA. This is because the sulfonation process of sulfuric
acid has a higher temperature and is more destructive. By comparing the structures of HAR, NSHAR and
SHAR, it can be found that they are all small irregularly spherical particles with a size ranging from small
to large. In addition, as demonstrated in Fig. 1(a-3), (b-3) and (c-3), all of the derived resin can be
expropriated as adsorbents for gold recovery.

The functional groups on SHAR and NSHAR surface mainly included –NH2 and –NH- stretching vibration

(3437 cm− 1), C = C or C = O vibration (1609 cm− 1), -CH2 stretching (1474 cm− 1) and C-O stretch vibration

peak (1377 cm− 1), as reflected by FT-IR of HAR, SHAR and NSHAR (shown in Fig. 2(a)) [25, 30]. Importantly,
asymmetric and symmetric S = O stretching of sulfonic acid groups were observed at 1205 and 1030 cm− 

1 in SHAR and NSHAR FT-IR spectrum[31]. Meanwhile, S 2p components were observed in both the XPS
spectra of SHAR and NSHAR (shown in Fig. 2(b)). And the S 2p atomic percentage of SHAR is 0.24%
larger than NSHAR (0.18%), which states that the degree of sulfonation of SHAR is higher than that of
NSHAR.

As seen from N2 adsorption-desorption isotherms (Fig. 2 (c) and (d)), both SHAR and NSHAR pertain to
typical Type IV isotherm. The average pore size of SHAR and NSHAR are 3.825 nm and 3.056 nm
respectively and the specific surface area are 34.56 m2·g− 1 and 142.6 m2·g− 1 respectively (Table s1),
which play an important role in their adsorption performance.

3.2. Adsorption comparison before and after sulfonation
To further inspect the adsorption performance of HAR, SHAR and NSHAR, we exposed the derived resin to
HAuCl4 solution at different initial concentrations, pH and contact time (Fig. 3). HAR, SHAR and NSHAR
all contain some positively charged amino groups. These groups are in charge of electrostatic interaction
with gold ions, and the interaction can be effectively adjusted by the pH of the solution. This is because
the charge state of the adsorbent surface and the form of metal ions mightily depends on the pH of the
solution[27]. When the pH was greater than 8, there was obvious gold sol’s precipitation. Therefore, only
the change of adsorption capacity with pH of 1–7 was investigated. When the pH was lower than 8, gold
ions mainly appeared in negatively charged complexes of AuCl4−, Au(OH)Cl3− and Au(OH)2Cl2−[32].
Generally, the lower the pH, the more obvious the protonation of the amino group, the more conducive to
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the adsorption of gold ions through electrostatic action. However, the lower the pH, the higher the
concentration of Cl− in the liquid phase, which can form competitive adsorption with gold ions and inhibit
the adsorption. Consequently, the result of the combined effect is that SHAR at pH = 3 and NSHAR at pH 
= 4 has better adsorption performance on gold ions. According to previous reports, pH = 3 was beneficial
to the adsorption effect of HAR[25]. Therefore, the optimal pH value of each adsorbent was selected to
study the maximum adsorption performance.

As shown in Fig. 3(b), the maximum adsorption capacity of SHAR was 1440 mg·g− 1 (98%), which was
higher than that of NSHAR (927 mg·g− 1, 92.7%) and HAR (920 mg·g− 1, 92%), and 4 ~ 20 times higher
than commercial activated carbon and ion-exchange resins. This might be because SHAR has a higher
degree of sulfonation than NSHAR. According to the soft and hard acid-base theory, sulfonate as a soft
base can form strong interaction with gold belonging to the soft acid, so the content of sulfonate has a
non-negligible effect on the adsorption. At the same initial concentration, the time required for HAR,SHAR
and NSHAR to reach adsorption equilibrium for gold ion solution was compared. Excitingly, SHAR
requires 50 min and NSHAR only requires 10 min, which is much shorter than HAR (270 min). Both the
adsorption capacity and the equilibrium time are improved and superior to other reported adsorbents as
seen in Table 1. In practical applications, a shorter adsorption equilibrium time can not only quickly and
efficiently treat the waste liquid but also substantially reduce the cost. Here, NSHAR could reach
adsorption equilibrium faster than SHAR because the specific surface area of ​​NSHAR was bigger than
SHAR (Table s1). It means that more effective functional groups are exposed in the pores, which can
quickly catch gold ions and shorten the reaction time.

