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Abstract A fast and efficient Au (I) recovery adsorption method from an actual leaching solution

of Cu2+-en-S2O3
2- is presented. Aminophosphonic acid derivatized polyacrylonitrile fibers (PAN-

NP), prepared with triethylenetetramine and phosphoric acid by chemical grafting, were used as

the adsorbent. The adsorbent was well characterized by FT-IR, SEM, TGA and XPS. The effects

of contact time, pH, temperature, and Au (Ⅰ) concentration were also investigated. PAN-NP can

rapidly capture Au(S2O3)2
3– (20 min) and has a maximum adsorption capacity of 14.68 kg/t. Com-

pared with -SH modified, PAN-NP has better stability and without oxidized. The adsorption pro-

cess was described based on the Langmuir isothermal model (R2 > 0.99). Thermodynamic

parameters indicated that the adsorption of Au(S2O3)2
3– on PAN-NP was exothermic (DHh = �9

.906 kJ/mol) and adsorption mechanism involved a collective effect resulting the anion exchange

of Au(S2O3)2
3– with –RNH3

+H2PO3
- , electrostatic attraction between –RNH3

+ and Au(S2O3)2
3– and

complexation of P = O with Au (Ⅰ). Besides, PAN-NP-Au can be effectively eluted by sodium sul-

fite. Importantly, in the Cu2+-en-S2O3
2- actual leaching solution, the PAN-NP can efficiently recover

Au (I) with an adsorption percentage of up to 97 % at a the solid-liquid ratio of 1:50, thereby

affording a satisfactory application result. This is a meaningful method for recovering Au (Ⅰ) from
thiosulfate solution.
� 2023 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cyanidation is the predominant leaching method for gold. However,

the cyanide is a highly toxic reagent that adversely impacts the human

and environment health, it banned in many countries now (Dong et al.,

2019; Wang et al., 2020; Yang et al., 2021). so, non-cyanide gold-

leaching methods increasing attention. The thiosulfate method own

to inexpensive, non-toxic, fast leaching rate, and good selectivity for

gold, it is considered the most promising method for gold extraction

(Jeon et al., 2020; Xu et al., 2019). Notably, utilization of Cu2+–

NH3-S2O3
2- and Cu2+-en-S2O3

2- complexes as catalytic oxidizers can
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effectively promote the dissolution of gold (Wang et al., 2019). Despite

these advantages, however, the application of this method is not used

extensively in industries, because an acceptable and practical method

for the recovery of Au (Ⅰ) from pregnant thiosulfate solutions has still

not been developed (Dong et al., 2021).

Several methods such as cementation (Hiskey and Lee, 2003), sol-

vent extraction (Jin Zhao 1998), electrodeposition (Grosse et al., 2003),

and adsorption (Wang et al., 2021) have been developed and used to

recover Au (Ⅰ) from thiosulfate leaching pregnant solutions. Gold in

thiosulfate solution can be better cemented using zinc and aluminum;

however, this method has difficulty in solid–liquid separation and with

high economic cost. Solvent extraction is suitable for solutions with

high gold concentration; however, the actual leaching solution has

low gold concentration. Multiple side reactions and high consumption

of reagents reduce the gold purity during the electrodeposition process.

Adsorption is the most advantageous because of its availability, inex-

pensive reagents, facile operation, and easy regeneration (Dong et al.,

2017). Adsorbents such as activated carbon (Jiang et al., 2022), resins

(Zhang et al., 2021b), and silica gel (Chen et al., 2020a) have been used

to recover Au (Ⅰ) and fruitful advancements have been reported. How-

ever, activated carbon has very weak affinity to Au (Ⅰ) (Jiang et al.,

2022), therefore, Chen and Wang modified activated carbon and

reported significantly enhanced adsorption capability of Au (Ⅰ). How-

ever, they reported the adsorption of Au (Ⅰ) in pure thiosulfate solution

only, which had poor anti-interference abilities (Chen et al., 2020b;

Wang et al., 2020). Plsniak recovered Au (Ⅰ) from ammonium thiosul-

fate solutions using a synthetic polymer resin and reported satisfactory

results (Pilśniak et al., 2009). Lack of selectivity, high material costs,

easy pulverization, and poisoning (blocked apertures) hamper the

development of resins. Chen investigated the performance of

mercapto-modified silica gel for Au (Ⅰ) recovery in thiosulfate solution

with reduced costs and a simplified modified process. However, the

research on more complex systems has not been conducted yet, and

the technology is not yet mature (Chen et al., 2020a). In addition,

the -SH as modified group in above studies, but the -SH group is

unstable and easily oxidized. Hence, for recovery of Au (Ⅰ) from thio-

sulfate solutions effectively, it is essential to find new materials to fab-

ricate adsorbents that exhibit excellent stability performance.

