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Abstract

At present, the direct gold determination in geological samples by inductively coupled plasma mass spectrometry
(ICP-MS) is still an arduous challenge due to both spectral and background interferences. It is very important and
necessary to study the pretreatment processes; therefore, the polyurethane foam treatment and sample digestion
methods are explored and compared here. The experimental results showed that the gold adsorption rate of
treated foam was significantly improved as the impurities in the foam were cleaned up, and the potential
difference of the liquid membrane was increased. Meanwhile, the combination of the foam enrichment and
thiourea desorption achieved the selective adsorption and desorption of gold ions, eliminated the interference of
coexisting ions, and perfected the detection limits. Compared with the traditional electric heating plate digestion
method, microwave digestion, a closed digestion method, had the advantages of less sample and reagent dosage,
short time consumption, high degree of automation, thorough digestion, good security, and environmental
friendliness and met the requirements of green chemistry development. The proposed microwave digestion-foam
enrichment-thiourea desorption-ICP-MS determination method was applied to the gold test in soil samples of the
actual gold mining area. It has the great potential as a routine laboratory procedure.
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Introduction
Gold (Au) is an extraordinary precious metal that is
widely used in many fields (Danscher and Larsen 2010;
Pyrzynska 2012; Sheoran et al. 2013; Yang and Hashmi
2014; Wang et al. 2015; Noel 2016; Maduraiveeran and
Ramaraj 2017; Alim et al. 2018; Yeo et al. 2018), such as
petrochemicals, aerospace, information technology,
electronics, metallurgy, electrical, nuclear power, jewelry,
and medicine. Rapid, sensitive, and accurate Au deter-
mination is a long-term concern in geosciences, mining
industries, analytical chemistry, and spectroscopy.
However, Au has low concentrations in most geological
samples; its separation and enrichment are harder than

other metal elements. Therefore, the Au analysis has al-
ways been difficult.
Until now, the widely used Au test methods include ti-

tration (Stefano et al. 2015), atomic absorption spec-
trometry (Yilmaz and Soylak 2014; Choi et al. 2017;
Zhou et al. 2017; Tang et al. 2019), inductively coupled
plasma optical emission spectroscopy (George and
Konstantinos 2016; Hassan et al. 2016; Xue et al. 2016),
microwave plasma atomic emission spectrometry
(Balaram et al. 2013), and inductively coupled plasma
mass spectrometry (ICP-MS) (Liu et al. 2013; Tao et al.
2017; Satyanarayanan et al. 2018; Chen et al. 2019).
Among them, ICP-MS meets the test conditions of most
geological samples and has the advantages of low detec-
tion limit, high sensitivity, and wide linear range (Qi
et al. 2011; Resano et al. 2012; Yim et al. 2012; Strnad

© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

* Correspondence: zhaoyuyan@jlu.edu.cn
College of Geo-exploration Science and Technology, Jilin University,
Changchun 130026, China

Journal of Analytical Science
and Technology

Tang et al. Journal of Analytical Science and Technology           (2020) 11:45 
https://doi.org/10.1186/s40543-020-00245-3

http://crossmark.crossref.org/dialog/?doi=10.1186/s40543-020-00245-3&domain=pdf
http://orcid.org/0000-0003-1073-4289
http://creativecommons.org/licenses/by/4.0/
mailto:zhaoyuyan@jlu.edu.cn


et al. 2016; Berezhnaya and Dubinin 2017). Hence, ICP-
MS was used here to determine the Au content.
Unfortunately, the direct determination of micro/trace

