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MODIFIED BROMIDE METHOD
FOR DETERMINING GOLD

/MODYFIKOWANA METODA BROMOWA DO OZNACZANIA ZtOTA

Summary: Gold is a chemical element naturally occurring in the geological
environment, most often in the form of nuggets or fine grains dispersed in parent
rocks. Thanks to its physicochemical properties and high corrosion resistance, it
has played animportant role in both the economy and material culture for centuries.
Today, this metal is widely used not only in jewellery but also in electronics, medicine,
and industry. Therefore, the use of effective and reliable methods for determining
gold content in various materials is crucial. The aim of this study was to determine
the analytical capabilities of gold determination using a modified spectrophotometric
bromide method. The study was conducted using 5 mL of ethyl acetate as the
extraction solvent with the addition of a reducing agent. The range of detection,
limit of quantification, limit of quantification, and precision of measurements were
determined. The resulting calibration curve was characterized by a high correlation
coefficient of 0.998. Acceptable accuracy and precision of measurements were
achieved. The developed procedure was applied to determine gold content in the
selected alloy and jewellery samples. The obtained results were compared with those
obtained using the Energy Dispersive X-ray Fluorescence (ED-XRF) method and with
the declared values for the tested samples. The discrepancies in the results did not
exceed 5%, demonstrating the suitability of the bromide method as a simple and
effective analytical method for gold determination.

Keywords: gold, gold determination, cupellation, X-ray fluorescence technique (ED-
XRF), bromide method of gold determination, spectrophotometry

Introduction

Gold is a chemical element that occurs naturally in the geo-
logical environment. Due to its physicochemical properties and
high resistance to corrosion, it has held a significant place in the
economy and material culture for centuries. Today, it is widely
used in numerous fields, such as the electronics industry, medi-
cal technology, the chemical industry, and jewellery. As a precious
metal with a high market value, gold is a resource of particular
economic importance, justifying the need for its effective recov-
ery from various materials and technological waste. A key step
(after the recovery process) is its quantitative and qualitative
determination. Modern chemical analysis is increasingly mov-
ing away from traditional methods in favor of instrumental tech-

Streszczenie: Ztoto jest pierwiastkiem chemicznym wystepujacym naturalnie
w $rodowisku geologicznym, najczesciej w postaci samorodkéw lub drobnych
ziaren rozproszonych w skatach macierzystych. Dzieki swoim wtasciwosciom
fizykochemicznym i wysokiej odpornosci na korozje od wiekéw odgrywa wazng
role zaréwno w gospodarce, jak i w kulturze materialnej. Obecnie metal ten jest
szeroko stosowany nie tylko w jubilerstwie, ale takze w elektronice, medycynie
i przemysle. Dlatego tez kluczowe znaczenie ma stosowanie skutecznych
i niezawodnych metod oznaczania zawartos$ci ztota w r6znych materiatach. Celem
niniejszego badania byto okreslenie mozliwosci analitycznych oznaczania ztota
przy uzyciu zmodyfikowanej spektrofotometrycznej metody bromkowej. Badanie
przeprowadzono przy uzyciu 5 ml octanu etylu jako rozpuszczalnika ekstrakcyjnego
z dodatkiem $rodka redukujgcego. Okreslono zakres wykrywalnosci, granice
oznaczalnos$ci oraz precyzje pomiaréw. Uzyskana krzywa kalibracyjna
charakteryzowata sig wysokim wspdtczynnikiem korelacji wynoszacym 0,998.
Osiagnieto dobrg doktadnos$¢ i precyzje pomiaréw. Opracowang procedure
zastosowano do oznaczenia zawartosci ztota w wybranych prébkach stopéw
i bizuterii. Uzyskane wyniki poréwnano z wynikami uzyskanymi metoda
fluorescencji rentgenowskiej z dyspersjg energii (ED-XRF) oraz z wartosciami
deklarowanymi dla badanych prébek. Wyniki byty wysoce spdjne, co $wiadczy
o przydatnosci metody bromkowej jako prostej i skutecznej metody analitycznej
do oznaczania ztota.

Stowa kluczowe: ztoto, oznaczanie zawartosci ztota, kupelacja, spektroskopia
fluorescencji rentgenowskiej (ED-XRF), metoda bromkowa do oznaczania
zawartosci ztota, spektrofotometria

niques, which are characterized by greater precision, repeatability,
and limited human influence on the measurement result.

