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f gold content in rock gold ore
samples based on closed water bath aqua regia
digestion-polyurethane foam enrichment and
using flame atomic absorption spectrometry

Shunxiang Wang,a Cang Gong, *a Hongcheng Wang,a Xiang Xia,a Jiufen Liub

and Haichuan Lu*a

At present, due to the uneven distribution and low content of gold (Au) in rock gold ore samples, the

separation, enrichment and accurate determination of Au have become daunting tasks in the analysis of

rock gold samples. This study established a method for determining the Au content in rock gold ore

samples with the advantages of high efficiency, low cost, safety and more environment-friendliness. It

was based on closed water bath digestion-polyurethane foam (PUF) enrichment and thiourea release,

and then, flame atomic absorption spectrometry was used to determine the Au content. By eliminating

interference and optimizing the PUF pretreatment method, aqua regia dosage, water bath dissolution

time, oscillation frequency and time, thiourea concentration, release time and temperature and other

working conditions, technical problems such as the low adsorption efficiency of the PUF and

interference from tungsten, antimony and iron elements were solved. The Au detection limit of this

method was 0.03 mg g−1, the lower limit of determination was 0.1 mg g−1, and the optimal determination

range was 0.1–40 mg g−1. This method was used to determine 7 national standard materials of gold ores

with different high and low contents (GBW07808b, GBW07809b, GBW07297a, GBW07298, GBW07300a,

GBW(E)070012a and GBW07807a); the relative error (RE) was #3.06% and the relative standard deviation

(RSD) was #8.35%. This method was performed in 9 laboratories to compare and verify the 7 national

standard materials of gold ores with different high and low contents (GBW(E)070067, GBW(E)070262,

GBW(E)070138a, GBW07300a, GBW07809b, GBW(E)070141 and GBW07298a); the RE was #10.55% and

the RSD was #3.93%, achieving good results. A total of 85 rock gold ore samples were selected for

determination using this method and compared with the results of activated carbon enrichment-flame

atomic absorption spectrometry. The qualification rate was 97.65%, and the analysis and testing

efficiencies were improved by nearly 10 times.
1 Introduction

Gold (Au) is a precious metal with high ductility, corrosion
resistance and chemical stability. Owing to its special proper-
ties, it plays a vital role in many elds, such as economic
development, national defense, geology, materials science, and
biology.1–3 According to the China Mineral Resources Report
2024, China's Au mine reserves in 2023 were 3203.77 t, with an
increase of 2.4% over 2022. As of 2023, global Au reserves were
193000 t, of which 167000 t are on the surface and 26000 t are
under the sea. With the development of economy, the demand
for Au is still increasing, and hence, rational development and
na Geological Survey, Chengdu, 610036,
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utilization of Au mines are of great signicance for the
sustainable development of Au industry. Rapid, sensitive and
accurate determination of Au has been a long-term priority in
earth science, analytical chemistry and spectroscopy.4–7

However, the non-uniform distribution of Au in various
geological samples and low Au content make the separation,
enrichment and accurate determination of Au difficult in
geological analysis.

There are two main methods for decomposing rock Au ores:
dry method and wet method. The dry method is mainly a re
assay, which has always been the most important method in Au
analysis owing to its large sampling volume, good sampling
representativeness, high enrichment efficiency, wide applica-
tion range, and accurate and stable test results, and it can also
be combined with other detection methods. It is recognized by
domestic and foreign laboratories as the most authoritative
analysis method for Au detection.8–12 Despite its advantages, re
© 2025 The Author(s). Published by the Royal Society of Chemistry
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assay is accompanied by several limitations, including pro-
longed processing times, high labor demands, signicant blank
values, unfavorable working conditions, and substantial envi-
ronmental pollution.13–16 The most common wet method is the
aqua regia dissolution method, which uses an open hot plate to
dissolve the sample. Due to the temperature gradient across the
hot plate surface, the elevated temperature at the center oen
causes sample splashing and evaporation, while the peripheral
samples may not dissolve adequately, leading to poor precision
in the measurement results.17–19 In addition, the aqua regia
dissolution method uses an electric heating plate to heat the
aqua regia, which volatilizes and produces a large amount of
nitrogen oxides, causing environmental pollution. The number
of samples dissolved each time is limited by the surface area of
the electric heating plate, resulting in low efficiency.6,16 The
closed sample dissolution method is a special wet sample
dissolution method. This method uses the solvent to increase
the temperature and pressure in a closed space to digest the
sample. Compared with the open sample dissolution of the
electric hot plate, it can greatly eliminate the pollution of aqua
regia to the environment, and the temperature is constant and
uniform, the acidity is easy to control, and the number of
samples dissolved in a single time can reach hundreds, which
greatly saves production and labor costs and greatly improves
work efficiency.20,21