In recent years, textile fibers, a class of organic synthetic polymers,

have been attracting increasing attention because of their excellent

properties (Xiao et al., 2020). Such as cotton and polyacrylonitrile

(PAN) fibers (Zhao et al., 2017). PAN fibers are one of the most

promising textile fibers (Zhang et al., 2022). They are environmentally

friendly material and are widely used in industry and daily life. Fur-

thermore, they can be easily woven into various shapes in flow pro-

cesses (Du et al., 2016). They are inexpensive and resistant to

corrosion and mildew attack and have a simple production process,

high strength, low density, ease of modification (Shi et al., 2016). They

contain abundant cyano groups, which can be easily transformed into

various functionalities (such as carboxyl, amide, and amidoxime)

through chemical reactions (Li et al., 2011). For instance, removal of

Hg (Ⅱ) from wastewater has been reported using modified PAN

(Nasimi et al., 2020). However, use of PAN as an adsorbent to recover

Au (Ⅰ) from thiosulfate solution have not reported. Aminophosphonic

acid containing amino and phosphoric acid groups is an effective

chelating ligand for many metal ions. Therefore, it is necessary to

develop a more selective and reusable functionalized PAN for practical

application.

A novel aminophosphonic acid-derivatized polyacrylonitrile fiber

(PAN-NP) as an Au (Ⅰ) adsorbent from thiosulfate solution is reported

in this study. Compared with -SH, aminophosphonic acid modified has

better stability, it is not oxidized placed in the air for a long time.

Therefore, the adsorption material with good stability is prepared by

the modification way. It provides theoretical support for gold recovery

and has great significance. To the best of our knowledge, this is the first

report on the use of PAN-NP to recover Au (Ⅰ) from thiosulfate solu-

tion. Additionally, the adsorption performance, characterization,

adsorption mechanism, and recovery performance in the actual mines
of PAN-NP for Au (Ⅰ) in Cu2+-en-S2O3
2- solution are studied. Due to

the nature of the material itself, it can be predicted that it can achieve a

better separation effect in the actual slurry. In sum, the method is

meaningful for development of recovery Au (Ⅰ) from thiosulfate

solution.

2. Experimental

2.1. Materials

2.1.1. Reagents

Commercially available PAN (93.0 % acrylonitrile, 6.5 %

methyl acrylate and 0.4–0.5 % sodium styrene sulfonate, from
the Fushun Petrochemical Corporation of China) was cut into
the lengths about 1 cm before used. Triethylene tetramine

(TETA, 65 %), H3PO3 (99 %), sodium thiosulfate (Na2S2O3),
gold powder (99.99 % from Sino Platinum Metals Corp, Guiz-
hou, China), Formaldehyde (40 %), ethylenediamine (en, 99

%), and cupric sulfate (CuSO4�5H2O) were obtained from
the Shanghai Aladdin Industrial Company. All the reagents
were of analytical grade. Deionized water was used.

2.2. Methods

2.2.1. Synthesis of PAN-NP

The synthesis of PAN-NP was carried out in two stages
(Scheme 1). The amine-functionalized fiber (PAN-N) was fab-
ricated using previously reported methods (Xu et al., 2018).

Firstly, dried PAN (5 g), triethylene tetramine (100 mL), and
deionized water (50 mL) were added to a round-bottomed
flask (250 mL). Next, the mixtures were refluxed and stirred

at 140 �C for 4 h. They were then taken out and washed to neu-
trality with hot water (60–70 �C) using a suction filter device.
The washed fiber was dried in a vacuum oven at 60 �C for
12 h to obtain the PAN-N. Secondly, dried PAN-N (5 g), solid

phosphorous acid (25 g), 40 % formaldehyde (50 mL), and
absolute ethanol (125 mL) were added to another round-
bottomed flask (250 mL). The mixture was stirred and refluxed

at 80 �C for 4 h, the reactants taken out, and the solution was
washed to neutrality with deionized water and absolute etha-
nol using a suction filter device. The fiber was then dried over-

night in a vacuum oven at 60 �C to obtain PAN-NP. The
optimization of PAN-NP was demonstrated in the supplemen-
tary information.