Au in geological samples by ICP-MS is still a daunting
challenge, which is subject to both spectral and back-
ground interferences. These interferences from sample
and instrument together lead to the problems of isotope
interference, matrix effect, low ionization rate, memory
effect, and so on during the Au determination. To solve
them, different pretreatment methods such as the re-
moval of isotope interference, the addition of plasma
modifier, the elimination of memory effect, the enrich-
ment and separation of gold from the matrix samples
have been continuously studied and reported. In 2015,
Guo’s group (Guo et al. 2015) proposed a potential
method for trace Au test in geological samples without
preconcentration procedures. This method combined
the ion-molecule reaction ICP-MS and methane plasma
modifier technique, thereby reduced the interference of
181Ta16O+ and 180Hf16OH+ on 197Au by three orders of
magnitude, decreased the background signal to 50%, and
increased the Au sensitivity by 4 times. Then, the
method was improved by Ar aerosol dilution ICP-MS
after aqua regia extraction in 2017 (Tao et al. 2017). The
background signal originating from the interfering re-
sidual oxide and/or hydroxides ions was further reduced
by up to 60%. Wang and Brindle discovered that the
addition of L-cysteine in the sample matrix could pre-
vent the gold memory effect in ICP-MS, and the use of
ColdBlock™ digester and nitric acid-hydrobromic acid
might recover gold efficiently from the geological
samples (Wang and Brindle 2014). In addition to the im-
provement of the direct method, the enrichment and
separation in the indirect method are also worth study-
ing and often necessary for measuring Au content sensi-
tively and accurately. According to the literature survey,
many methods, including coprecipitation (Itagaki et al.
2000), ion exchange (Al-Merey et al. 2003), extraction
(De La Calle et al. 2011; Hassan et al. 2011; Oya et al.
2014), and adsorption (Qu et al. 2008; Bashammakh
et al. 2009; Qu et al. 2009; Afzali et al. 2010), have been
applied for the Au separation from various matrices.
Among them, adsorption is one of the most effective
separation techniques due to its merits of high precon-
centration factor, simple operation, time saving, excel-
lent selectivity, and the ability to cooperate with
different detection techniques. It should be noted that
the cost, operability, and efficiency of the adsorption
method largely depend on the selection of sorbent mate-
rials. However, commonly used sorbents such as silica
gel (Sabermahani et al. 2016), resin (Xu et al. 2019),
activated carbon (Tu et al. 2011), carbon nanotubes
(Liang et al. 2008), and magnetic nanoparticles (Ilankoon
et al. 2020) are expensive and/or harmful to the

environment. Hence, this article chose the polyurethane
foam (PUF) with the advantages of high efficiency, low
cost, easy handling, and convenient storage to adsorb Au.
Commercially available PUFs are mostly synthesized

from toluene diisocyanate and polyether polyols; hence,
they have reactive groups of –CH2–O–CH2– and NHR–
COO– which can bond with Au complex anions during
Au adsorption. In the process of Au digestion, a large
amount of acid is used, and the solution is acidic; thus,
–CH2–O–CH2– and NHR–COO– are prone to proton-
ation and form positively charged organic cations. Since
the Au complex anion, having stronger ionic potential
and affinity than the simple anion, is easier to form an
ionic association by electrostatic attraction with organic
cation, so that Au is strongly enriched in the PUF.
However, commercially available PUFs contain more
impurities. If the PUFs are not treated, their effective ad-
sorption area and capacity will be reduced, and some
impurities will be easily eluted together with Au under
the external force, resulting in a decrease of Au recovery.
Therefore, the PUF must be properly treated before the
experiment.
In addition, the soil samples need to be digested prop-

erly before the Au adsorption with PUFs. Common di-
gestion methods include electric heating plate, water
bath, high-pressure reactor, graphite and microwave di-
gestion. This article compares the two methods of elec-
tric heating plate digestion in the national standard
method and emerging microwave digestion. After the
Au is completely enriched in the PUFs, the solution to
be tested in ICP-MS should be obtained by the corre-
sponding treatment of the PUFs. The general treatment
methods are muffle furnace ashing-aqua regia dissolving
Au and thiourea-hydrochloric acid desorbing Au. In the
former, the toxic gas is released when the PUFs are
ashed, which harms the environment and human health.
In the latter, the thiopeptide bond (–CS–NH–) in thio-
urea is similar to the peptide bond (–CO–NH–) in PUF.
The large π bond structure formed by the double bond
and the lone electron pair of heteroatoms (O, N, S) is
the electron donor, and the Au ion is the electron ac-
ceptor. This structure may be helpful for the selective
adsorption and desorption of Au ions and make them
separate from most other interfering ions. At the same
time, it is also necessary to select thiourea for gold de-
sorption from the perspective of green chemistry.
This work aims to examine which pretreatment