Table 1
Comparison of SHAR and NSHAR with other adsorbents for gold recovery

Materials Equilibrium time (min) Adsorption capacity (mg·g− 1) Reference

UiO-66-TU 90 326 [33]

TP 120 1557 [34]

MFRM 750 179.2 [35]

MoS2 60 1133 [36]

MNP-G3 240 347 [37]

BTU-PT 360 502 [38]

QAPT gel 300 403 [39]

Modified straw 120 450 [40]

HCSs-M 300 1115 [28]

SHAR 50 1440 This work

NSHAR 10 927
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3.3. Adsorption kinetics and isotherms
The kinetic fitting curves and parameters of Au(III) on SHAR and NSHAR are listed in Fig. 4 and Table s2,
respectively. The results show that the pseudo -second-order models of the two adsorbents all have a
better fit than the pseudo -first-order models. This indicates that the valence bond force is generated
between gold ions and adsorbent by sharing or exchanging electrons, and the adsorption process
belongs to chemical adsorption[13]. For the solid-liquid adsorption process, there are three consecutive
steps for the adsorption of Au(III) on SHAR and NSHAR: (1) the diffusion of Au(III) to the outer surface of
the adsorbent (2) the diffusion of Au(III) in the pores of adsorbent and (3) the adsorption of Au(III) on the
inner surface. The third stage is usually ignored due to its rapid progress[41]. The speed-limiting steps can
be easily found by fitting the experimental data with intra-particle diffusion model. The method of
piecewise linear regression was used to divide the curve into different linear regions[42], which avoids
subjective judgment when choosing the start and end points of each region. As shown in Fig. 4(b). The
last process indicates that the adsorption has reached equilibrium due to kid3 < 1. The adsorption of gold
ions on the SHAR is divided into two stages, film diffusion and pore diffusion. Furthermore, the rate-
controlling step is pore diffusion (kid2 > kid1), due to the low specific surface area of ​​SHAR and insufficient

pore channels[42]. However, in the process of NSHAR capturing gold ions, the adsorption process was only
divided into one stage, and there was no obvious boundary between interface diffusion and pore
diffusion, which is due to the rich pore structure of NSHAR and the fast adsorption process.

The isotherm fitting curves and parameters of Au(III) on SHAR and NSHAR are listed in Fig. 5(a) and
Table s3, respectively. In general, for the isotherms of SHAR and NSHAR, the Freundlich model is more
suitable, indicating that the adsorption of Au(III) on SHAR and NSHAR belongs to multilayer adsorption.
In addition, the value of 1/n is between 0 and 1, and the n of SHAR is greater than that of NSHAR, which
reflects that Au(III) is easy to adhere to the adsorbent, and the interaction between SHAR and Au(III) is
stronger than that of NSHAR and Au(III)[27]. This also provides evidence that SHAR has a higher
adsorption capacity than NSHAR. Furthermore, the change of Gibbs free energy (ΔG°) and enthalpy (ΔH°)
were calculated according to the Van't Hoff equation (listed in the Table s4). The negative ΔG° and
positive ΔH° imply a spontaneous and endothermic adsorption process.

3.4. Adsorption mechanism
In the process of adsorption, the color of the adsorption solution had a magical change (yellow-pink-
purple-blue-colorless) as time increased, which corresponds to the typical color change during the growth
of gold colloidal particles. This phenomenon intuitively indicates that Au(Ⅲ) was reduced during the
adsorption process. The standard reduction potentials of Au(Ⅲ)/Au(Ⅰ) and Au(Ⅰ)/ Au(0) are 1.4 V and 1.0
V. Therefore, in general, Au(Ⅲ) is first reduced to Au(Ⅰ), and then Au(Ⅰ) is reduced to Au(0) [27]. The XRD
diffraction analysis can prove that elemental gold appeared on the adsorbent. As presented in Fig. 6(a),
there are sharp peaks at 38.13°, 44.32°, 64.60° and 77.62° corresponding to the (111), (200), (220), (311)
crystal plane of elemental gold[40], indicating that the gold ions are indeed reduced during the adsorption
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process by SHAR and NSHAR. However, in the XPS survey spectra, not only Au 4f is observed, but also the
Cl 2p, which shows that the gold species adsorbed on SHAR and NSHAR is a mixture of gold element and
gold compounds containing chlorine. In order to explore the specific forms and percentage of gold
species, XPS Au 4f narrow scan of Au-SHAR and Au-NSHAR were analyzed in detail. According to the
results of Fig. 6(c) and Table s5, it can be seen that most of the gold species attached to adsorbent are
Au(0) (68.6%, 65.7%), a small part are Au(Ⅰ) (34.3%, 31.4%) and no Au(Ⅲ). This means that Au(Ⅲ) was
completely reduced. The same conclusion can be drawn from the elemental analysis results of SEM-EDS.
According to the weight percentages of gold and chlorine in Fig. 6(d) and (e), the corresponding molar
ratio of gold to chlorine can be calculated, which is greater than 0.33 (AuCl3) and 1 (AuCl). Gold
nanoparticles are also found in the SEM and TEM images. In conclusion, it is clear that the redox reaction
occurs when Au(Ⅲ) is captured by SHAR and NSHAR.