Instrumental techniques

Instrumental techniques minimize the operator's subjec-
tive assessment typical of some classical methods, such as the
touchstone method (which involves assessing a metal sample
by scratching it on a special stone and comparing the resulting
mark with standards for various samples, allowing for a rapid
but approximate determination of the metal's purity). This signifi-
cantly reduces the risk of errors resulting from the interpretation
of observations. At the same time, the dynamic development of
analytical equipment leads to a systematic increase in the accu-
racy and sensitivity of measurements. Contemporary trends in
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analytics promote the use of non-destructive methods, which en-
able analysis without interfering with the structure of the tested
material [1]. An example of a traditional technique with very high
accuracy is the cupellation method, but its significant limitation
remains the destructive nature of the analysis. An alternative is
the X-ray fluorescence technique (ED-XRF), which allows for the
rapid and non-destructive determination of the elemental com-
position of samples, with analysis costs comparable to classical
methods [2]. In turn, the inductively coupled plasma optical emis-
sion spectrometry (ICP OES) technique is characterized by very
high accuracy and sensitivity of determinations, but it requires
prior sample preparation and is invasive, which results in higher
analysis costs [3].

In laboratory practice, hybrid procedures are also used, com-
bining the use of instrumental equipment with manual sample
preparation steps. Although this approach allows for reliable re-
sults, the possibility of errors resulting from operator involvement
in the preparation of the material for analysis should be consid-
ered. Therefore, the selection of the appropriate gold determina-
tion method should depend on the purpose of the study, its re-
quired accuracy, the nature of the material being analyzed, and
the cost of the analysis. The optimal technique should provide
a balance between precision, analysis speed, and the cost-effec-
tiveness of the procedure [4].

Properties and uses of gold

Gold is a metal with a characteristic yellow colour, character-
ized by high plasticity, ductility, and malleability. From a chemical
perspective, it is one of the most durable metals, demonstrating
very high resistance to chemical agents. It does not oxidize and
does not react with elements such as hydrogen, nitrogen, or car-
bon, even at elevated temperatures. Gold is also resistant to many
commonly used chemical reagents — it is insoluble in alkalis or
most mineral acids, such as sulfuric, hydrochloric, nitric, or hy-
drofluoric acids, as well as in numerous organic acids [5]. Gold
dissolution occurs in mixtures of strongly oxidizing acids, such as
hydrochloric and nitric acids, or sulfuric and nitric acids, as well as
in hot selenic acid and aqua regia [6]. Aqua regia produces water-
soluble gold(Il) chloride (AuCl;). Moreover, in solutions of alkaline
cyanides (in the presence of oxidizing agents), gold forms stable,
water-soluble complexes, known as cyanaurate(l) [7]. Gold is one
of the oldest metals known and used by humans. Archaeological
evidence indicates that its mining and the production of various
objects from it were carried out as early as around 3500 BC in
ancient Egypt, India, and Indochina [8-9]. Due to the very softness
of pure gold, its practical use, especially in the jewellery indus-
try, most often involves the use of appropriate alloys. To increase
the hardness and mechanical strength of gold, additions of silver,
copper, or both metals are most often introduced into its alloys in
appropriate proportions. The gold content in alloys is determined
using the karat system, which refers to the number of mass parts
of pure gold per 24 parts of the total alloy. For example, an alloy
designated as 12-karat contains 50% pure gold [10-11].

The gold content in precious metal alloys is determined by de-
termining what's known as fineness. Fineness is defined as the

ratio of the mass of pure precious metal in the alloy to the total
mass of the alloy, expressed to the nearest thousandth. For the
highest purity gold (24-karat), the fineness is 7000:1000, or 1,000.
The value of one carat can be determined as a fraction:

1,000

1carat = — =
24

0,0417 ()

For the most commonly used 14-karat gold, this corresponds
to a content of:

14 carats = %- 14 = 0,583 )

This means that the alloy contains approximately 58.3% Au. In
jewellery practice, there is also a traditional definition of the gold
content in the alloy in the form of the so-called millieme, i.e. one
thousandth of the alloy mass: 1 millieme corresponds to 1 g of
pure gold in 1 kg of alloy [12].