In addition to the decomposition of rock Au ore, enrichment
and separation are necessary, oen for sensitive and accurate
measurement of the Au content. Themainmethods used for the
separation and enrichment of Au include polyurethane foam
adsorption, re assay coprecipitation, solvent extraction, acti-
vated carbon adsorption, ion exchange, hanging droplet
microextraction, on-line separation and enrichment by micro-
column, sulydryl cotton adsorption, extraction chromatog-
raphy, and liquid membrane separation and enrichment.22–29 In
recent years, some emerging technologies have been applied to
the separation and enrichment of gold. Yu30 established a CIP-
MS method for the determination of gold in geological samples
with 5-mercapt-3-phenyl-1,3,4-thiadiazole-2-thione potassium
salt as a complexing agent and polyethylene glycol octyl phenyl
ether as an extractant. Chen et al.31 added Cu2+ to an alkaline
Na2S2O3 solution to conduct experimental research on the
leaching of gold in waste-integrated circuit chips, with a gold
leaching rate as high as 92.25%. Zan32 used 717 strong alkaline
styrene anions to pre-separate and enrich copper tailings, and
studied the effects of the ow rate of the upper column liquid,
the acidity of the upper column liquid, and the sample volume
on the adsorption rate. Hao et al.33 used the cloud point
phenomenon of the nonionic surfactant TritonX-114 to extract
gold complexes and used spectrophotometry to determine trace
gold in geological samples. The spiking recovery rate was 97.8–
103.0%. He et al.28 used a P350 microchromatography column
to establish online separation enrichment-ame atom absorp-
tion spectrometry to determine trace gold in ores, and the
adsorption rate of gold reached almost 100%. Xiao et al.29

established a method of ashing, acid dissolution, and sus-
pended droplet microextraction of tributyl phosphate in plat-
inum dishes for ultra-trace gold analysis in high-purity
© 2025 The Author(s). Published by the Royal Society of Chemistry
graphite. The relative standard deviation of the measurement
results is 1.5–4.9%, and the spiking recovery rate is 94.9–
105.3%. Considering comprehensive separation and enrich-
ment efficiency, operational complexity, cost and other factors,
the activated carbon adsorption method has gained extensive
application in gold ore laboratories. Fire assay has the advan-
tages of high enrichment rate and good stability, which is called
the classic method. The PUF adsorption method has become
the most common method for the separation and enrichment
of geological samples because of its batch operation.19,34 Bowen
rst applied PUFs to adsorb Au in an acidic medium in 1970.19

The PUF is a sponge-like foam plastic with certain cross-links
made of toluene diisocyanate and polyether polyol. When Au
in the solution meets the foam, adsorption and exchange occur
on the foam membrane.19 The PUF has been widely used in the
determination of Au in geological samples due to its strong
adsorption performance and low price.

