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bstract

A simple and accurate method was developed for separation and enrichment of trace levels of gold in environmental samples. The method is
ased on the adsorption of Au(III)–diethyldithiocarbamate complex on Amberlite XAD-2000 resin prior to the analysis of gold by flame atomic
bsorption spectrometry after elution with 1 mol L−1 HNO3 in acetone. Some parameters including nitric acid concentration, eluent type, matrix
ons, sample volume, sample flow rate and adsorption capacity were investigated on the recovery of gold(III). The recovery values for gold(III) and
etection limit of gold were greater than 95% and 16.6 �g L−1, respectively. The preconcentration factor was 200. The relative standard deviation of

he method was <6%. The adsorption capacity of the resin was 12.3 mg g−1. The validation of the presented procedure was checked by the analysis
f CRM–SA–C Sandy Soil certified reference material. The presented procedure was applied to the determination of gold in some environmental
amples.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Gold, as a global currency, an investment and simply a thing
f beauty, is one of the precious metals and held an allure for
housands of years. Gold possesses a unique combination of
roperties that have resulted in its use in a wide range of indus-
rial applications [1]. Cyanide, as a leaching agent, is commonly
sed in industrial gold extraction [2,3]. The recovery of gold by
he adsorption of auro-cyanide complexes onto activated car-
on is a well-established process [4]. However, great interest
n the use of non-cyanide methods for the dissolution of gold
rises from concerns regarding the toxicity of cyanide and the

nability of cyanide solution to effectively leach carbonaceous or
omplex ores. Also, these conventional industrial processes for
ecovering precious metals generally consist of multiple steps

∗ Corresponding author. Tel.: +90 352 4374933; fax: +90 352 4374933.
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f dissolution, conditioning and precipitation. These processes
re not only labor-intensive but also time-consuming, and hence
uch work has been conducted on the development of alterna-

ive methods [5].
The concentration of gold in environmental, geological and

etallurgical materials is usually too low to be determined
irectly by AAS owing to insufficient sensitivity and matrix
nterferences. Hence, separation and enrichment of analyte are
mportant aspects in determination of gold in addition to the
ffect of other trace metal ions in saline matrices [6–9]. For this
urpose, several separation and enrichment techniques for gold
and for trace metal ions) including solvent extraction [10–12],
o-precipitation [13–15], sorption, [16–20] etc., have been deve-
oped. One of this technique, solid-phase extraction (SPE) by
mberlite resins has been widely used for separation and enrich-

ent of almost all the other trace metals, besides gold [21–29].
Sodium diethyldithiocarbamate (Na-DDTC) is a well-

haracterised reagent that reacts with over many metal ions such
s Au, Cu, Fe, Pb, Mn, Zn, Cd, Ni, Bi and Cr to form very stable

mailto:soylak@erciyes.edu.tr
dx.doi.org/10.1016/j.jhazmat.2007.03.083
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all working range of nitric acid concentration. Gold(III) was
effectively separated from other metal ions simultaneously in
the 1.0–2.5 mol L−1 HNO3 concentrations. Hence, 2.0 mol L−1

HNO3 medium was selected for the next applications in order to
18 H.B. Senturk et al. / Journal of Ha

omplexes [6,7]. These chelates have been used for the solid-
hase extraction of some metal ions from aqueous solutions
6,7,28,29].

In this study, a solid-phase extraction method for gold(III)-
iethyldithiocarbamate on Amberlite XAD-2000 resin has been
resented. The conditions including nitric acid concentration,
mounts of reagents, eluent type, sample volume for the quan-
itative recoveries for gold(III) were investigated.

. Experimental

.1. Instrumentation

A Unicam AA-929 model atomic absorption spectrome-
er (AAS) equipped with single hollow cathode lamp (6.0 mA
urrent for gold) and 5 cm of burner head was operated the deter-
inations. Gold ions in solution were atomized by air/acetylene
ixture. Wavelength was set at 242.8 nm and the spectral band-
idth at 0.5 nm for gold.
Milestone Ethos D microwave digestion unit with closed ves-

els and 1450 psi max pressure was used for digestion of ore and
oil materials.

.2. Reagents and solutions

All reagents were of analytical reagent grade and purchased
rom Merck and Fluka. Stock solution of Au(III) with a concen-
ration of 1000 mg L−1 in 2.0 mol L−1 HCl was used. Model and
tandard solutions were prepared by diluting this stock solution
sing suitable ratios. Distilled-deionized water was used in all
xperiments.

