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Abstract A simple, sensitive and accurate method was devel-
oped for solid-phase extraction and preconcentration of trace
levels of gold in various samples. It is based on the adsorption
of gold on modified oxidized multi-walled carbon nanotubes
prior to its determination by graphite furnace atomic absorp-
tion spectrometry. The type and volume of eluent solution,
sample pH value, flow rates of sample and eluent, sorption
capacity and breakthrough volume were optimized. Under
these conditions, the method showed linearity in the range of
0.2-6.0 ng L™" with coefficients of determination of >0.99 in
the sample. The relative standard deviation for seven replicate
determinations of gold (at a level of 0.6 ng L") is +3.8 %, the
detection limit is 31 pg L™ (in the initial solution and at an S/
N ratio of 3; for n=8), and the enrichment factor is 200. The
sorption capacity of the modified MWCNTs for gold(1ll) is
4.15 mg g ', The procedure was successfully applied to the
determination of gold in (spiked) water samples, human hair,
human urine and standard reference material with
recoveries ranging from 97.0 to 104.2 %.

Keywords Modified carbon nanotubes - Solid-phase
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Introduction

Gold is used in a wide range of industrial, economical and
biological applications, and the separation of this noble
metal from different matrices has a great importance [1,
2]. However, the level of gold in environmental samples is
too low to be determined directly by conventional tech-
niques [3]. Therefore, an effective preconcentration and
separation method is usually necessary prior to determina-
tion. Methods such as liquid-liquid extraction [4], liquid-
phase microextraction [5], electrodeposition [6],
coprecipitation [7] and solid-phase extraction (SPE) [8]
have been applied. Among them, SPE has become in-
creasingly attention because of its advantages of high en-
richment factor, high recovery, rapid phase separation, ease
regeneration of solid-phase, low cost and low consumption
of organic solvents [9]. The mechanism of sorption in this
method depends on the nature of the sorbent and can
include simple adsorption, chelation or ion-exchange.
Adsorption occurs through van der Waals forces or hydro-
phobic interactions while in ion-exchange or chelation,
appropriate functional groups in solid matrices is needed
[9]. Numerous materials such as thiol cotton fiber [10],
bonded-silica [11], polymers [12, 13], biosorbents [14]
and carbon-based sorbents (carbon black, activated carbon
and carbon nanotubes) [15, 16] were used in SPE for
preconcentration of gold.

Carbon nanotubes (CNTs), as one of the members of car-
bon family, can be visualized as a sheet of graphite that has
been rolled into a tube. Based on the number of layers of
graphene sheets, they are divided into three types: (1) single-
walled CNTs (SWCNTs), (2) double-walled CNTs
(DWCNTs) and (3) multi-walled CNTs (MWCNTs) [17].
Since they were first prepared in 1991 by Ijima [18], CNTs
have become attractive materials for their structure
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characteristics. Their large surface areas, hydrophobicity and
high adsorption capacities make them a promising solid sor-
bent for preconcentration procedures [19-21]. It has been
proven that CNTs have great potential as superior adsorbents
for removing many kinds of organic and inorganic materials
[22-24]. Recent applications for metal ions extraction have
been focused on the use of modified CNTs. Modification of
them with specific physicochemical properties can be
achieved by chemical treatments to make CNTs that possess
the best performance for metal ion removal [25-28].

This article describes the preparation of oxidized MWCN
Ts modified with 2-(5-bromo-2-pyridylazo)-
5-(diethylamino)phenol, and the use of this sorbent for the
separation and preconcentration of gold from different aque-
ous matrices. Finally, in order to reach a high enrichment
factor, high sensitivity and low detection limit, the experimen-
tal parameters affecting the solid-phase extraction conditions
were studied and optimized.

Experimental
Apparatus and reagents

A Varian Spectra AA 220 atomic absorption spectrometer
(Victoria, Australia, http://www.varianinc.com) was used for
the measuring of gold with a deuterium lamp background
correction, equipped with graphite furnace (GTA-110 series).
The following instrumental parameters were chosen:
Analytical wavelength 242.8 nm, spectral bandwidth 1.
0 nm, lamp current 4 mA, signal measured: peak height;
sample volume 20 pL. The optimum temperatures program
for GFAAS is given in Table S1 (Electronic Supplementary
Material). The pH measurement was carried out using a
Metrohm pH meter (Houston, TX, http://www.metrohm.
com) model 827 with a combined pH glass electrode. A
funnel-tipped glass tube (80 mmx10 mm) was homemade
and was used as a column for preconcentration.

All reagents used were of analytical reagent grade (Merck,
Darmstadt, Germany, http://www.merckgroup.com). The Au
(I0) stock solution (1000 mg L") was prepared by dissolving
appropriate amount of HAuCl,.4H,O into a 100.0 mL volu-
metric flask and diluting to the mark with deionized water.
Working standard solutions of Au(IIl) were prepared freshly
at various concentrations by diluting the stock standard solu-
tion with deionized water. A 0.05 % (w/v) solution of 2-(5-
bromo-2-pyridylazo)-5-(diethylamino) phenol (5-Bromo-
PADAP) was prepared by dissolving an appropriate amount
of this chelating agent in ethanol. Buffer solution was pre-
pared from 0.1 mol L' HAc-NaAc. MWCNTSs with an aver-
age outer diameter of 3-20 nm, length of 1-10 pm and num-
ber of walls 3—15 were obtained from Plasma Chem. GmbH
(Berlin, Germany, http://www.plasmachem.com). The
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solutions of other metals used for the interference study
were obtained from the respective inorganic salts.