methods can better satisfy the precise and accurate Au
determination in the soil through the research and com-
parison of PUF treatment, sample digestion, Au enrich-
ment and desorption processes. It is also expected to
establish a more perfect laboratory Au element analysis
method with the advantages of simplicity, time saving,
less sample usage, and environmental friendliness.
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Materials and methods
Reagents and standards
Hydrochloric acid (HCl), nitric acid (HNO3), and hydro-
fluoric acid (HF) in guaranteed reagent-grade and ultra-
pure deionized water with a resistivity of 18.2 MΩ•cm at
25 °C were used for sample preparation. The other
reagents were of analytical grade. The main reagents
prepared in the experiment were 250 g/L ferric chloride
(FeCl3) solution (with 1% HCl), 10 g/L thiourea solution
(with 1% HCl), and aqua regia. The national standard
Au single element solution (GSB 04-1715-2004, 1000
μg/mL) in 1.5 mol/L HCl was obtained from the Na-
tional Center of Analysis and Testing for Nonferrous
Metals and Electronic Materials. The Au standard solu-
tions required in the experiment were prepared by step-
wise dilution. The Nexion setup solution containing Be,
Ce, Fe, In, Li, Mg, Pb, and U (1 μg/L) in 1% HNO3 for
ICP-MS condition optimization was purchased from
PerkinElmer (USA). The purity of argon used in ICP-MS
is higher than 99.999%. Five certified reference materials
(CRMs) of trace Au (GBW07805-6 and GBW07246-8)
were acquired from the Institute of Geophysical and
Geochemical Exploration, Chinese Academy of
Geological Sciences (Langfang, China).

Instrumentation
Samples were weighed with an electronic balance
(ATY124, Shimadzu, Japan) and ashed in a muffle fur-
nace (SXL-1008, Jinghong, China). The electric heating
plate (SB-1.8-4, Shanghai Shiyan, China), microwave di-
gestion instrument (Titan MPS, PerkinElmer, USA), and
graphite digestion instrument (SPB50-48, PerkinElmer,
USA) were employed in the sample digestion process.
The cyclotron oscillator (HY-8A, Jintan Jingda, China)
and constant temperature water bath (HH-S26S, Jintan
Instruments, China) devices were respectively used for
Au enrichment and desorption. Au determination was
performed on an ICP-MS (Nexion 350D, PerkinElmer,
USA) instrument. The optimum ICP-MS operating con-
ditions were summarized in Table 1.

PUF treatment
First, the PUF was cut into a small rectangular parallel-
epiped (3 × 2 × 1 cm3, 0.2 g), boiled for 30 min with 5%
sodium hydroxide (NaOH) solution, and washed with ul-
trapure deionized water until neutral. Then, it was
immersed in 10% HCl for 2 h, rinsed to neutral, dried,
and put in a clean plastic bottle for later use.