Gold-nickel alloys containing approximately 5% of this metal
are also used in electronics, electrical engineering, and telecom-
munications. They are characterized by increased hardness and
high chemical resistance to corrosive agents. Furthermore, they
do not exhibit material transfer within certain current and voltage
ranges, making them suitable for precision engineering applica-
tions [13]. Gold is used in many scientific fields, including:

+ jewellery — in the jewellery sector, gold is one of the most
commonly used precious metals due to its characteristic bril-
liance, malleability, and corrosion resistance. However, pure
gold is too soft for general use, so gold alloys with the addi-
tion of alloying metals (e.g., silver, copper) are used in jewel-
lery production, which improve the hardness and durability of
the products. Au alloys are also used in techniques for coating
metal surfaces with a thin layer of gold to provide oxidation
resistance and an attractive appearance [14],
industry — this element finds widespread use in industry
thanks to its unique set of physical and chemical properties.
Its ability to reflect electromagnetic radiation and its resis-
tance to oxidation mean that thin layers of Au are used as pro-
tective coatings on surfaces exposed to extreme conditions,
such as in aerospace and satellite components. Gold is also
used as a conductive material in electronic components and
precision engineering, and its good thermal conductivity en-
ables applications where efficient heat dissipation is crucial.
In the glass industry, it is used as a colorant in so-called "ruby
glass," giving it a deep red colour [15],

+ electronics and electrical engineering — due to its excellent
electrical conductivity, corrosion resistance, and chemical
stability, gold is widely used in electronics and electrical en-
gineering. It is most commonly used as coatings on electri-
cal connectors, contacts, and thin wires used in integrated
circuits and connectors, where connection reliability is criti-
cal to device operation. Au is also used in the production of
thin wires in microelectronics (wire bonding) and as a surface
coating material = PCBs (Printed Circuit Boards), which in-
creases their durability and resistance to environmental con-
ditions [16],
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+ industrial chemistry and catalysis — in industrial chemis-
try, gold is playing an increasingly important role as a cata-
lyst for certain chemical reactions. Although this metal was
historically considered inert, the discovery of the reactivity of
Au nanoparticles in CO oxidation and other heterogeneous
processes has made it the subject of intensive research in
catalytic chemistry. Gold exhibits catalytic activity, particu-
larly when present in small-molecule form or as concentrated
clusters supported on supports, which has applications in in-
dustrial syntheses and ecological processes [17],
food and catering industry — in the food and catering in-
dustry, Au is mainly used as a decorative ingredient. Me-
tallic gold in the form of flakes, particles, or powder is ap-
proved as a food additive under the symbol E175 and is
used to decorate desserts, alcoholic beverages, and other
beverages without affecting taste or nutritional value. In this
form, the metal is not metabolized and is excreted from the
body unchanged [18],

+ medicine and dentistry — Gold has a long history in medicine
and dentistry, dating back many decades. Its biocompatibility
and chemical resistance make it suitable for use in dentures,
crowns, and fillings due to its durability and low reactivity in
the oral environment. Beyond dentistry, Au compounds and
nanoparticles are being researched in medicine, including as
drug carriers, in photothermal cancer therapy, and in research
on the treatment of rheumatoid arthritis due to their biological
properties [19].

Getting gold
Gold can be obtained in many ways, including:

+ obtaining gold from natural deposits. Gold can be extracted
by the traditional gold mining method of leaching. This pro-
cess involves washing sand or crushed gold-bearing ore with
water, which removes lighter, non-gold-bearing particles,
leaving behind heavier, metal-rich fractions. For gold found
in rocks, the rock material must first be thoroughly crushed
to allow for efficient separation of the gold-bearing fractions
during the slurring process. Besides mechanical techniques,
chemical gold extraction methods are also used. One meth-
od is amalgamation, in which gold forms an amalgam with
mercury on a copper surface, and then the metal is recovered
by distillation—the mercury evaporates, leaving the gold. The
second method is complexation, which involves dissolving
the gold and converting it into complex salts, which can then
be further processed for metal recovery [20]. In the presence
of oxygen, metallic gold dissolves in sodium cyanide, forming
dicyanogoldite, as shown in the reactions below.

4Au + 8NaCN + 02 + 2H20 — 4Na[Au(CN)2] + 4NaOH (3)
or in ionic notation:

4Au + 8CN- + Oz + 2H20 — 4[Au(CN)z] + 40H  (4)

Gold is separated from the solution of this salt with the help
of zinc:

2[Au(CN)2]" + Zn - [Zn(CN)4]?2 + 2Au (5)

The described method is widely used. Gold is extracted from
ores by leaching in a potassium cyanide solution in the presence
of air, followed by reduction to the metallic form using zinc or alu-
minum. Alternatively, after roasting the gold-bearing pyrites, the
metal is isolated by chlorination, and the resulting gold chloride
is then reduced using iron(ll) sulfate [21].