Amberlite XAD-2000 resin (600 m2 g−1 surface area and
0–50 mesh particle size) and Sodium diethyldithiocarbamate
Na-DDTC) were supplied by Sigma Chem. Gold in sandy soil
tandard (CRM–SA–C) from High-Purity Standards, Inc., was
sed as standard reference material.

.3. Preparation of the mini column

Amberlite XAD-2000 resin was thoroughly washed with
mol L−1 NaOH, water, 1 mol L−1 HNO3, water and acetone

uccessively. It was finally washed with 10 mL of water and
ried in desiccators for further use.

A glass column with stopcock and porous disk (1 cm × 10 cm
.d.) was used in all experiments. The glass column was loa-
ed with 0.250 g of ground and sieved (150–200 �m) Amberlite
AD-2000 resin. After each use, the resin filled to column
as washed with large volumes of distilled-deionized water and
mol L−1 HNO3 in acetone, and was conditioned with HNO3

olutions in different concentrations before being stored in water
or the next experiment.

.4. Preconcentration procedure
Fifty milliliters of distilled water containing 50 �g of Au(III)
ons were prepared in 0.5–2.5 mol L−1 HNO3. Then 5 mL of
a–DDTC (0.1%) was added to the solution. The solution was

F
H
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assed through the column at 10.0 mL min−1. The adsorbed gold
omplex on the column was eluted with 1 mol L−1 HNO3 in
cetone and acetone in the eluent was evaporated to near dryness.
he residue was diluted to 5.0 mL with 1 mol L−1 HNO3 and the
nal solution was analyzed for gold by FAAS.

.5. Application to real samples

The proposed method was applied to CRM–SA–C Sandy
oil, Mastra Gold Ore from Gumushane, Turkey and agricul-

ural soil from Surmene, Trabzon, Turkey. The 1.250 g of fine
owdered samples were digested in microwave digestion unit
y addition of 8 mL of aqua regia and 1 mL of HF according to
he microwave digestion program under 45 bar pressure (1 min
or 250 W and 180 ◦C, 1 min for 0 W and 180 ◦C, 10 min for
50 W and 200 ◦C, 5 min for 250 W and 220 ◦C, respectively,
ent: 3 min). The final mixture was evaporated to dryness in a
ot plate. Twenty milliliters of 1 mol L−1 HNO3 was added. The
uspension formed was filtered through blue band filter paper.
hen the enrichment procedure given in Section 2.4 was applied.

Another application of the presented procedure was perfor-
ed to a mineral water from Araklı, Trabzon, Turkey and stream
ater from Of, Trabzon, Turkey. Fifty milliliters of water sample
as taken then the procedure given above was applied.

. Results and discussion

.1. Effect of nitric acid concentration

The metal–diethyldithiocarbamate complexes were gene-
ally occurred at the acidic media [30]. The influence of
itric acid concentration on the retention of gold(III) and other
ome metal ions-diethyldithiocarbamate chelates on Amberlite
AD-2000 was studied in the HNO3 concentration range of
.5–2.5 mol L−1. The results are depicted in Fig. 1. Gold(III)-
iethyldithiocarbamate chelates was quantitatively recovered in
ig. 1. The variation of HNO3 concentration with recovery (eluent: 1 mol L−1

NO3 in acetone, resin quantity: 0.250 g, sample flow rate: 10 mL min−1, N = 4).
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Fig. 2. Effect of DDTC quantities on the recovery of gold(III).

eparate gold ions from other metal ions and to preconcentration
f gold(III).

.2. Effect of DDTC quantities on the recovery of gold

The influences of quantities of DDTC as a chelating agent
n the solid-phase extraction of gold(III) were investigated. The
uantity of DDTC on the retention was examined from 0 to
0 mg. The results are given in Fig. 2. The recoveries without
igand were below 10%. The recovery values increased with
he addition of DDTC. The quantitative recovery values were
btained after 2.0 mg of DDTC (Fig. 2). After this point the
ecoveries were quantitative and constant in all working range.
or all further works, 5.0 mg of DDTC (5.0 mL of 0.1%) was
dded.