Sample digestion
Method I (electric heating plate digestion): With refer-
ence to the geological and mineral industry standard
DZ/T0279.4-2016 of the People’s Republic of China,
combined with the actual situation of the laboratory, the
experiment was designed as follows. Ten grams of sam-
ple was accurately weighed into a porcelain crucible,
heated to 700 °C in a muffle furnace, and held for 1.5 h.
After cooling, the sample was transferred to a Teflon
Erlenmeyer flask (TEF), into which 50mL 50% aqua
regia was added. The TEF was placed on an electric
heating plate and heated to dissolve the sample. The so-
lution in TEF is kept slightly boiled, evaporated to half,
and then cooled.
Method II (Microwave digestion): 0.25 g of the sample

was accurately weighed into a Teflon reactor and wetted
by a few drops of ultrapure deionized water. Ten millili-
ters of 50% aqua regia and 1mL HF were sequentially
added into the Teflon reactor. Then, the Teflon reactor
was capped and placed in the microwave digestion ap-
paratus. The sample digestion was carried out according
to the heating program of Table 2. After the digestion
was completed, the solution was transferred to a Teflon
tube, heated to drive away the acid, and then cooled for
use.

Table 1 ICP-MS working parameters

Parameter Setting Parameter Setting

Radiofrequency power 1150 W Detector Dual

Nebulizer gas flow 0.92 L/min Measure mode Standard

Cooling gas flow 18 L/min Scanning mode Peak hopping

Auxiliary gas flow 1.2 L/min Dwell time 50 ms

Sampling cone orifice 1.1 mm Sampling time 60 s

Skimmer cone orifice 0.9 mm Sweep 20

Hyper skimmer cone orifice 1.0 mm Reading 1

Sampling depth 8 mm Number of replicates 3

Table 2 Heating program of microwave digestion

Step T/°C P/bar Ramp/min Hold/min

1 150 15 10 2

2 190 20 5 2

3 210 20 5 20

4 50 20 0 10
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Au enrichment and desorption
Eighty milliliters of ultrapure deionized water, 3 mL
FeCl3 solution, and a PUF were added to the resulting
solution of the TEF, which was then placed on a cyclo-
tron, shaken for 30 min at a frequency of 200 rpm. Sub-
sequently, the PUF was taken out from the flask, rinsed
the residual acids and residues with ultrapure deionized
water, drained the water with filter paper, and placed it
in a 50-mL colorimetric tube in which 25 mL thiourea
solution had been added. After 45 min in the boiling
water bath, the PUF was repeatedly pressed and taken
out as soon as possible. The resulting solution was
cooled to room temperature and to be measured.
At the same time, the same method was used for the

blank control experiment.

Results and discussion
Interference of coexisting ion
The matrix elements of ferrosilicon, calcium, magne-
sium, potassium, and sodium in soil samples could not
be adsorbed by the PUF. Although metal elements such
as platinum, palladium, and rhodium would be adsorbed
by the PUF, it did not affect the determination of Au
content. Arsenic, sulfur, carbon, and organic matter
could be effectively removed in the early high-

temperature treatment and would not affect the meas-
urement results.

Comparison of Au enrichment ability of untreated and
treated PUFs
A series of Au standard solution (0.50, 1.00, 5.00, 10.00,
50.00, and 100.00 ng/g) were separately adsorbed by un-
treated and treated PUFs, and the Au adsorption rate
was calculated and compared in both cases to evaluate
the adsorption effect. The specific experimental steps
were as follows. Au standard solution and 25mL aqua
regia were added into a conical flask, shaken well, boiled,
and then cooled. Subsequent experimental steps were
the same as above “Au enrichment and desorption.” The
adsorption value and rate of Au standard solution by un-
treated and treated PUFs were listed in Table 3.
As can be seen from Table 3, the Au adsorption effect

of treated PUF was better. With the increase of Au con-
tent, the Au adsorption rate of treated PUF decreased,
and the average adsorption rate reached 95.8%, which
was significantly higher than the 81.0% of untreated
PUF. Since the main impurities in the PUF were esters,
the alkaline solution (5% NaOH) had a good cleaning ef-
fect on them, which could increase the effective adsorp-
tion area of the PUF. Meanwhile, the PUF was socked in
10% HCl for 2 h before using. Due to the acid effect, the

Table 3 The adsorption value and rate of Au standard solution by untreated and treated PUFs

Standard
value
(ng/g)