obtaining gold in the process of electrorefining copper. Cop-
per electrorefining is one of the oldest electrochemical pro-
cesses and has played a significant role in the production of
this metal since the late 20th century, when approximately
half of the world's copper production was subjected to this
process. The advantage of electrolytic copper over metal
obtained by smelting methods results from its significantly
higher purity—while smelted copper contains approximately
99.6% Cu, electrochemically refined copper reaches a purity
of 99.99% Cu [22]. The development of electrochemical cop-
per refining is further supported by the presence of valuable
admixtures in smelter ores, e.g., silver, gold, rhodium, nickel,
selenium, or tellurium, whose value in some cases can offset
the costs of the refining process itself. Electrorefining technol-
ogy involves five basic stages:

a) forming anodes from copper obtained by metallurgical

methods,

b) preparation of cathodes in the form of sheets or sleeves,

c) electrolysis, i.e. the actual process of electrorefining

copper,

d) processing of the electrolyte solution,

e) processing of anode sludge, which contains valuable

trace metals [23].

Raw metallurgical copper, known as black copper, contains
93-98% Cu. It is not directly electrorefined due to the economic
reasons. This raw material also contains low-value impurities
that limit the profitability of the electrochemical process. There-
fore, prior to electrorefining, the copper is thermally refined, dur-
ing which some impurities are removed to slag. This results in
thermally refined copper, also known as red copper, with copper
content increasing to 99.0-99.6% [24].

Marking gold

Gold can be marked in many ways, including:

cupellation method. Its use was recorded in ancient Egypt
around 1360 BC. However, a detailed description of the pro-
cess appeared much later — in the work De la Pirotechnia, de-
veloped by the Italian metallurgist Vannoccio Biringuccio in
the 15" century. Despite its centuries-long history, this meth-
od remains widely used and is considered one of the most ac-
curate and precise techniques for determining gold content.
In analytical practice, it is primarily used to determine the con-
tent of yellow gold, ranging from approximately 30 to 99.9%,
while in the case of white gold, appropriate modifications to
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the procedure are necessary [25]. For a long time, the mecha-
nism of changes occurring during cupellation, particularly
those affecting the microstructural changes of the material,
remained poorly understood [26]. The first and crucial step of
the procedure is the collection of a representative sample, the
method of which depends on the nature of the material be-
ing analyzed. The sample mass should be approximately 250
mg, and its weighing is performed to an accuracy of 0.01 mg.
Knowing the approximate gold content of the sample is also
crucial for proper preparation of the material for analysis, as
the amount of additives used depends on this value. Pure sil-
ver is added to each sample in an amount such that the ratio
of the mass of pure gold to the total mass of silver (including
both the added silver and the silver present in the sample) is
1:2.5. This step is referred to as alloy inquarting. In the next
step, the prepared alloy, along with the added silver, is placed
in a lead foil, the mass of which is also selected depending on
the expected gold content in the analyzed sample [27].

In the gold content determination process by cupellation,
lead and silver are used as collector metals. In the analysis
of gold alloys, favourable results can also be obtained using
other collector metals, including tin or copper. A flux, most
often a combination of sodium carbonate, borax, and silica,
is also added to the reaction mixture, as well as an organic
reducing agent, such as flour or graphite [28]. The process
is conducted in special crucibles called cupels, which were
traditionally made from calcined and crushed animal bones
with the addition of beech ash. Nowadays, ceramic materials
based on magnesium oxide (MgQ) are most commonly used.
The cupels are placed in a furnace heated to approximately
1000°C, after which the prepared samples with additives are
introduced, and the actual cupellation stage is conducted at
temperatures ranging from 1050°C to 1150°C. The process
typically lasts from 15 to 25 minutes and depends primarily on
the gold content and composition of the alloy being analyzed
[29]. During heating, lead oxidizes to lead oxide, which, in its
liquid state, penetrates the porous structure of the cupel. As
aresult, a small metallic bead containing only precious metals
remains on its surface. The resulting product is then purified
and flattened on a smooth, polished anvil. The obtained sam-
ples are rolled into thin, elongated sheets and annealed [30].
To separate the silver, the material is treated with nitric acid
of appropriate density. After etching, the samples are washed
successively with hot and cold distilled water and then an-
nealed again at 700°C-750°C for approximately 5 minutes.
The final step of the procedure is the precise weighing of the
obtained pure gold sheets, which allows for the calculation of
the content of this metal in the analyzed alloy [31].