.3. Effect of eluent

To desorption gold(III) from the Amberlite XAD-2000
olumn, various eluents were examined. The results were given
n Table 1. Due to gold(III) forms strong complexes with I−,
2O3

2−, CN−, (NH2)2CS and SCN− [3,22,31,37], the various
olution of these ions were also examined as eluting agent. As
an be seen in Table 1, the recoveries of gold ions were not

uantitative when I−, S2O3

2−, CN−, (NH2)2CS and SCN− as
luent. The best eluent for gold(III) on the resin was 10 mL of
mol L−1 HNO3 in acetone. Thus, 1 mol L−1 HNO3 in acetone
as used in the next applications as eluent.

able 1
he results of the recovery of gold by different eluent types (2 mol L−1 HNO3

edium, resin quantity: 0.250 g, N = 4)

luent type Volume (mL) Recovery (%)

.5 mol L−1 KSCN 20 <5

.3 mol L−1 KI in water–methanol 5–5 69 ± 3

.5 mol L−1 Na2S2O3 20 13 ± 1

.5 mol L−1 (NH2)2CS 20 <5

.0 mol L−1 KCN 10 37 ± 1

.0 mol L−1 KI–1.0 mol L−1KCN 5–5 40 ± 2

.0 mol L−1 HNO3 10 <5

.0 mol L−1 HNO3 in acetone 10 100 ± 3

.0 mol L−1 HNO3 in ethanol 10 88 ± 3
cetone 10 54 ± 2
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Fig. 3. The variation of sample volume with recovery.

.4. Effect of sample volume on the recovery of gold

Because of low concentrations in real samples, large sample
olume is generally required for effective preconcentration
nd determination of gold. Therefore, the optimum sample
olume and recovery were investigated by using model solu-
ions containing the same amount of gold in the volume range
f 50–2000 mL, which were passed through the column under
ptimal conditions. The recoveries were found to be quanti-
ative and stable until 1000 mL (Fig. 3). The enrichment factor
as established as 200 in optimized conditions (sample and final

luent volumes were 1000 and 5 mL, respectively).

.5. Effect of sample flow rate

The flow rate of the model solutions through the column is
ne of the factor affecting the length of time needed for the
etermination of gold-DDTC chelates and is directly related
o the contact of the gold-DDTC chelates with the resin. As
result of the investigation of this effect, valuable information

bout the adsorption rate of the complexes on the resin can be
btained. Hence, model solutions of 50 mL were passed through
he column with flow rates in the range 1–25 mL min−1, where
acuum was applied with a waterjet. It was observed that the
ecovery did not change until 25 mL min−1; hence a flow rate of
0.0 mL min−1 was selected for the experiments.

.6. Effect of matrix ions

The determination of gold is rather difficult in geological
amples due to the high concentrations of other elements such
s Na, Fe, Cu, Pb, Ni and Zn. Therefore, model solutions contai-
ing fixed amount of gold together with either individual matrix
etals or mixed matrix metals (Na, K, Ca, Mg, Fe, Cu, Ni, Pb

nd Zn) were prepared and the preconcentration procedure was
pplied. Since there is an excess amount of matrix elements in
he medium, in order to prevent the contamination of the eluent
y these metals, the resin was washed with 10 mL of 1 mol L−1

NO3 prior to elution. The results are given in Tables 2 and 3.

he results showed that the recovery of gold was not affected by

he medium composition containing either individual or mixed
etals. Thus, gold was both separated from other matrix metals

nd pre-concentrated successfully.
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Table 2
The results of the recovery of gold from the medium containing combined matrix
ions (Fe, Cu, Ni, Pb, Zn, Cr, Na, K, Ca, Mg)

Combined foreign
metal ions (mg L−1)

Au

Added
(mg L−1)

Found
(mg L−1)

Recovery (%)

0 1.00 1.00 ± 0.03 100
50 1.00 1.01 ± 0.04 101

125 1.00 1.02 ± 0.05 102

1

3

u
(
t
c

w
r
s
c
w
C
a
p

A
a
1
L
c
o
c
f

3

g

t
T
a
t
e
t
m
a
a

3

T
T

I

1
5

(

250 1.00 1.02 ± 0.03 102
500 1.00 1.01 ± 0.02 101
000 1.00 1.00 ± 0.03 100

.7. Adsorption capacity of the resin

The adsorption capacity is the maximum metal quantity taken
p by 1 g of resin and given by mg metal g−1 resin or meg
miliequivalent gram). Langmuir adsorption isotherm is one of
he most well known and applied adsorption isotherms and des-
ribed by the equation below:

Ce

qe
= Ce

qmax
+ 1

aLqmax
(1)

here qe is the amount of metal adsorbed per unit weight of the
esin (mg g−1) at equilibrium, Ce the final concentration in the
olution (mg L−1), qmax the maximum adsorption at monolayer
overage (mg g−1) and aL is the adsorption equilibrium constant
hich is related to energy of adsorption (L mg−1). A plot of
e/qe versus Ce shows linearity, hence Langmuir constants qmax
nd aL can be calculated from the gradient and intercept of the
lot.