The extent of the fiber was derivatized was described based
on the weight gain using the following equation. Weight gain

S ¼ W2�W1

W1
� 100, where W1 and W2 are, respectively, the

weights of PAN and PAN-N at the amination stage. For the

phosphonic acid-grafting stage, W1 and W2 are the weights
of PAN and PAN-NP, respectively.

2.2.2. Preparation of Au(S2O3)2
3– complex

The prepare of Au(S2O3)2
3– adsorption solution was conducted

based on the previously reported methods (Yu et al., 2015).
First, a certain amount of gold powder was added into the

aqua regia solution and heated to dissolve. Then, a few drops
of 10 % KCl were mixed with it and the resulting solution was
heated to nearly dryness. Next, an appropriate weight of

sodium thiosulfate was mixed with them to obtain the Au
(S2O3)2

3– solution. Prior to conducting adsorption experiments,
the pH of Au(S2O3)2

3– was adjusted to 9.0 with 0.1 mol/L of



Scheme 1 Schematic diagram of the synthesis of PAN.
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NaOH and 0.1 mol/L of HCl. The concentration of Au

(S2O3)2
3– required for the experiment was obtained by dilution.

2.2.3. Preparation Cu2+-en-S2O3
2- solution

The Cu2+-en-S2O3
2- solution was prepared according to a pre-

viously reported method (Wang et al., 2019), Here, 5 mmol/L
of Cu2+ was used. The molar ratio of Cu2+/en was fixed at
1:2. The prepared Na2S2O3 solution was added to the Cu2+-

en solution, and the volume was increased to 100 mL using a
leaching solution. This solution was then used for conducting
the adsorption experiment (Section 2.3).

2.3. Adsorption experiment

The adsorption performance of Au(S2O3)2
3– on PAN-NP was

investigated next. First, 0.5 g of PAN-NP was added to
100 mL of Au(S2O3)2

3– to achieve 0.1 mol/L of sodium thiosul-
fate solution (the initial gold concentration was 50 mg/L). This
solution was then added to a 250 mL Erlenmeyer flask. The

mixture was stirred at 220 rpm at the room temperature for
a certain period. A portion of the adsorption solution
(5 mL) was then analyzed to determine the Au (Ⅰ) concentra-
tion. Besides, to reduce the experimental data error as much
as possible, the experimental samples were investigated in par-
allel. The adsorption percentage (R) (Eq. (1)) and loading

capacity (Q) (Eq. (2)) were used to estimate the adsorption per-
formance of Au(S2O3)2

3– on PAN-NP.

R ¼ c0v0 � ctvt
c0v0

� 100% ð1Þ

Q ¼ c0v0 � ctvt
M

ð2Þ

R is the adsorption percentage of Au(S2O3)2
3– on PAN-NP,

c0 is the initial concentration of Au (Ⅰ), v0 is the initial volume
of thiosulfate solution, and ct and vt are the Au (Ⅰ) concentra-
tion and volume at a given time, respectively. Q (mg. g�1) is the

loading capacity of Au (I) on PAN-NP and M (g) is the weight
of the adsorbent used.

2.4. Material characterization

The Au (Ⅰ) concentration was analyzed by the AAS (AAS-300,
PerkinElmer, USA). The KBr pellet method was to analyze the
construction of all fibers. The FT-IR (wavenumber range of

4000–400 cm�1) (Nicolet iS10, Thermo Fisher, Waltham,
MA, USA) and the SEM-EDS (Phenom Prox, FEI Co.,
USA) were employed to explore material characteristics. The

XPS (PHI 5500, Versaprobe-II, USA) was also employed to
distinguish the elemental chemical valence environment of
the fibers. The XPS data were analyzed using Avantage Soft-

ware. The C 1 s spectrum at 284.8 eV was used to calibrate
the internal standard for charge compensation. The TGA
was employed to inspect the thermal stability of the adsorbent

(STA, 499C, Germany).

3. Results and discussion

3.1. Synthesis of the PAN-NP

The level of amination reaction is greatly affected by reaction
time, reaction temperature, and amine concentration (Li et al.,
2012). The weight gain was greatly affected by both too long
reaction times and too high reaction temperatures, which nota-

bly reduces the mechanical strength of the PAN-NP. Com-
bined with the optimization experiments and parameters
such as specific surface area of the adsorbent, the 25.5 %

weight gained of PAN-N based on PAN and the 39.9 %
weight gained of PAN-NP based on PAN were selected to
evaluate the extent of derivatization of PAN-NP and to con-

duct the subsequent experiments. PAN-NP-Au was used to
represent the adsorbent after the adsorption.