Untreated PUF Treated PUF

Adsorption value (ng/g) RSD (%) Adsorption rate (%) Adsorption value (ng/g) RSD (%) Adsorption rate (%)

0.50 0.43 9.5 86.0 0.49 8.8 98.0

1.00 0.84 6.8 84.0 0.97 9.0 97.0

5.00 4.05 4.0 81.0 4.83 3.0 96.6

10.00 7.92 0.6 79.2 9.57 2.0 95.7

50.00 39.31 3.5 78.6 47.46 1.2 94.9

100.00 77.14 1.9 77.1 92.58 1.5 92.6

PUF polyurethane foam, RSD relative standard deviation

Table 4 Comparison of digestion processes between two pretreatment methods

Comparative content Method I Method II

Weighing amount/g 10.0000 0.2500

Acid used 50% aqua regia 50% aqua regia + HF

Acid dosage/mL 50 10 + 1 = 11

Digestion time/h 8 2

The amount of samples
simultaneously digested

40 8

Sample digestion state Light yellow brown liquid with some solid particles Transparent liquid without solid particles

Labor consumption Full manual supervision Automated, unsupervised

Environmental and health
impact

A lot of acid mist was generated to harm the respiratory
tract, high temperature was easy to cause burns

No acid mist, no significant impact on the
environment and health

Method I electric heating plate digestion method, Method II microwave digestion method
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potential difference of the liquid membrane was in-
creased, and the impurities such as calcium salt were
better cleaned up, which further strengthened the Au
adsorption rate. Therefore, the treatment method used
for PUF can effectively improve its ability to adsorb Au.

Comparison of two digestion methods
Comparing the soil digestion process of the two pre-
treatment methods (Table 4), it was found that the elec-
tric heating plate digestion method was widely used, the
required instrument was cheap and easily available, and
more samples could be processed at the same time, but
this method took a long time, consumed a large amount
of mixed acid reagents and manpower, and the digestion
was incomplete with partial insoluble silicate impurities
remaining in the solution. Moreover, the electric heating
plate digestion was an open digestion way with high
temperature and a lot of acid mist generated to harm
the environment and health, and the experimental
process was susceptible to external interference and ex-
perimental operation level. The microwave digestion, a
closed digestion method under high temperature and
pressure, had the advantages of less sample and reagent
dosage, shorter experiment time, high degree of automa-
tion, thorough digestion, safety, and environmental pro-
tection. Since the introduction of HF in the microwave
digestion, the silicate in soil was dissolved, and the diges-
tion solution obtained was transparent without solid
particles. However, the instrument used was expensive,

and the amount of samples simultaneously digested was
smaller in the microwave digestion method.

Validation of analytical methods
The detection limits (DLs), estimated as three times the
standard deviation of the blank, were 0.02 ng/g and 0.04
ng/g for electric heating plate and microwave digestion
methods, respectively. In Table 5, these two DLs by ICP-
MS were better than those using different digestion or
enrichment procedures in early literatures (Jarvis et al.
1997; Oguri et al. 1999; Strnad et al. 2016). The accuracy
and precision of the experimental method can be obtained
by measuring the CRMs. Five CRMs (GBW07805-6 and
GBW07246-8) with different Au content were separately
analyzed 12 times under two digestion methods. The loga-
rithmic deviation (ΔlgC), relative error (RE), and relative
standard deviation (RSD) values between the measured
mean value and the standard value of each CRM were cal-
culated and shown in Table 6. Because of the introduction
of HF, the Au in the silicate was released, and the Au con-
tent of five CRMs obtained by microwave digestion is
slightly higher than that by electric heating plate digestion
in Table 6. According to the requirements of the geo-
logical and mineral industry standard DZ/T0011-2015 of
the People’s Republic of China, the two DLs were lower
than those required by the standard (0.3 ng/g), the ΔlgC
and RE values of GBW07805-6 and GBW07246-8 were all
smaller than the standard monitoring limits (ΔlgC ≤ 7%
and RE ≤ 50%), and the RSDs were much less than 7% in