The purpose of this work is to select the best PUF and discuss
the pretreatment method of PUFs. Reasonable sample dissolv-
ing time and aqua regia dosage were chosen, and the traditional
open digestion was replaced with more efficient closed water
bath digestion. Furthermore, the elimination of interfering
elements was optimized, the best oscillation frequency and
time were determined, and the best thiourea concentration,
desorption time and desorption temperature were selected to
establish closed water bath aqua regia digestion-polyurethane
foam enrichment thiourea elution-ame atomic absorption
spectrometry to realize the accurate determination of gold
content in rock gold ores.
2 Materials and methods
2.1 Instrumentation

The samples were crushed into coarse medium-sized particles
using a jaw crusher (XPC-100× 60, Guiyang Prospecting, China)
and a disc mill (MP-ø250, Guiyang Prospecting, China) and then
nely ground using a multifunctional rod mill (ZN-II, Huangshi
Angtai, China). The sample powder was weighed using an
electronic balance (JJ500, Changshu Shuangjie, China) and
turned into ashes in a muffle furnace (SX-10-12PII, Taister,
China). A self-made closed sample dissolving water bath with
a lid was used for sample digestion. A cyclotron oscillator (DC-
400, Chengdu Haiguang, China) was used to ensure that Au was
completely adsorbed by the PUF. A constant temperature water
bath (SY-100, Chengdu Haiguang, China) was used to desorb
Au. A ame atomic absorption spectrometer (AAS) (GG-910,
Beijing Haiguang, China) was used to determine Au. AAS
working conditions: wavelength = 242.8 nm, lamp current = 10
mA, acetylene gas ow rate= 1.5 L min−1, spectral bandwidth=

0.2 nm, integration time = 1 s, air-acetylene ame, and Au
hollow cathode lamp.
2.2 Reagents and standards

Hydrochloric acid (HCl), nitric acid (HNO3), ferric chloride
(FeCl3$6H2O), ammonium uoride (NH4F) and thiourea
(CH4N2S) used in sample digestion were all of analytical grade,
RSC Adv., 2025, 15, 20724–20733 | 20725
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and ultrapure deionized water with a resistivity of 18.2 MU cm
at 25 °C was used throughout the experiment. The main
reagents prepared in the experiment were 250 g L−1 FeCl3$6H2O
solution, 20% NH4F solution, 10 g L−1 CH4N2S solution and
aqua regia. The national standard Au single-element solution
(GSB04-1715-2004, 1000 mg mL−1) dissolved in 1.5 mol L−1 HCl
was provided by the National Nonferrous Metals and Electronic
Materials Analysis and Testing Center. The Au standard solu-
tion required for the experiment was prepared by a stepwise
dilution method. Gold's 17 Certied Reference Substances
(CRMs): GBW07802b purchased from Yantai Zhaoyuan
Inspection and Testing Center (Yantai, China); GBW(E)070067
purchased from Shaanxi Experimental Institute of Geology and
Mineral Resources (Xi 'an, China); GBW(E)070138a, GBW(E)
070140 and GBW(E)070141 purchased from Changchun Au
Research Institute Co., LTD (Changchun, China); GBW(E)
070262 and GBW(E)070266 purchased from Shandong Metal-
lurgical Research Institute Co., LTD (Jinan, China); GBW07856
and GBW07857 purchased from the Armed Police Au Research
(Langfang, China); and GBW07297a, GBW07298, GBW07298a,
GBW07300a, GBW(E)070012a, GBW07807a, GBW07808b and
GBW07809b purchased from the Institute of Geophysical and
Geochemical Exploration, Chinese Academy of Geological
Sciences (Langfang, China). Actual samples were collected from
Yangshan Gold Mine, Gansu Province, China. Actual samples
were collected from Yangshan Gold Mine, Gansu Province,
China.

2.3 PUF treatment

First, the PUF was cut into small cuboids (30 mm × 10 mm ×

10 mm, 0.2 g), boiled in water for 2 h, dried, and put into clean
plastic bottles for later use.