3.2. Material characterization

3.2.1. FT-IR

The FT-IR spectra of PAN, PAN-N, PAN-NP, and PAN-NP-

Au are illustrated in Fig. 1. The characteristic peaks of PAN
were observed at 2245 and 1735 cm�1, owing to stretching
vibrations of C�N and C = O, respectively (Fig. 1(a)) (Xu

et al., 2016). After amination, an absorption peak (Fig. 1(b))
appeared at 3120 cm�1, which was attributed to the stretching
vibration of the N–H group. It indicates that the amino group

was successfully derivatized on PAN and amino-active sites
were generated. In addition, the C = O stretching vibration
peak of PAN-N red-shifted from 1735 to 1662 cm�1; in con-
trast, the C�N peak did not change significantly after amina-

tion. Hence, compared to the nitrile groups, the ester groups
are more likely to undergo aminolysis to form an amide bond
during the derivatization on the surface layers. New adsorp-

tion peaks are generated at 1168 and 916 cm�1, which can
be attributed to the stretching vibration peaks of P = O and
P–O, respectively (Fig. 1(c)) (Ma and Qiao, 2014). It demon-

strates that the phosphonic acid is derivatized on the PAN-N



Fig. 1 The FT-IR spectra of PAN (a), PAN-N (b), PAN-NP (c) and PAN-NP-Au (d).
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successfully. PAN-NP-Au showed two new absorption peaks

at 1010 and 653 cm�1, which are assigned to the characteristic
peak of S = O and S–O, respectively, and were attributed to
S2O3

2- adsorption ((Fig. 1(d))) (Jeon et al., 2018; Watling,

2006). It shows that the derivatization was successful.

3.2.2. SEM studies

The SEM images of PAN, PAN-N, PAN-NP and PAN-NP-

Au are presented in Fig. 2. The low-resolution SEM image
demonstrates that all fibers have continuous surfaces with
well-maintained integrity. Hence, it is suggested that the fiber

structure was almost undamaged by the derivatization reac-
Fig. 2 The SEM images and EDS analysis. (a: PAN
tion. The original PAN has a smooth and uniform surface

(Fig. 2 a, 2000 � ). The diameter of the fiber increased after
amination and phosphonic grafting owing to the swelling
effect (Fig. 2(b-c)). Many crack structures were found on the

fiber surface. These structures provide a wider contact area
for the adsorption of Au(S2O3)2

3– on the PAN-NP surface to
allow more quick and facile adsorption. The adsorption did

not cause any significant changes on the surfaces and integrity
of the fibers (Fig. 2 d), indicating that PAN-NP is durable and
should be recyclable. The EDS spectrum also illustrates suc-
cessful derivatization of aminophosphonic acid on the PAN.

As expected, the result is basically consistent with those of
FT-IR.
, b: PAN-N, c: PAN-NP, and d: PAN-NP-Au).
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3.2.3. TGA studies

The thermal stability of the fibers was studied. The thermo-

grams were recorded from 30 to 800 ℃ at a heating rate of
10 ℃ min�1 under nitrogen atmosphere, as shown in Fig. 3.
The TGA curve of the original PAN clearly shows an initial

decomposition temperature of 315 �C (Zhu et al., 2019). After
derivatization and adsorption, PAN-N, PAN-NP, and PAN-
NP-Au began to decompose when the temperature was

reduced from 315 to 245 �C. Moreover, the decomposition
of all fibers comprises four stages. Before 200 �C, the loss of
moisture mainly occurs. Between 245 �C and 320 �C, the
decomposition is attributed to the weight loss caused by the

cleavage of the C–N bond (Seydibeyoğlu, 2012). Similarly,
the weight loss at 320–500 �C can be attributed to the cleavage
of C–C bond (Rahaman et al., 2007). Loss of non-carbon ele-

ments and finally the formation of gas occur between 500 and
800 �C. In brief, although the temperature at which the deriva-
tized fiber show weight loss is lesser than that of the original

PAN, it is sufficient to use it with a series of derivatized reac-
tions. Hence, it is suggested that the PAN has a good thermal
stability.