X-ray fluorescence technique (ED-XRF). It is one of the most
modern techniques used in the determination of gold and
other precious metals. Its significant advantage is the non-
destructive nature of the analysis, which ensures that the
tested material is not damaged during the measurement. It
also enables the distinction of solid gold alloy from surface
gold plating. The principle of this technique is based on the

interaction of electromagnetic radiation with the tested sam-
ple. Analysis of the material's response to this radiation allows
for conclusions about its chemical properties and elemental
composition. X-ray fluorescence is used in both qualitative
and quantitative analysis. The basic physical phenomenon
used in this technique is the photoelectric effect. As a result
of the interaction of primary radiation with matter, electrons
from the inner atomic shells are ionized, leading to the emis-
sion of characteristic fluorescent radiation. The energy of the
emitted radiation is specific to individual elements, while its
intensity is proportional to their content in the tested mate-
rial. Analysis of the radiation spectrum therefore enables the
identification of sample components and the determination
of their quantitative fraction [32]. The radiation source in X-ray
fluorescence is an X-ray tube in which the cathode is heated
and emits electrons. These electrons are then accelerated us-
ing high voltage and directed onto an anode, most often made
of tungsten or molybdenum, which leads to the emission of
radiation. A filter is used to modify the radiation spectrum,
which reduces unwanted components and regulates the ra-
diation density. A collimator limits the exposed sample area,
while a detector, usually a semiconductor, records the emit-
ted fluorescence radiation, enabling the determination of the
sample's elemental composition. The detector signal is then
amplified and processed using an amplifier, enabling further

quantitative and qualitative analysis [33].

The X-ray fluorescence technique has many advantages, in-
cluding fast and non-destructive measurement of coating thick-
ness (approximately 100 s), the ability to analyze solids, powders,
and liquids, the ability to determine trace amounts of harmful sub-
stances, high precision and accuracy of determinations, a wide
range of applications in various fields, minimal or no sample prep-
aration, safe analysis (no need to use hazardous reagents), and
the ability to conduct qualitative and quantitative analyses with
an accuracy of 0.1%. A limitation of the ED-XRF technique is that
the measurement only concerns the sample surface to a depth of
several micrometers [34].

bromide method for determining gold. It involves spectro-

photometric gold determination combined with extraction,

enabling selective and quantitative analysis of the element
in various alloys and chemical samples. The procedure be-
gins with dissolving the alloy sample in aqua regia and then
evaporating almost the entire solution. Hydrochloric acid is
then added and evaporated to half its volume, after which the
solution is topped up with water. The optimal reaction envi-
ronment includes 4-8 M HCI concentrations or a H,SO,—KBr
mixture [35]. Gold extraction can be performed using various
organic solvents, such as diisopropyl ether (DIPE), methyl
isobutyl ketone (MIBK), mesityl oxide, or amyl acetate. In the
presence of Fe(lll) ions, which may interfere with the analysis,
masking agents, such as phosphoric acid, are used. Gold in
the form of chloride complexes can be extracted using trial-
kylphosphines — TOPO (Tri-n-Octylphosphine Oxide) in MIBK
or tri-n-butylphosphate — TBP (Tri-n-Butyl Phosphate) in tolu-
ene or xylene, while bromide gold complexes are extracted
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using ethyl acetate or trioctylamine — TOA (Trioctylamine)

in toluene. For low gold concentrations (up to 1000 pg/mL),

DIPE extraction with a solution of approximately 7 M HNO; is

recommended. Among other elements that can be extracted

along with gold, the main ones are uranium(VI) and thorium.

Alternative forms of gold extraction have also been described

in the literature, e.g., in the form of diethyldithiocarbamate or

thiooxinate [36)].

When gold is determined as a bromide complex, an orange-
yellow colour is produced, with the maximum absorbance at
380 nm. This technique is characterized by simplicity, selectivity,
and the ability to use various acids (HBr, KBr, H,SO,) and organic
solvents such as ethyl acetate or chloroform, in the presence of
TOPO or TOA. The main interfering factors include high concen-
trations of chlorides, Fe(lll), and larger amounts of Cu, Ni, and
Cr(Ill). Chlorides reduce the colour intensity by forming mixed
chloride-bromide complexes, while Fe(lll) can form a red bromide
complex, which is neutralized by phosphates or fluorides [37].