In order to determine the resin capacity, 50–5000 �g of
u(III) were loaded to the column containing 250 mg of resin

nd recoveries were investigated. After the concentration of
500 �g, a decrease was observed for the recovery of gold. Then,
angmuir isotherms were plotted in order to determine the resin
apacity (Fig. 4). The maximum amount of gold (qmax) adsorbed
n 1.0 g resin and the adsorption equilibrium constant (aL) were
alculated as, 12.3 mg g−1 and ∼5 × 104 L mol−1, respectively,
rom the plots obtained from gold adsorption.
.8. Analytical performance of the method

The detection and quantification limit (LOD and LOQ) for
old(III) were determined by passing a 50 mL of blank solution

d
a
w

able 3
he results of the recovery of gold from the medium containing individual matrix ion

ndividual metal ion (mg L−1) Recovery of Au (%)

Fe Cu Ni Pb

50 100 ± 4 99 ± 4 100 ± 4 97 ± 5
125 100 ± 4 100 ± 5 97 ± 4 98 ± 3
250 99 ± 3 100 ± 5 98 ± 4 100 ± 3
500 99 ± 5 98 ± 4 100 ± 4 99 ± 3
000 99 ± 4 100 ± 3 101 ± 5 99 ± 4
000 101 ± 6 – – –

–), Not worked.
Fig. 4. Langmuir adsorption isotherms for gold.

hrough the column loaded with Amberlite XAD-2000 resin.
he gold content was desorbed from the column with the eluent
nd 5.0 mL of the eluent was analyzed by FAAS. The detec-
ion limit (blank + 3σ, where σ is standard deviation of blank
stimation) was 16.6 �g L−1, and the corresponding quantifica-
ion limit (blank + 10σ) was 36.5 �g L−1. The precision of the

ethod, evaluated as the relative standard deviations obtained
fter analyzing a series of 10 replicates, was <6% for gold with
concentration of 1.0 �g mL−1.

.9. Applications
The accuracy of results was verified by analyzing the stan-
ard reference material, CRM–SA–C Sandy Soil. The results
re given in Table 4. The results found were in good agreement
ith the certified values of CRMs.

s (CAu: 1.00 �g mL−1)

Zn Cr Na K Ca Mg

100 ± 4 100 ± 3 100 ± 4 99 ± 4 101 ± 3 99 ± 3
101 ± 4 100 ± 3 101 ± 4 99 ± 4 101 ± 4 101 ± 5
100 ± 3 99 ± 4 100 ± 4 99 ± 4 101 ± 4 101 ± 4
100 ± 4 99 ± 4 100 ± 3 100 ± 4 100 ± 4 100 ± 4
100 ± 4 100 ± 3 99 ± 3 101 ± 4 100 ± 4 101 ± 3

– – – – – –
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Table 4
Determination of gold in standard reference material, CRM–SA–C Sandy Soil,
for accuracy test of the method (sample quantity (g): 0.5, N = 4)

Certified value (�g g−1) Found value (�g g−1) Recovery (%)

25.5 ± 0.1 25.8 ± 1.5 101

Table 5
Determination of gold in Mastra Gold Ore (eluent: 1 mol L−1 HNO3 in acetone,
sample quantity (g): 1.250, resin quantity (g): 0.250, final eluent volume: 5 mL,
N = 5)

Added (�g g−1) Founda,b (�g g−1) Recovery (%)

– 25.0 ± 1.4 –
20 45.2 ± 1.6 101
40 64.4 ± 1.6 99
60 84.0 ± 3.2 98
80 104.0 ± 4.0 99

The other metal contents of Mastra Gold Ore determined by ACME analytical
Lab. are as follows (�g g−1, R.S.D.: <5%): Si: 40.2%, Fe: 3.8%, Mg: 900, Ca:
2360, Na: 150, K: 1330, Mn: 77, Cr: 470, Ni: 199, Cu: 3519, Co: 14.3, Pb: 3799,
Zn: 2639, As: 749, Cd: 21.6, Sb: 11.8, Bi: 5.9, Sn: 1.0, Ag: 8.6, Mo: 17.0.

a At the 95% confidence level, R.S.D.: 5.8%.
b Gold content of Mastra Gold Ore sample was determined as 26.0 �g g−1

(R.S.D.: <5%) by ACME Analytical Lab. (ISO 9002 Accredited Co.).
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Table 6
Results of spiked recoveries of the method (sample quantity (g): 1.250, final
eluent volume: 5 mL, N = 3)