3.3. Adsorption experiment

3.3.1. The adsorption properties of PAN and PAN-NP

It is observed from Fig. 4, the adsorption percentage of Au (Ⅰ)
in thiosulfate solution by PAN is about 8 % when adsorption
for 20 min, while that by PAN-NP reached 59.9 %. The

adsorption performance of PAN-NP for Au (Ⅰ) is different
from lightly that of modified silica for Au (Ⅰ) in thiosulfate
solution (Chen et al., 2020a). It is seen that by chemical graft-

ing, the adsorption percentage of Au (Ⅰ) in Au(S2O3)2
3– solution
Fig. 3 The TGA of PAN, PAN-N
is significantly improved. Therefore, it is feasible to recover Au
(Ⅰ) from thiosulfate solution by chemical grafting of amino
phosphonic acid onto PAN surface.

3.3.2. Effects of initial pH

The effect of pH on the recovery percentage was studied by
varying the pH from 5 to 11 (Fig. 5). The adsorption percent-

age of Au(S2O3)2
3– on PAN-NP is only slightly affected by dif-

ferent initial pH values. When the pH is 5–7, the adsorbent
shows a protonation effect, therefore, RNH3

+ forms as the

pH increases after adsorption. At pH 8–11, the deprotonation
effect of the adsorbent reduces the pH. Finally, the pH was
kept at 7.0. Previous studies have demonstrated that in the

Cu2+-en-S2O3
2� gold leaching system, the optimum pH of

pregnant thiosulfate leaching solution should be 9.0. (Wang
et al., 2019). Hence, the pH 9.0 were also selected for further

investigations. The PAN-NP has a wide range of pH applica-
tion, which has great advantages in adsorptian was shown in
the experiment.

3.3.3. Effects of contact time and multiple adsorption

The effect of contact time on the adsorption percentage was
investigated. Au(S2O3)2

3– was extremely quickly adsorbed by

PAN-NP (Fig. 6). Within the first 5 min, the adsorption per-
centage significantly increased and reached the equilibrium at
20 min. The adsorption percentage was 59.98% and the
adsorption capacity was 5.81 kg/t. To completely recover Au

(S2O3)2
3–, the second adsorbent of the same weight was used

to adsorb the remaining solution. We noted that 99.5% of
Au(S2O3)2

3– could be absorbed after conducting the adsorption

twice, indicating that Au(S2O3)2
3– can be completely recovered

by PAN-NP. The adsorption behavior could be attributed to a
, PAN-NP and PAN-NP-Au.



Fig. 4 The comparison of adsorption properties of PAN fibers before and after modification (m PAN-NP = 0.5 g; C Au+ = 50 mg/L;

T = 25 �C; C Na2S2O3 = 0.1 mol/L；pH = 9.0).

Fig. 5 Effect of pH on Au(S2O3)2
3– adsorption percentage. (m PAN-NP = 0.5 g; C Au+ = 50 mg/L; T = 25 �C; C Na2S2O3 = 0.1 mol/L).
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reduction in the number of active sites of PAN-NP and a
decrease in the Au (Ⅰ) concentration. In addition, the trend
of pH change after adsorption equilibrium is consistent with
the effect of the pH value. When the PAN-NP was used for
adsorption experiment after one month, it still had good
adsorption performance (Fig. 6), indicating that PAN-NP



Fig. 6 Au(S2O3)2
3– adsorption equilibrium time and multistage adsorption on PAN-NP (m PAN-NP = 0.5 g; C Au+ = 50 mg/L;

pH = 9.0; T = 25 �C; C Na2S2O3 = 0.1 mol/L).
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had excellent stability, this is consistent with the previous
presentation.

The cumulative adsorption test was conducted next. After
the first adsorption equilibrium, the adsorbent was transferred
to another 100 mL of the same adsorption solution and five
consecutive adsorptions were performed, the gold (Ⅰ) adsorp-
tion capacity decreases with number of adsorption times, but
still maintained at 0.29 kg/t at the fifth adsorption and the
cumulative adsorption capacity became 14.68 kg/t (Fig. 6).

Hence, PAN-NP can be used as an effective adsorbent, which
is of great significance for the adsorption of Au (Ⅰ) in thiosul-
fate solution.