2.4 Sample digestion

First, 20.0 g sample (accurate to 0.1 g) was weighed in a 50 mL
porcelain crucible, placed in a muffle furnace from low
temperature to 700 °C, and roasted for 2 h. The sample was
removed and placed at room temperature, and the roasted
sample was transferred to a 250 mL polyethylene plastic bottle,
followed by the addition of 50 mL aqua regia (1 : 1), 1 mL 250 g
L−1 FeCl3$6H2O solution, and 5 mL 20% NH4F solution The
sample was covered, heated in a water bath for 120 min and
then cooled.

2.5 Proposed experimental procedure for Au enrichment
and desorption

About 100 mL of water was added to a polyethylene plastic
bottle, a piece of PUF was placed, and the plastic cup was
tightened and placed on an oscillator, followed by oscillation
for 60 minutes at an amplitude of 2 cm and a frequency of
180 Hz. Aer the oscillation is completed, the PUF in the sample
was taken out, and the remaining acid and residue were rinsed
with tap water and then with deionized water. The PUF was
squeezed to dryness and completely soaked in a colorimetric
tube containing 20 mL thiourea solution using a foam hook,
and then the colorimetric tube was put into a boiling water bath
20726 | RSC Adv., 2025, 15, 20724–20733
for 30 minutes. Aer the liberation was completed, the boiling
water state was maintained and the foam was removed while it
is hot, cooled, and waited for measurements.

At the same time, a blank control experimental sample was
prepared in the same manner.
2.6 Calibration merit

For plotting the calibration curves, 0 mL, 0.50 mL, 1.00 mL, 2.00
mL, 4.00 mL, and 6.00 mL of 10 mg mL−1 Au standard working
solution were pipetted into a 250 mL polyethylene plastic bottle,
and 50 mL of aqua regia, 1 mL of FeCl3$6H2O solution, 100 mL
of water, and 1 piece of PUF were added. Then, it was placed \in
an oscillator for 60 min of synchronous oscillation adsorption
with the sample, as discussed in section 2.5. The subsequent
treatment process is the same as mentioned in section 2.5. Aer
the obtained solution was cooled to room temperature, it was
measured, and the calibration curve was drawn.

Twelve replicates of a 0.5 mg mL−1 gold standard solution
were prepared and analyzed following the experimental
methods described in section 2.5. The method detection limit
(LOD) was calculated as three times the standard deviation of
the blank, and the method quantication limit (LOQ) was
determined as three times the standard deviation.
3 Results and discussion
3.1 Comparison of pretreatment methods for PUFs

Two types of PUFs were treated under three methods: no
treatment, treatment with boiling water for 2 h, and treatment
by soaking in 10% hydrochloric acid for 6 h; the PUFs were then
washed to become neutral and squeezed to dryness for use. A
treated PUF was added into a polyethylene plastic bottle con-
taining 30 mL Au standard solution (4 mg g−1), enriched and
released according to the experimental method described in
section 2.5, and the Au content was determined by AAS. The
PUFs of the three treatments were tested in parallel for 3 times,
respectively. The Au recovery rates obtained by the three PUF
treatment methods are shown in Table 1. The results indicated
that both PUF treatment in boiling water and 10% hydrochloric
acid soaking could obtain good Au recoveries, both of which
were above 95%. The recovery rate of Au obtained by the PUF
without treatment is lower than 90%. Considering the simple
and quick operation of boiling water, this method determines
to use boiling water for 2 h to treat PUFs.

In order to explore the effect of different foam sizes on Au
adsorption, PUFs with specications of 30 mm × 10 mm ×

10 mm and 40 mm × 20 mm × 20 mm were selected. Aer
treatment with boiling water, they were placed in 10 mg g−1 and
25 mg g−1 Au standard solutions and GBW07807a, GBW07809B
and GBW07298a sample solutions. Duplicate experiments were
conducted according to Sections 2.4 and 2.5. The results are
shown in Table 2. The results show that the two sizes of PUFs
have no signicant effect on the determination of Au. Therefore,
this method selects PUFs with specications of 30mm× 10mm
× 10 mm.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Effect of foam pretreatment on Au recovery

No.