According to reports, AuCl4− can be reduced to Au(0) by the abundant hydroxyl groups in the biosorbent,

and the hydroxyl groups are oxidized to carbonyl groups[28, 43–45]. In our previous work, it was also found
that when HAR adsorbed Au(Ⅲ) from acidic aqueous solution, Au(Ⅲ) was reduced by hydroxyl groups[25].
What is the adsorption mechanism of SHAR and NSHAR when they quickly adsorb gold? Further
investigation is required. Therefore, XPS C 1s, O 1s, N 1s and S 2p narrow scans of the adsorbent before
and after adsorption were analyzed in detail. Taking SHAR as an example, the peaks of C1s (Fig. s1(a))
appear at 284.27 eV, 284.98 eV, 286.12 eV, 287.46 eV and 290.96 eV, assigned to C = C, C-C/C-H, C-O, C = O
and O-C = O, respectively[46]. After adsorption, the percentage of C-O decreases from 32.8–29.3% while C 
= O increases from 9.8–15.5% (Table s6). The O 1s peaks (Fig. s1(b)) correlated to CO-O, -SO3

−, C = O and

C-O appears at 530.87 eV, 531.89 eV, 532.69 eV and 533.42 eV, respectively[47]. Likewise, after adsorption,
the percentage of C-O reduced while C = O increased, implying that C-O was oxidized to C = O during the
adsorption process. The two peaks of N 1s shift to higher Bes, but the percentage has no significant
changes. This indicates that there exist covalent bonds between nitrogen atoms and gold atoms[48] that
do not participate in the redox reaction. The S 2p curve shown in Figure s1(d) roughly contains two peaks
of sulfonate at ~ 162ev and sulfonate at ~ 168ev. Before adsorption, it mainly exists in the form of
sulfonate (90.9%), and after adsorption, it mainly exists in the form of sulfide Au-S (79.5%)[49].This
evidence suggests that -SO3

− is involved in the reaction and forms stable Au-S bonds after adsorption.

In summary, the possible adsorption mechanism of gold ions on SHAR and NSHAR can be proposed:
Au(Ⅲ) is uptaked by SHAR and NSHAR with electrostatic interaction and coordinationi nteracts through
nitrogen-containing functional groups, and covalent bond with -SO3

−. Then, Au(Ⅲ) is reduced to Au(Ⅰ) and

Au(0) by C-O groups. Finally, Au(Ⅰ) and Au(0) are stabilized on the adsorbent. The introduction of -SO3
−

plays a key role in the adsorption process because Au(0) has no positive charge and could not be stably
stored on the adsorbent surface through electrostatic interaction. Therefore, the reduced product gold
particles are easily released into the liquid phase. As a result, the adsorption solution showed a color
change of gold sol. Thus, the introduction of sulfonic acid groups not only accelerates the recovery rate
of Au(Ⅲ) by SHAR and NSHAR, but also increases their adsorption capacity.
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3.5. Recovery of gold and competitive adsorption of Au(III)
in other metal ions
Since SHAR and NSHAR has the same adsorption mechanism for gold ions, and the adsorption capacity
of SHAR is larger than NSHAR, we took SHAR as a representative to investigate the selectivity of metal
ions on sulfonated humic acid-derived resin. The types and concentrations of base metal ions in the
adsorption solution simulated the leaching solution of gold ore and waste electronic circuit boards. As
shown in Fig. 7, under competing conditions, SHAR shows excellent selectivity to gold ions in the
leaching solution. By comparison, it is found that the selectivity to gold ions in the leaching solution of
the electronic board is better, which may be because the concentration of gold ions and base metal ions
in the leaching solution of ore is generally low, leading to a poor separation effect. However, the recovery
rate of gold ions is much higher than that of other metal ions, which basically satisfies the practical
application.