3.3.4. Effects of thiosulfate and initial Au (Ⅰ) concentration

We used a thiosulfate concentration of 0.01–0.4 mol/L for the
experiments. The adsorption percentage tends to decrease with
Fig. 7 Effect of thiosulfate concentration (a) and initial gold (Ⅰ) co
pH = 9.0; T = 25 �C; C Au+ = 50 mg/L (a)/ C Na2S2O3 = 0.1 mol/L
increasing thiosulfate concentration (Fig. 7(a)), owing to the
(S2O3)2

3– anion interference. Following Au (Ⅰ) concentrations

were selected to investigate the effect on the adsorption behav-
ior: 10, 15, 20, 30, 40, and 50 mg/L. The adsorption percentage
decreases with increasing initial Au (Ⅰ) concentration, which
can be attributed to the limited number of active adsorption

sites on the PAN-NP surface (Fig. 7(b)). At lower gold (Ⅰ) con-
centrations, the adsorption percentage of Au(S2O3)2

3– is > 96
%.

3.3.5. Effects of temperature on adsorption and adsorption
thermodynamics

To observe the effects of temperature on Au(S2O3)2
3– adsorp-

tion, we selected the 25, 35, 45, 55, and 65 �C to observed that
the adsorption percentage decreases with increasing tempera-
ture (Fig. 8(a))). It is suggested that the adsorption of Au
ncentration (b) for Au(S2O3)2
3– adsorption. (m PAN-NP = 0.5 g;

(b)).
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(S2O3)2
3– on the PAN-NP surface could be an exothermic

process.
To observe the adsorption thermodynamics of Au(S2O3)2

3–,

the adsorption was conducted at 25, 35, 45, 55, and 65 �C. The
various thermodynamic parameters were calculated using Eqs.
(3)– (5) (Feng et al., 2018):

Kc ¼ Qe

Ce

ð3Þ

DGh ¼ DHh � TDSh ð4Þ

lnKc ¼ DSh

R
� DHh

R

1

T
ð5Þ

Kc is the equilibrium constant, Ce (mg L-1) and Qe (mg g�1) are

the equilibrium concentration and equilibrium adsorption
capacity of Au (Ⅰ), respectively, T (K) is the adsorption temper-
ature, and R (8.314 J�mol�1�K�1) is the ideal gas constant. DHh

and DSh can be obtained separately from the intercept and
slope of lnkc and 1/T graphs. DGh values can be calculated
from Eq. (4). The thermodynamic parameters of DSh, DGh,

and DHh are shown in Table 1 at different temperatures.
Table 1 also shows that DGh increases with increasing temper-
ature. Hence, a high temperature is disadvantageous to the
adsorption of Au(S2O3)2

3–. This result also indicates that

adsorption is an exothermic reaction due to negative value of
the DHh (-9.906 KJ/mol) and the negative value of DSh sug-
gested that the entropy of the system decreased upon adsorp-

tion (Zhang et al., 2019).

3.3.6. Adsorption isotherms

To understand the interaction between Au(S2O3)2
3– and PAN-

NP, the adsorption isotherm was obtained at 308, 318, and
328 K meanwhile changing Au (Ⅰ) concentration at 10, 20,
30, 40, 50 and 60 mg/L were also observed. The adsorption iso-

therm data were fitted by Langmuir (Wu et al., 2019) and Fre-
undlich isotherm models (Li et al., 2016) (Eqs. (6) and (7),
respectively):

Langmuirmodel
Ce

qe
¼ Ce

qm
þ 1

qmb
ð6Þ

Freundlichmodelqe ¼ kC1=n
e ð7Þ
Fig. 8 Effect of temperature for Au(S2O3)2
3– adsorption (a) and Plot

(b) (m PAN-NP = 0.5 g; C Au+ = 50 mg/L; pH = 9.0; C Na2S2O3 = 0
where qe and qmax are the equilibrium adsorption capacity and

maximum adsorption capacity of Au(S2O3)2
3– on PAN-NP,

respectively; ce is the Au (Ⅰ) concentration at adsorption equi-
librium; K and b are the constants for Langmuir and Fre-

undlich isotherm models, respectively; and n is the coefficient
of the Freundlich isotherm model.

Linear plots obtained using 1/Ce vs 1/Qe and ln (ce) vs ln
(qe) are shown Fig. 9(a, b), respectively. The values of (qmax,

b) and (k, n) can be determined from the slopes and intercepts
of (1/Qe vs 1/Ce) and (ln (ce) vs ln (qe)) plots, respectively
(Table 2). The Langmuir isotherm model (R2 > 0.99) fitted

to the experimental data of Au(S2O3)2
3– adsorption has a higher

correlation coefficient than that of the Freundlich isotherm
model (R2 > 0.94). It indicates that the adsorption of Au

(S2O3)2
3– on PAN-NP is a single-molecule chemisorption pro-

cess. In addition, the n values were > 1, which suggests that
Au(S2O3)2

3– could be easily adsorbed on PAN-NP under the
experimental conditions.