+ approximate gold testing on a touchstone. The procedure
involves applying a scratch of the alloy being tested and test-
ing needles of known composition to the surface of a touch-
stone. Testing liquid, usually nitric acid, is then applied to the
prepared set using a dropper. After a specified time, the ex-
cess liquid is removed using tissue paper, and the resulting
marks are then visually assessed. This method can be used
for alloys with finenesses ranging from 200 to 980. Alloys with
lower finenesses are completely dissolved in nitric acid, while
alloys with higher finenesses are too soft to allow for a correct
scratch [38].
potentiometric titration. It is characterized by low cost and
simplicity of execution, offering an alternative to the cupella-
tion method. Unlike cupellation, potentiometric titration does
not generate hazardous reagents or lead oxide vapours that
can pollute the environment. Numerous chemical reactions
for determining gold in aqueous solutions have been de-
scribed in the literature, and these reactions can be divided
into two main groups: redox reactions and precipitation reac-
tions [39]. The first group includes reducing agents such as
Fe(Il), Ti(ll1), Sn(11), Cr(1l1), Cu(l), and the most commonly used
iodide. The reaction will be as follows:

AuCls + 2I- > AuCle- + Iz + 2CI- ©)

Despite numerous modifications, the final stage of analysis
usually involves titration of the released iodine, which means that
gold is determined indirectly, and therefore the measurements
may be less accurate than with cupellation. To increase precision,
direct titration is used using organic reagents such as hydroqui-
none, ascorbic acid, o-dianisidine, or hydrazine. Hydroquinone
exhibits the most favourable properties. However, none of these
compounds achieves the accuracy comparable to cupellation.
Among the available reagents, CPC (Cetylpyridinium Chloride)
is the most effective, being sensitive to the presence of larger
amounts of platinum. A silver chloride electrode is typically used
for the measurement [40].

+ ICP-OES spectrometry. It is characterized by high sensitiv-
ity and selectivity, making it widely used for determining ele-
ments in solutions, including gold and other noble metals. The
excitation source is argon plasma generated in a specially de-
signed burner [41]. The process involves several stages:

a) very pure argon gas flows through a quartz tube surround-
ed at the top by an induction coil connected to a radio fre-
quency generator

b) argon itself does not cause any changes after the gen-
erator is started, because it is not a conductor; short-term
discharges are necessary, which cause the formation of
splitting electrons

¢) an oscillating magnetic field is created by high-frequency
currents flowing in the induction coil

d) the magnetic field induces electrons to flow inside the
tube (eddy current), which are accelerated by the alternat-
ing magnetic field

e) electrons and ions encounter resistance, which generates
Joule heating [42].

At this point, a plasma with a temperature of 6000-10000 K
is created. The sample being analyzed is sucked in by a nebu-
lizer and transported in a stream of argon. In the hot plasma, it
decays into atoms, which then become excited and emit electro-
magnetic radiation characteristic of a given element [43]. In this
technique, gold is determined using yttrium as a reference. Two
lines are measured simultaneously: line | (gold, 267.6 nm) and line
Il (yttrium, 371 nm). During this process, other noble metals, such
as silver or palladium, can be determined. ICP-OES is particularly
useful in automated analytical processes [44].

Materials and methods

Spectrophotometric studies were performed using a UV Vis V
530 spectrophotometer (Jasco, Japan) and glass cuvettes for the
visible spectrum. Solutions were prepared in volumetric flasks
(25-100 mL). Concentrated acids: HNO, (65% analytical grade),
HCI, and H,S0, (95% analytical grade), as well as deionized water,
were used. Ethyl acetate was used for extraction, and KBr or its
mixture with sodium hypophosphite was used as the complexing
agent. The gold standard solution for the bromide method was
prepared by dissolving 0.1 g of gold in 4 mL of aqua regia, heating,
and evaporating to near dryness. 2 mL of HCI was then added,
evaporated halfway, and diluted with water to 100 mL, obtaining
a solution with a concentration of 0.1000%. The modified bro-
mide method included the following steps:

a) 5 g of potassium bromide (KBr) was dissolved in 10 mL of
redistilled water

b) then 1 mL of concentrated sulfuric acid(VI) was added to ob-
tain an acidic reaction medium

c) theappropriate volume of the standard or tested gold solution
was added to the prepared solution

d) initially, chloroform was used for extraction, but it proved inef-
fective. Changing the solvent to the less polar ethyl acetate
allowed for more effective extraction of the gold bromide
complex. The study was conducted for: 5 mL of solvent
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e) the mixture was shaken by hand for approximately T minute to
perform extraction

f) after phase separation, the lower agueous layer was removed

g) the upper organic layer, after filtering through a paper filter,
was transferred to the measuring cuvette

h) absorbance was measured against pure ethyl acetate at
the wavelength corresponding to the absorption maximum

(Amax = 390 nm).

Before the extraction step, 0.2 g of sodium phosphate(l)
NaH,PO, was added to the separatory funnel as a reducing agent.
The addition of reducing agent prevented KBr decomposition by
any oxidants. The addition of a reducing agent allowed to elimi-
nate the decomposition of the KBr complexing agent in the pres-
ence of oxidants.