In order to directly recover gold on the adsorbent, an incineration process is further employed, during
which the gold species are reduced to the metal form as the organic components are oxidized. Since gold
is more expensive than base metals, and the preparation cost of sulfonated humic acid-based resin is
inexpensive than other artificial resins, it is an economical and good choice to recover gold from SHAR by
incineration. Au-SHAR was incinerated at 600℃ to remove organic components and directly recover gold
from Au-SHAR (Fig. 7(e)). According to the XRD curve in Fig. 7(f), the burning product belongs to element
gold.12

3.5. Column adsorption
As shown in Fig. s2(a), Au(III) solution entered the ion exchange column from below, avoiding bed
resistance caused by small adsorbent particles. 0.1 g resin was soaked by water for 4 h, and packed into
the column in a wet state. At a temperature of 298 K, the Au(III) solution with a concentration of 100
mg·mL− 1 was pumped into the column through a peristaltic pump, and the flow rate was controlled to 1.5
mL·min− 1. In order to better compare the influence of the introduction of sulfonate on the dynamic
adsorption, NSHAR and HAR were selected to draw the penetration curve. Because they have a
considerable maximum adsorption capacity, which is more convenient for us to clearly evaluate the
effect of adsorption rate on the penetration speed. It can be observed from Fig. s2(b) that HAR reached
penetration faster than NSHAR. According to the static adsorption experiment, 0.1 g of HAR and NSHAR
can capture 92 mg and 92.7 mg gold, respectively. However, the dynamic adsorption capacities of HAR
and NSHAR in the column adsorption experiment are 45 mg and 71 mg. The utilization of the resin
increased from 48.9–67%. This is because in continuous experiments, the contact time between Au(III)
and the adsorbent is relatively short, while HAR has a slow adsorption rate for Au(III), which leads to
insufficient adsorption and low utilization rate. In summary, the introduction of -SO3

− into humic acid-
derived resin to shorten the adsorption equilibrium time can not only improve efficiency but also save
costs, which has important value in practical application.
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4. Conclusion
Sulfuric acid and sodium sulfite were used as sulfonating agents to successfully introduce -SO3

− into the
humic acid-derived resin. SHAR and NSHAR had a faster adsorption rate and higher adsorption capacity
for gold ions than HAR. The adsorption mechanism is regarded to comprise physicochemical interactions
between gold ions and groups present on SHAR or NSHAR, typically including (1) electrostatic interaction
between protonated amino and Au(III), (2) reduction of Au(III) by C-O groups and (3) immobilization of
gold with stable Au-s bond. Through column adsorption experiments, the introduction of sulfonic acid
groups not only accelerates the adsorption rate, but increases the utilization efficiency of NSHAR in the
dynamic adsorption process. This has great economic value in practical applications. In addition, this
research uses simple and economical techniques to selectively extract expensive gold from simulated
gold ore and electronic board leaching solution, which can recycle secondary resources and conform with
the goal of circular economy.
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Figure 1

SEM images of (a-1) HA, (a-2) HAR, (b-1) SHA, (b-2) SHAR, (b-3) Au-SHAR, (c-1) NSHA, (c-2) NSHAR, (c-3)
Au-NSHAR; fluorescence microscope image of (a-3) Au-HAR.
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Figure 2

(a) FT-IR spectrum and (b) XPS spectra before and after sulfonated; nitrogen adsorption-desorption
isotherms and corresponding pore size distributions of (c) SHAR and (d) NSHAR.
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Figure 3

Adsorption capacity of Au(III) by HAR, SHAR and NSHAR at different (a) solution pH, (b)
initialconcentration and (c) (d) (e)contact time.
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Figure 4

Models of the pseudo-first-order, pseudo-second-order and intra-particle diffusion model for Au(III) on (a)
(b) SHAR and (c) (d) NSHAR. Ci=100 mg·L-1, V=10 mL, m=5 mg, T=298 K.

Figure 5

(a) Adsorption isotherms (298 K) and (b) Van't Hoff plot of Au(III) adsorption on SHAR and NSHAR.
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Figure 6

(a) XRD curves and (b) XPS survey spectra, (c) XPS spectra of Au 4f, TEM and SEM-EDS images of (d)
Au-SHAR and (e) Au-NSHAR.
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Figure 7

The concentration and adsorption ratio of competing metal ions before and after adsorption of
competing metal ions in simulated (a) (b) gold ore and (c)(d) electronic board leaching solution; (e)
photographs and (f) XRD spectra of Au-SHAR after calcination; (g) scheme and cost analysis of the
adsorbent and gold.
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