3.3.7. Adsorption mechanism

XPS (Fig. 10), SEM, and FT-IR were used to investigate the

adsorption mechanism of Au(S2O3)2
3– on PAN-NP. PAN-NP

and PAN-NP-Au are made of C, O, and N elements (Fig. 10
(A)). Beside, new peaks of Au and S (Fig. 10(B,G))
(Ghahremaninezhad et al., 2013; Ma et al., 2020) were gener-

ated in the XPS fine spectrum of PAN-NP-Au. The fitting
shows that gold peak observed under the chemical environ-
ment is that of Au (Ⅰ). Similarly, the fitting of the S peak shows

that the sulfur occurs in the forms of S (Ⅱ) and S (Ⅵ), it is con-
sistent with those obtained using FT-IR, so, the adsorption
probably occurs between Au(S2O3)2

3– and PAN-NP.

Three types of nitrogen (Fig. 10(C)) are present in the XPS
spectrum of PAN-NP: O = CN (401.77 eV), primary amine –
RNH2 (399.68 eV), and secondary amine –R2NH (399.10 eV)

(Luo et al., 2014; Xin-Gui Li, 2005; Zhang et al., 2017). After
adsorption, the binding energies of –RNH2 and –R2NH
(Fig. 10(D)) in the N1s spectrum shifted to higher values
(400.20 and 399.62 eV, respectively) (Xin-Gui Li, 2020,

2019). The phenomenon was explained as follows: The N atom
obtains electrons from the adsorption solution and undergoes
a protonation reaction, and in the process, it gets converted to

–RNH3
+. Additionally, the P 2p fine spectrum of PAN-NP can

be decomposed into two components: H2PO3
- (133.08 and
of ln Kc versus 1/T for the adsorption of Au(S2O3)2
3– on PAN-NP

.1 mol/L).



Table 1 Au(S2O3)2
3– complex thermodynamic parameters adsorbed on PAN-NP surface.

Temperature (K) Kc DGh

(kJ mol�1)

DHh

(kJ mol�1)

DSh

(J (mol.K)-1)

298 1.744 4.651 �9.906 �48.85

308 1.336 5.140 — —

318 1.171 5.628 — —

328 0.957 6.117 — —

338 0.798 6.605 — —

Fig. 9 Fits to Langmuir (a) and Freundlich (b) adsorption isotherm model for Au(S2O3)2
3– adsorption on PAN-NP.

Table 2 Parameters of the adsorption isotherm model (the units are listed in text).

Temperature

(K)

Langmuir Freundlich

R2 b qm (mg/

g)

R2 n k

308 0.9987 0.6510 7.968 0.9471 1.7199 2.8786

318 0.9963 0.2503 12.09 0.9913 1.3774 2.3294

328 0.9982 0.1560 15.10 0.9842 1.4148 2.1546

Fig. 10 XPS survey spectra of PAN-NP and PAN-NP-Au (A), Au 4f spectrum (B), N 1 s spectrum (C) (D), P 2p spectrum (E) (F), S 2p

spectrum (G).

Aminophosphonic acid derivatized polyacrylonitrile fiber for rapid adsorption of Au(S2O3)2
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Fig. 11 Scheme for the mechanisms of Au(S2O3)2
3– adsorption by PAN-NP.

Fig. 12 Elution and reuse performance of PAN-NP.
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132.3 eV) (Ren et al., 2016), and H2PO4
- (132.8 and 131.5 eV)

(Fig. 10 (E). The binding energy of H2PO4
- after adsorption

(Fig. 10 (F)) shifted to higher values (133.6 and 131.3 eV)
(Zhang et al., 2021a), owing to complexation between Au (Ⅰ)
and the P = O group. Finally, the structure of Au. . ... . ..P = O

is formed. Furthermore, the binding energy of H2PO3
- slightly

changes before and after the adsorption (133.78 and 132.48 eV,
respectively). This phenomenon was observed because RNH3

+

in PAN-NP is protonated and changes to –RNH3
+H2PO3

- .
During the adsorption, the protonated ammonia undergoes
anion exchange between Au(S2O3)2

3– and H2PO3
- during the

adsorption of entire Au(S2O3)2
3–. The electron binding energy

of O = C–N does not change significantly after adsorption
(401.45 eV), which also shows that O = C–N may not partic-

ipate in the adsorption process. The protonation reaction of
the N atom results in a positive charge; therefore, negatively
charged groups can be attracted to it. Electrostatic attraction

occurs between –RNH3
+ and Au(S2O3)2

3–.