Added (�g g−1) Agricultural soil from Sürmene,
Trabzon, Turkey

Found (�g g−1) Recovery (%)

– ND –
20 19.2 ± 1.6 96
40 40.4 ± 2.0 101
60 58.0 ± 2.4 97
80 78.4 ± 2.8 98

Table 7
Results of spiked recoveries of the method (sample volumes: 50 mL, final eluent
volume: 5 mL, N = 3)

Added
(mg L−1)

Mineral water from Araklı,
Trabzon, Turkey

Stream water from Of,
Trabzon, Turkey

Found (mg L−1) Recovery
(%)

Found (mg L−1) Recovery
(%)

– ND – ND –
0.50 0.48 ± 0.03 97 0.51 ± 0.02 102
1.00 0.98 ± 0.04 98 1.00 ± 0.04 100
1
2

4

a
t
m
e
i
gold was not only preconcentrated successfully but also separa-
ted effectively from the other matrix metals. A comparison of
the proposed system with other preconcentration procedures is
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The proposed method was applied to Mastra Gold Ore,
umushane/Turkey and agricultural soil from Sürmene, Trab-

on, Turkey in the optimum conditions. The results were given
n Table 5 for Mastra Gold Ore and in Table 6 for agricultu-
al soil. Also the method was applied to mineral water from
raklı, Trabzon, Turkey and stream water from Of, Trabzon,
urkey (Table 7). As seen from Tables 5–7, good agreement was
bserved between the added and recovered analyte content using
he proposed procedure, and the recoveries of gold were >95%.
hus, these results confirm that the procedure is independent
rom matrix interferences. g

able 8
rocedures for separation and enrichment of gold using column or batch SPE method

ystem Medium Stripping

mberlite XAD-16/HCl, column pH 2 0.3 mol L
mberlite XAD-16/HCl–NaI, column 1.0 mol L−1 HCl Acetone
mberlite XAD–7/KI, column 2 mol L−1 HCl Acetone
ctivated Carbon/dithiophosphoric acid
O,O-diethyl ester, column

0.1 mol L−1 HCl 2 mol L−

minopropylsilica gel/morin, batch pH 2.2 0.5 mol L
uolite GT–73/HCl, batch 0.01 mol L−1 HCl 0.8 mol L

sodiphenylthiourea immobilized silica gel,
column

1.0 mol L−1 HCl 2.0% thio

midinothioureido-silica gel chelating resin,
column

0.1–6.0 mol L−1 HCl 5.0% thio

ctadecyl silica membrane disks modified
by pentathia-15-crown-5, disk

pH 4.5–7.0 0.5 mol L

mberlite XAD-2000/DDTC, column 2.0 mol L−1 HNO3 1.0 mol L

OD, limit of detection; EF, enrichment factor; SPE, solid-phase extraction.
.50 1.52 ± 0.04 101 1.47 ± 0.03 98

.00 1.95 ± 0.04 98 2.02 ± 0.08 101

. Conclusion

The Amberlite XAD-2000/DDTC column preconcentration
nd separation system was proposed for the determination of
race amounts of gold in samples with complicated and variable

atrices such as geological samples for its simplicity, high
fficiency, good selectivity and accuracy. Most of the metals
ncluding iron did not influence the gold determination hence
iven in Table 8. Enrichment factor (EF) and limit of detec-

s and detection by FAAS

agent EF LOD (�g L−1) References

−1 KI + methanol 75 46.0 [22]
– 40 �g kg−1 [25]

200 32.0 [27]
1 NH3 in acetone 20 – [32]

−1 HCl + 0.01 mol L−1 thiourea 100 4.12 [33]
−1 thiourea + 3.0 mol L−1 HCl – – [34]
urea in 0.5 mol L−1 HNO3 – 3.2 [35]

urea – 13.0 [36]

−1 S2O3
2− 200 1.0 [37]

−1 HNO3 in acetone 200 16.6 This work
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ion obtained were comparable to those presented by other
ethods described in the literature. As seen from the data in
able 8, the proposed method developed by using Amberlite
AD-2000/DDTC system has high enrichment factor and rela-

ively low LOD when compared to other methods reported in
able 8. CN− has been widely used to isolate gold from geolo-
ical samples. However, it is a threat to the environment since
t transforms into HCN as a result of the decrease of the pH to
alues below 9. The current gold isolation processes are compli-
ated and time-consuming therefore novel methods are in great
emand to overcome these difficulties. Thus, our method can be
roposed as an environmentally friendly alternative compared
o the cyanide method.
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