Results

Calibration curve

Absorbance was measured for the gold sample from 0 to
1000 pg. It was decided to limit the range to 500 pg due to non-
linearity of the curve above this amount. Maximum absorbance
was observed at a wavelength of A=390 nm. Table 1 presents the
dependence of absorbance on gold content using the modified
bromide method.

Figure 1 shows the rectilinear calibration curve of the modi-
fled bromide method for Au determination.

A good correlation coefficient of the modified bromide meth-
od R2 was obtained, which was 0.998.

Based on the calibration curve, a formula was obtained that
allows the calculation of the gold content in the tested solution
based on its absorbance.

Absorbance
» N
(%, N (%, ]

[=Y

0,5

0 100

200

_ A-0,024552

0,005408 [ug] 7

where:
A — absorbance
x — Au content [ug].

Table 1. Dependence of absorbance on the amount of Au in the modified bromi-
de method

Au mass [pg] Absorbance
0 0.0129
10 0.0588
20 0.1295
50 0.3133
70 0.4406
90 0.5147
100 0.5369
150 0.8485
200 1.0620
300 1.6847
400 2.2268
500 2.6869
R?=0,9988
300 400 500 600

Au mass [pg]

Fig. 1. Calibration curve of the modified bromide method for Au determination
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Precision of the modified bromide method
for gold determination

Seven determinations were performed for 10 pg and 100 ug
of Au. The mean, standard deviation (SD), and relative standard
deviation (RSD) of absorbance were determined. The results are
presented in Table 2.

Table 2. Precision of determinations using the modified bromide method

10 pg Au 100 pg Au
No.
A x [ng] A x [ng]
1. 0.0564 5.89 0.5545 97.99
2. 0.0538 5.41 0.5250 92.54
38 0.0563 5.87 0.5424 95.76
4. 0.0531 5.28 0.5314 93.72
5. 0.0472 419 0.5242 92.39
6. 0.0542 5.48 0.5739 101.58
7. 0.0509 4.87 0.5298 93.43
Mean 0.053 5.28 0.5400 95.34
SD 0.0032 0.597 0.0183 3.39
RSD 6.07% 11.29% 3.39% 3.56%

Limit of quantification and detection
of the bromide Au determination method

Ten measurements were performed for samples without the
addition of a standard and without the addition of a gold sample,
the so-called "blank samples'. The procedure was the same. Ta-
ble 3 presents the values of the blank samples determined using
the modified bromide method.

Table 3. Blank values determined in the modified bromide method

The limits of quantification and detection were calculated:
GW =mean + 3-5SD (8)

where:
GW - detection limit
SD - blank standard deviation

GO =mean + 6-SD Q)

where:
GO - detection limit
SD - blank standard deviation
By substituting the data into the appropriate equations, the
following results were obtained:
GW =41 [ud]
GO =6.0[ug].

Marking of gold in selected products

Four samples were analyzed: two jewelry items of known
gold fineness, one alloy whose gold content was previously de-
termined using the fluorescence method, and a foil (used for gold
plating). The foil and jewelry items were additionally subjected to
a control gold content determination using the ED-XRF method.
The measurement was performed using a FISCHERSCOPE X-
RAY XDV-SDD X-ray fluorescence spectrometer. The principle of
this technique involves exposing the sample to X-ray radiation,
which causes an electron to be ejected from the inner shell of
an atom. This creates a gap, which is filled by an electron from
a higher energy level, accompanied by the emission of character-
istic radiation detected by the detector. This technique requires
no special sample preparation. Simply place the sample in the
instrument and run the measurement program. The technique is
non-destructive.

A weighed amount of the gold alloy sample was dissolved in
2 mL of aqua regia. The resulting solution was heated to remove

nitrogen oxides and then evaporated to near dryness. Next, 1 mL
No. A x[pg] of concentrated hydrochloric acid was added, after which the so-
lution was evaporated again to half its volume and topped up with
! 00365 221 water to 25 mL. The prepared solutions were transferred to glass
z 0.0324 145 vials with stoppers. Figure 2 shows products intended for gold
3 0.0419 3.21 determination.
4 0.0398 2.82 Table 4 shows the weight of the actual gold-containing sam-
5 00358 208 ples used in the tests.
6 0.0366 2.23
7 0.0368 997 Table 4. Sample weights of gold alloys
i 0.0319 e No. Sample name Weight [g]
9 0.0321 1.40
10 0.0387 2.62 1 A 0.0312
Mean 0.0362 2.15 2. B 0.0130
SD 0.0035 0.6486 3. c 0.0161
RSD 9.70% 30.20% 4. b 0.0224
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Fig. 2. Samples of real gold objects intended for research
(A - gold foil, B - gold chain, C - gold bracelet, D - gold contact from the relay)