PUF features Au recovery (%)

Colour
Density
(kg m−3)

25%
Hardness (N)

40%
Hardness (N)

Resilience
(%) No treatment Boiling water 10% HCl soaking

1 White 40 105 130 64 89.7 80.3 73.1 99.1 96.6 95.2 99.2 96.7 97.0
2 White 35 140 175 54 89.9 82.9 81.6 99.6 96.6 95.5 99.4 95.6 96.5

Table 2 Effect of the PUF size on Au determination

Sample
Recommended value
(mg g−1)

PUF size (30 × 10 × 10) mm PUF size (40 × 20 × 20) mm

Measured value 1
(mg g−1)

Measured value 2
(mg g−1)

Measured value 1
(mg g−1)

Measured value 2
(mg g−1)

1 10 10.26 10.12 10.57 10.67
2 25 24.96 24.98 26.08 26.38
GAu-16b 1.1 1.18 1.18 1.12 1.19
GAu-18b 10.4 10.03 9.97 9.95 9.98
GAu-20a 31.9 31.12 31.01 31.43 31.42
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3.2 Elimination of interfering elements

Through PUF adsorption, Au and symbiotic elements in rock Au
ores are effectively separated and enriched. Although Fe, Cu, Ag,
Pb, Zn, Ni, Cd, Sb and other elements will be adsorbed to
a certain extent, the content is low, which generally does not
interfere with the determination of Au.35 If the sample contains
extremely high amounts of C, As, S, organic matter, W, Sb, Fe
and Si, the determination of Au will be seriously low.36When the
sample contains high levels of C, As, S and organic matter, the
sample can be calcined at 700 °C for 2 h to eliminate their
interference.

3.2.1 Interference from W and Sb. When the W and Sb
contents in the ore are too high, tartaric acid can be used to
mask the interference of W and Sb. Experiments show that in
the 4 mg g−1 Au standard solution, when the amount of W added
is less than 100 mg or the amount of Sb added is less than
300 mg, the Au recovery rate is not affected; when the amount
of W or Sb added is 100 mg and 300 mg, respectively, the Au
recovery rate is reduced to 74.4% and 88.7%, respectively. When
1 g of tartaric acid is added, the interference of W and Sb is
masked and eliminated, and the Au recovery rate is greater than
95%. The Au ore standard material GBW07856 with aW content
of 5079 mg g−1 was selected for the test, and it was found that
without adding tartaric acid as a masking agent, the Au deter-
mination value was 2.2–2.5 mg g−1, which is about half of the
recommended value of 4.34 mg g; when 1 g of tartaric acid was
added, the Au test result was 4.30 mg g−1, which is consistent
with the recommended value. The Au ore standard material
GBW07857 with a Sb content of 5341 mg g−1 was selected for
testing, and it was found that without adding tartaric acid as
a masking agent, the Au test result was 6.17 mg g−1, which is
basically consistent with the recommended value of 6.30 mg g−1.

This is due to the fact that W forms H2WO4 gel-like
substances during the sample pretreatment process, which
captures a portion of AuCl4

−, resulting in reduced ion-exchange
© 2025 The Author(s). Published by the Royal Society of Chemistry
efficiency between AuCl4
− in the solution and the active groups

(–RNH3
+) on the foam plastic.37 The interference of Sb with Au

primarily arises because, during the sample pretreatment
process, Sb compounds are prone to hydrolysis when acidity or
temperature decreases, and their products adsorb Au, prevent-
ing complete adsorption of AuCl4

− onto the foam plastic.38 By
controlling the acidity of the sample decomposition solution
and adding proper amounts of tartaric acid to complex with
tungsten and antimony, the stability of Au(III) in the solution
can be ensured, converting potential H2WO4 gel-like substances
into soluble salts and preventing the hydrolysis of Sb
compounds when the acidity or temperature decreases.37,38

3.2.2 Interference from acid-soluble silicates. The inter-
ference of acid-soluble silicates can be eliminated by adding
NH4F to precipitate ammonium uorosilicate ((NH4)2SiF4)
crystals. Experiments show that in a 4 mg g−1 Au standard
solution, when the amount of soluble silica added is 200 mg,
the Au recovery rate is 97.1%, which is not affected; but when
the amount of soluble silica added is 400 mg, the Au recovery
rate drops to 85.4%. Aer adding 5 mL 20% NH4F, the inter-
ference of soluble silicon can be eliminated, and the Au recovery
rate can be greater than 95%.