Fig. 13 Process flow chart of thiosulfate leaching and recovery.
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Therefore, the adsorption mechanism of Au(S2O3)2
3– on

PAN-NP can be explained to result from the combined effect
of anion exchange between H2PO3

- and Au(S2O3)2
3–, complexa-

tion between Au (Ⅰ) and P = O, and electrostatic attraction

between –RNH3
+ and Au(S2O3)2

3–. Moreover, from the
changes observed in the P and S elements of the EDS spec-
trum, it can be suggested that anion exchange could be the

main mechanism. The adsorption mechanism is shown in
Fig. 11.

3.4. Elution and reuse performance

The reuse performance is another important factor for evalu-
ating the practical potential of derivatized PAN materials for
gold thiosulfate leaching. For this purpose, adsorption–elu

tion–recycle experiments were explored. An adsorption test
was conducted using 0.5 g of PAN-NP using 1 mol/L of
sodium sulfite as the eluent. This eluent is effectively forms

PAN-NP. And the PAN-NP obtained after elution can be
directly used for the next adsorption. Moreover, after five
cycles of adsorption and elution, the PAN-NP still exhibits

an Au (I) adsorption percentage of 61.9% (Fig. 12). Hence,
There is a good reuse performance for gold thiosulfate leach-
ing of PAN-NP.

3.5. Au(S2O3)2
3– adsorption in Cu2+-en-S2O3

2- system in the
leaching of gold ore

The Au(S2O3)2
3– adsorption percentage obtained using PAN-

NP in Cu2+-en-S2O3
2- systems leaching of gold ore shown in

Fig. 13. The adsorption percentage of Au(S2O3)2
3– can be as

high as 97% when the solid–liquid ratio is 1:50. Therefore,

PAN-NP is a suitable and advantageous adsorbent for Au
(S2O3)2

3– in the Cu2+-en-S2O3
2- system found in the actual gold

ore. As the adsorption solution obtained after the completion

of adsorption can be directly used in the subsequent leaching
test, the adsorption solution is reusable. Hence, PAN-NP

can greatly promote the recovery of Au(S2O3)2
3– in the actual

leaching solution.

4. Conclusion

A novel adsorbent (PAN-NP) was prepared successfully by chemical

grafting reaction and applied to recovery of Au(S2O3)2
3– from thiosul-

fate solution successfully. The following procedure has been

implemented.

The PAN-NP prepared at 80 �C for 4 h displays a relatively satis-

factory adsorption performance for Au(S2O3)2
3– which can reach

59.9%. Compared with –SH modified materials, PAN-NP has excel-

lent qualitative properties. More importantly, the adsorption equilib-

rium was achieved within 20 min, which quickly, and the cumulative

gold loading capacity after fifth-stage adsorption is 14.68 kg/t. The

adsorption property of Au(S2O3)2
3– is affected lightly by the initial

pH (5–11). Higher concentration of gold and thiosulfate have disad-

vantage for Au(S2O3)2
3– adsorption. the adsorption of Au(S2O3)2

3– by

PAN-NP is exothermic (DHh = -9.906 kJ/mol). The adsorption behav-

ior conform to the Langmuir adsorption model (R2＞0.99), it involves

monolayer chemisorption.

Subsequently, the various properties of the adsorbent were ana-

lyzed by FT-IR, SEM, TGA, and XPS. The adsorption mechanism

of Au(S2O3)2
3– by PAN-NP involves the combined effects of anion

exchange Au(S2O3)2
3– with H2PO3

- , electrostatic attraction between –

RNH3
+ and Au(S2O3)2

3–, and complexation of P = O with Au (Ⅰ).
PAN-NP also shows satisfactory adsorption parameters for Au

(S2O3)2
3– for the Cu2+-en-S2O3

2- system present in the actual gold ore

leaching solution (when the solid–liquid ratio is 1:50, the adsorption

percentage can reach 97%). Therefore, PAN-NP is a potentially useful

adsorbent for the effective adsorption of Au(S2O3)2
3– from thiosulfate

solution.
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