Table 5. Results of gold content determinations using the modified bromide method in selected alloys

Marking gold in selected

GOLD DETERMINATION —

items A B c D

No.
Table 5 shows the determi- A x[ugl | c[%] A x[ugl | c[%] A x[ugl | c[%] A x[ugl | cl%]

nation of gold content using the

. . 1. | 12973 | 235.35 | 94.29 | 1.3583 | 246.63 | 94.86 | 0.6455 | 114.82 | 35.66 | 1.5168 | 27593 | 61.59
modified bromide method for

four selected items. 2. | 1.3141 | 23845 | 9553 | 1.3526 | 24557 | 94.45 | 0.6355 | 112.97 | 35.08 | 1.4972 | 272.31 | 60.78

Comparison OfAU 3. 1.3097 | 237.64 | 95.21 | 1.3723 | 249.21 | 95.85 | 0.6342 | 112.73 | 35.01 | 1.4733 | 267.89 | 59.80

determination results using 4. | 12912 | 23422 | 93.84 | 13771 | 25010 | 9619 | 0.6481 | 115.30 | 35.81 | 1.5235 | 27717 | 61.87
the modified bromide
method and the non-invasive 5. | 13245 | 24038 | 96.30 | 1.3815 | 25092 | 96,51 | 0.6400 | 113.80 | 3534 | 15431 | 280.80 | 62.68

ED-XRF method Mean | 1.3074 | 237.21 | 95.03 | 1.3684 | 248.49 | 95.57 | 0.6407 | 113.93 | 35.38 | 1.5108 | 274.82 | 61.34

The mean absorbance val- SD | 0.0133 | 2.46 0.98 | 0.0124 | 2.29 0.88 | 0.0061 112 0.35 | 0.0266 | 4.92 1.10

ues obtained for each sample RSD | 1.02% | 1.04% | 1.04% | 0.91% | 0.92% | 0.92% | 0.95% | 0.99% | 0.99% | 1.76% | 1.79% | 1.79%

were entered into the calibration
curve equation, from which the
percentage gold content was
calculated. These results were
then compared with the actual
values and with the results ob-

Table 6. Comparison of gold assays using the modified bromide method in selected items

tained using the comparative
. . Au content for a given sample tested A B © D
ED-XRF technique. The relative
error was also calculated with re-
Declared [%] - - 33.3 58.3
spect to the actual gold content
and 'the results obtained using Determined by the bromide method [%] 95.03 95.57 35.38 61.34
the instrumental X-ray fluores-
cence method. Table 6 presents Marked by ED XRF technique [%] 100.00 99.00 35.04 5874
a comparison of the determina-
tions with the modified bromide Difference between bromide technique mar- ) ) 6.0 59
kings and declared value [%] ' '
method.
Difference in determinations using the bromide 50 35 10 a4
method and the ED XFRA technique [%] ) ‘ : ’
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Summary and conclusions

The modified simple spectrophotometric bromide method
with a reducer enables the determination of gold in the visible
light region (Aax=390 nm) over a wide range of 6-500 ug Au with
a relative standard deviation (RSD) of 11.3% (for 10 ug Au at the
limit of quantification) to 3.6% (for 100 ug Au). A small amount
of 5 ml of relatively harmless ethyl acetate was used for extrac-
tion. The study obtained a calibration curve with a high correla-
tion coefficient exceeding 0.998. The detection limit was 4.1 pg
Au in the sample, and the limit of quantification was 6.0 ug Au.
The modification of the bromide method for gold determina-
tion involved optimizing the type and quantity of solvent used
to extract the bromide gold complex and the addition of a small
amount of the reducing agent sodium hypophosphite NaH,PO,,
which prevents the decomposition of the complexing agent KBr
in the presence of oxidants and the release of elemental Br,. The
modified bromide method was used to determine gold content in
selected materials and jewelry. The obtained results were com-
pared with those obtained using the reference X-ray fluorescence
method (ED-XRF). High agreement was achieved. Differences in
determinations ranged from 1% to 4.4%. The developed spectro-
photometric-extractive bromide method is characterized by high
sensitivity, satisfactory accuracy, and can be used for gold deter-
mination even with minimal equipment requirements.
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