3.2.3 Interference from Fe. The interference of Fe can be
eliminated by adding a phosphoric acid solution. Experiments
show that in a 4 mg g−1 Au standard solution, when the amount
of Fe added is 4000 mg, the Au recovery rate is 98.5%, which is
not affected; but when the amount of Fe added is 8000 mg, the
Au recovery rate drops to 70.5%. The addition of 10 mL 20%
phosphoric acid solution can inhibit the competition of FeCl4

−,
making the Au recovery rate greater than 95%. The national
standard substances GBW(E)070266, GBW07802b, GBW(E)
070140 and GBW(E)070141 of Au ore with TFe2O3 contents of
29.0%, 26.4%, 26.1% and 24.7%, respectively, were selected,
and it was found that without adding the phosphoric acid
solution as the masking agent, Au recoveries were 97.1%,
RSC Adv., 2025, 15, 20724–20733 | 20727
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Fig. 1 Relationship between the amount of FeCl3$6H2O solution
added and Au recovery.
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97.8%, 97.0% and 100%, respectively. It can be seen that Fe in
the general rock Au ore sample has no obvious interference with
the determination of Au.

Interestingly, the addition of a small amount of iron salt
helps the PUF to adsorb Au. In ve 250 mL polyethylene bottles,
500 mg of Au standard solution was added to each, and then 0, 1,
2, 4, and 6 mL of 250 g L−1 FeCl3$6H2O solution were added,
respectively, and the volume was xed to 20 mL. The test was
carried out according to Section 2.5, and the results are shown
in Fig. 1. The results show that the addition of 1 mL of 250 g L−1

FeCl3$6H2O solution can help the foam to adsorb Au. Therefore,
in this method, 1 mL of 250 g L−1 FeCl3$6H2O solution was
added during sample digestion.

3.3 Selection of aqua regia dosage

Five 250 mL polyethylene bottles were selected and 500 mg Au
standard solution was added to each bottle. Then, 20 mL, 30
mL, 40 mL, 50 mL, and 60 mL of aqua regia (1 : 1) were added,
respectively, heated in a hot water bath for 30 min, removed and
cooled. Aer that, 80 mL of water and 1 PUF were added, placed
on an oscillator and operated according to Section 2.5. The
results are shown in Table 3. The results show that when the
Table 3 Effect of aqua regia dosage on Au adsorption by PUFs

1 : 1 Aqua
regia dosage (mL)

Aqua regia concentration (v/v)
during PUF enrichment (%)

Au stan
concent

20 10 25

30 13.6 25

40 16.7 25

50 19.2 25

60 21.4 25

20728 | RSC Adv., 2025, 15, 20724–20733
aqua regia concentration (volume ratio) is 16–20%, the
adsorption rate of PUF on Au is above 100%; when the aqua
regia concentration is greater than 20%, it is easy to destroy the
structure of PUF, making the performance of PUF adsorbing Au
worse. In this method, the concentration of aqua regia was
chosen as 16.7% (1 : 1).
3.4 Selection of water bath dissolution time

Three different types of Au ore referencematerials (GBW07807a,
GBW07809B and GBW07298a) were selected, and 4 portions of
each were weighed. The closed water bath dissolution time was
set to 0.5 h, 1 h, 2 h and 3 h, respectively, and the operation was
carried out according to Sections 2.4 and 2.5. The results are
shown in Fig. 2. When the closed dissolution time was not
higher than 1 h, the Au recovery in all the samples was less than
80%; when the dissolution time reached 2 h, the Au recovery in
all the samples was more than 95%. Through observations in
daily routine analysis, the closed dissolution of 2 h can basically
meet the decomposition of Au in common rock Au ore samples.
The dissolution time determined by this method is 2 h.
3.5 Selection of oscillation frequency and oscillation time