Table 5 The comparison of detection limit (DL) of five different methods

Analytical methods DL (ng/g) Reference

ICP-MS after electric heating plate digestion, PUF enrichment, and thiourea desorption 0.02 This work

ICP-MS after microwave digestion, PUF enrichment, and thiourea desorption 0.04 This work

ICP-MS after microwave digestion, alkali fusion, and cation-exchange chromatography 2.0 Jarvis et al. 1997

ICP-MS after NiS fire assay and Te co-precipitation 0.053 Oguri et al. 1999

ICP-MS after extraction by an HClO4-HBr-HI-aqua regia mixture 2.0 Strnad et al. 2016

Table 6 The measurement result of Au element in five CRMs with two digestion methods

CRM Standard value (ng/g) Method Average value (ng/g) ΔlgC (%) RE (%) RSD (%)

GBW07805 0.85 I 0.82 1.6 3.5 6.2

II 0.87 1.0 2.4 1.8

GBW07806 3.10 I 2.97 1.9 4.2 3.4

II 3.29 2.6 6.1 1.7

GBW07246 20.80 I 21.72 1.9 4.4 5.1

II 23.03 4.4 10.7 3.1

GBW07247 50.00 I 50.18 0.2 0.4 2.3

II 53.89 3.3 7.8 1.3

GBW07248 100.00 I 105.50 2.3 5.5 0.7

II 110.35 4.3 10.4 1.7

I electric heating plate digestion method, II microwave digestion method, ΔlgC logarithmic deviation, RE relative error, RSD relative standard deviation
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Table 6. These indicated that the accuracy and precision
of the two experimental methods were high and satisfied
the detection requirements.

Application of pretreatment methods in soil samples of
actual Au mining area
In order to verify the reliability of different pretreatment
methods, six soil samples were collected in the abnormal
and background areas of an actual Au mine for testing,
and the results are shown in Table 7. The parallel (n =
6) and spiked recovery experiments were introduced, the
RSDs (0.7–5.1%) and recovery rates (95.5–104.4%) in
Table 7 proved the high precision and high accuracy of
the experimental methods. As expected, the Au content
of the soil in the abnormal area (A1-3) was much higher
than that in the background area (B1-3). The variation
of the Au content of the six samples measured by the
two digestion methods was consistent, but the Au con-
tent obtained by microwave digestion is slightly higher
than that by electric heating plate digestion due to the
release of Au in silicate under the action of HF. The
electric heating plate digestion method is a pretreatment
method promoted in the geological and mineral industry
standards DZ/T0279.4-2016 and DZ/T0279.19-2016,
and the microwave digestion method can also satisfy the
requirements of Au element analysis.

Conclusion
In this work, a series of comparison and improvement
experiments for pretreatment methods were designed to
ensure the accuracy and reliability of Au determination
in soil via ICP-MS. The analysis results demonstrated
that the reasonable treatment significantly improved the
enrichment effect of PUF on Au. Both the electric heat-
ing plate and microwave digestion methods had low de-
tection limits, high accuracy and precision, which could

satisfy the requirements of analysis and detection. A lit-
tle HF was added to release the Au in silicate during the
microwave digestion, which improved the digestion ef-
fect and the measured value of Au in the soil samples.
Compared with the electric heating plate digestion
method in the geological and mineral industry standards,
microwave digestion used a small amount of sample and
reagents, took a short time, was carried out in a closed
system without manual supervision, which could avoid
the pollution and harm of the acid gas to the environ-
ment and human body, and was more in line with the
development needs of green chemistry. In short, the
microwave digestion-PUF enrichment-thiourea
desorption-ICP-MS determination method has the po-
tential as a routine laboratory method for the trace Au
determination in various geological samples through the
strict control of relevant conditional parameters.
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