The oscillation frequency is an adjustable variable for the
adsorption of gold by PUFs. Different oscillation frequencies
may affect the adsorption of gold. According to the experi-
mental method discussed in Section 2.5, the recovery rate test of
gold standard solutions with concentrations of 1, 10, and 25 mg
mL−1 was carried out with only the oscillation frequency
changed. The oscillation frequencies were 140, 180, 220, and
260 times/min, respectively. The results are shown in Fig. 3.
When the oscillation frequency is 140 times/min, the gold
recovery rate is signicantly low, which may be due to the fact
that Au cannot be completely adsorbed; when the oscillation
frequency is 180 times/min, the gold recovery rate is close to
100%, the frequency continues to increase, and the gold
recovery rate does not change much. Through observation, it
was found that when the oscillator frequency is 180 times/min,
the solution in the bottle shakes exactly once, so the oscillation
frequency of this method is 180 times/min.
dard solution
ration (mg mL−1)

Measured value
(mg mL−1)

Average adsorption rate
of Au (%)

21.37 87.1
22.16
23.13 92.8
23.28
24.92 101.6
25.88
25.24 100.4
24.96
23.69 94.0
23.31

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Effect of sealed dissolution time on Au recovery.

Fig. 3 Effect of oscillation frequency on Au recovery.

Fig. 4 Effect of oscillation time on Au recovery.

Table 4 Effect of thiourea concentration in the decomposed solution
on the determination of Au

Thiourea
concentration

GBW07809b
recommended
value (mg g−1)

Measured
value
(mg g−1)

Recovery
(%)

1 g L−1 10.4 8.05 77.4
7.95 76.4

3 g L−1 9.23 88.8
9.23 88.8

10 g L−1 10.6 102.1
10.4 100.0
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According to the experimental method discussed in Section
2.5, under the condition of oscillation frequency of 180 times/
min, the oscillation time was set to 20, 40, 60 and 80 times/
min to conduct the recovery test on gold standard solutions
with concentrations of 1, 10 and 25 mg mL−1, and the results are
shown in Fig. 4. The results show that when the oscillation time
is 20 minutes, the gold recovery rate is less than 85%; when the
oscillation time is 40 minutes or more, the gold recovery rate is
above 95%. This method selects an oscillation time of not less
than 40 minutes.
Fig. 5 Effect of release time and release temperature on Au recovery.
3.6 Selection of thiourea concentration

The selection of thiourea concentration in the desorption
solution is an important factor to determine whether the gold
desorption is complete. According to the experimental method,
thiourea desorption solutions with different concentrations of
1, 3 and 10 g L−1 were selected to conduct parallel sample
experiments on the national primary standard material
© 2025 The Author(s). Published by the Royal Society of Chemistry
GBW07809b of gold ore, and the results are shown in Table 4.
The results show that when the thiourea concentration is 10 g
L−1, the gold recovery rate is the best. Therefore, this method
selects the thiourea concentration of the desorption solution to
be 10 g L−1.
RSC Adv., 2025, 15, 20724–20733 | 20729
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Fig. 6 Results of accuracy tests and precision tests (A: average value;
R: recommended value).

Fig. 7 Verification results of different laboratories (R: recommended
value).
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3.7 Selection of release time and temperature

The PUF that adsorbs 100.0 mg of gold was selected and placed in
a thiourea desorption solution with a concentration of 10 g L−1.
Fig. 8 Comparison of the results of Au determination in actual rock Au

20730 | RSC Adv., 2025, 15, 20724–20733
The gold recovery rates under different desorption temperatures
and times were compared, as shown in Fig. 5. The results indi-
cate that different release temperatures and release times have
a signicant impact on the release of gold by thiourea. When the
temperature is low, it takes enough time for the gold adsorbed by
PUF to be completely released. When the temperature is high,
the gold adsorbed by PUF can be released in a short period of
time. Considering that it can completely release without causing
boiling water vapor droplets to splash into the test tube and
interfere with the gold test, this method selects a release
temperature of 90 °C and a time greater than 20 minutes.
3.8 Method detection limit and measurement range

According to the experimental methods in Sections 2.4 and 2.5,
the blank solutions of 12 sample processes were measured. The
LOD of gold was calculated as 0.03 mg g−1 by 3 times the stan-
dard deviation, and the LOQ of the determination was calcu-
lated as 0.1 mg g−1 by 3 times the standard deviation. In the
actual sample enrichment, it was found that a large amount of
slag would occupy the PUF adsorption sites, and there would
also be competition in adsorption with iron, gallium, molyb-
denum, thallium, rhenium, etc. Considering comprehensively,
under the experimental conditions, the optimal determination
range of gold is 0.1–40 mg g−1.
3.9 Method accuracy and precision

The 7 national standardmaterials of gold ores with different high
and low contents (GBW07808b, GBW07809b, GBW07297a,
GBW07298, GBW07300a, GBW(E)070012a and GBW07807a) were
selected and analyzed in parallel 12 times according to the
experimental method, and the relative standard deviation (RSD)
and relative error (RE) of the Au determination results were
calculated. The results are shown in Fig. 6. The results show that
the determination results of Au in each standard material are
consistent with the recommended value, RE# 3.06%. The RSD of
Au in each standard material is #8.35%, which meets the
requirements of the Quality Management Specication for Labo-
ratory Testing of Geological Mineral Resources (DZ/T0130-2006).
3.10 Validation results from different laboratories

The 7 national standard materials of gold ores with different
high and low contents (GBW(E)070067, GBW(E)070262, GBW(E)
ore samples using different methods.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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070138a, GBW07300a, GBW07809b, GBW(E)070141 and
GBW07298a) were selected, and the method validation test was
carried out in 9 laboratories according to the established
method. The results are shown in Fig. 7. The results show that
the determination results of Au of the 7 standard materials in
the 9 laboratories are consistent with the recommended values,
RE# 10.55% and RSD# 3.93%. It can be seen that the method
established in this paper has also been used very well in
different laboratories.
3.11 Actual samples

The 85 rock gold ore samples were selected, and the gold
content was determined according to the experimental
method established in this paper. At the same time, use the
activated carbon enrichment ame atomic absorption spec-
troscopy method in GB/T 20899.1-2019, Part 1 Determination
of Gold Content, to determine the gold content of these 85
samples. Compare and verify the results of the two methods.
The results are shown in Fig. 8. The results show that among
the 85 samples, only 2 samples had a relative deviation of gold
results exceeding the allowable limit, and the qualied rate
was 97.65%. It can be seen that the determination of gold by
the method established in this paper is consistent with the
determination results of GB/T20899.1-2019, and the efficiency
is increased by nearly 10 times.
4 Conclusions

The optimal conditions for sample digestion, adsorption and
desorption were determined through the selection of PUF pre-
treatment methods, elimination of interfering elements,
selection of aqua regia dosage, water bath dissolution time,
oscillation frequency and time, thiourea concentration,
release time, and temperature. A closed water bath aqua regia
digestion-PUF enrichment thiourea elution-ame atomic
absorption spectrometry method was established to determine
the Au content in rock gold ores, by measuring the Au content
of a series of national standard reference materials for rock
gold ores and actual rock gold ore samples, and pushing the
established method to other laboratories for verication. The
results showed that key technical indicators such as detection
limit, accuracy and precision of the established method meet
the relevant national standards for rock gold ore determina-
tion, and meet the requirements of geological laboratories for
the determination of Au content in rock gold ores. Compared
with the methods such as re assay and activated carbon
adsorption, it is safer, more environmentally friendly, time-
saving, labor-saving, easy to master, efficient and cost-
effective.
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