Preparation of modified MWCNTs

To remove amorphous carbon, raw MWCNTs were heated at
300 °C for 40 min. After cooling, they were refluxed with
concentrated HNO; for 1 h at 100 °C in order to oxidize the
surface of them. Then, the oxidized MWCNTs were washed
with distilled water until removing any excess of nitric acid
(neutral pH of solution) and dried at room temperature [23].

2.0 g of oxidized MWCNTs and 25.0 mL of 0.05 % (w/v)
5-Bromo-PADAP in ethanol was placed in a 100 mL beaker
and the mixture was stirred for 6 h. Afterward, modified
MWCNTs were transferred onto a filter paper, washed with
copious amount of distilled water and dried at room
temperature.

Preparation of operational column

A glass column packed with 20 mg of modified MWCNTSs
sorbent was used as the operational column. The column
could be used repeatedly for several times after washing with
distilled water.

Preconcentration procedure

Initially, for column conditioning, deionized water was passed
through the column. Then, 30.0 mL of gold solution
(0.6 ng L") with pH=6 (acetate buffer was used to adjust
the pH) was passed through the column at a flow rate of
3.0 mL min". In this step, gold was adsorbed on modified
MWCNTs. After that, the adsorbed gold was eluted from sor-
bent with 3.0 mL of HCI (2.0 M) and then with 2.0 mL thio-
urea (1.0 M) at a flow rate of 1.5 mL min . Finally, eluted
solution was automatically injected by the autosampler into
the graphite tube and then the absorbance of gold was mea-
sured compared with a blank.

Results and discussion

The composition and morphology of the sorbent were charac-
terized by Fourier transform infrared (FT-IR) spectroscopy
and scanning electron microscopy (SEM). Figure 1 displays
the FT-IR spectra of raw MWCNTs (a) and oxidized MWCN
Ts (b). The peaks at 1718 cm ' and 1458 cm™ ! in the spectrum
of oxidized MWCNTs can be assigned to C=0 stretch and O—
H bend, respectively. These functional groups improve the
dispersive behavior of oxidized MWCNTs in aqueous solu-
tions. The peaks at 2360 cm™ ' and 2343 cm™' due to asym-
metrical and symmetrical C—H stretching vibrations. The great
peak at 3447 cm ™' can be attributed to OH group. The SEM
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Fig. 1 FT-IR spectra of a raw MWCNTs and b oxidized MWCNTs

images at various magnifications revealed that the sorbent has  solution, sample pH, flow rates of sample and eluent, sorp-

a porous structure (Fig. 2). tion capacity and breakthrough volume were studied and
To compare the tendency of oxidized MWCNTs and mod- ~ optimized.

ified MWCNTs for the adsorption of gold, the experiments

were done by the preconcentration procedure and showed that

although, oxidized MWCNTs have a low tendency for the = Type and volume of eluent

adsorption of gold (less than 60 %), they are not selective

for the separation of gold in contamination matrices.  To desorption gold ions from modified MWCNTs, several

Therefore, the oxidized MWCNTs are not a suitable sorbent  solvents such as, tetrahydrofuran (THF), hydrochloric acid,

for the separation of gold. On the other hand, gold percent  thiourea, hydrochloric acid and then thiourea, thiourea and

recoveries for modified MWCNTs are higher than 98 %.  then hydrochloric acid, 1-propanol, ethanol and acetone were

Moreover, modified MWCNTs are selective for the separation ~ examined. The results showed that the best recovery was

of gold. Therefore, for further experiments, modified MWCN  achieved when hydrochloric acid and then thiourea was used

Ts were chosen as sorbent. as eluent. Then, various concentration and volume of hydro-
In order to obtain highly sensitive and reproducible re-  chloric acid and thiourea were checked. By increasing the

sults, experimental parameters affecting the  eluent volume, desorption was increased but enrichment fac-

preconcentration of gold such as, type and volume of eluent  tor was decreased. Finally, it was found that 3.0 mL of HCI

Fig. 2 Scanning electron
microscopy images of the
sorbent. a Magnification 6000 X,
b magnification 30,000 and ¢
magnification 60,000 x
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(2.0 M) and then with 2.0 mL thiourea (1.0 M) was sufficient
to elute the gold ions from modified MWCNTs.

The sample pH

The pH of the sample solution is an important factor affecting
the formation of complexes with sufficient hydrophobicity
and subsequent extraction. In this study, 5-Bromo-PADAP
was used as a complexing agent for gold ions to produce a
chelate that is extractable. Because the production of this che-
late is pH-dependent, SPE was performed at different pH
values in the 2.5-10.0 range by HNO; (0.1 M) and NaOH
(0.1 M). The results in Fig. 3 reveal that the absorbance was
nearly constant in the pH range of 4.5-8.5. Accordingly, a
pH=06 was selected for subsequent optimization studies and
real sample analysis.

The sample and eluent flow rate

The flow rate of the sample through the column is one of the
factors affecting the length of time needed for the formation of
gold-5-Bromo-PADAP chelates and adsorbing on the sorbent.
Hence, sample solutions of 30 mL were passed through the
column with flow rates in the range of 0.1-4.0 mL min . It
was observed that the recovery did not change until
3.5 mL min ' and after that it was decreased because gold
ions have not sufficient time to adsorb completely.
Therefore, a flow rate of 3.0 mL min~ ! was selected for further
experiments.

The effect of eluent flow rate on desorption of gold from
the sorbent surface was studied in the range of 0.1—
4.0 mL min”". Based on the results shown in Fig. 4, flow rate
of 1.5 mL min~" was chosen in subsequent work.

100 -

80

Recovery (%)

60 4

40 T T T T
2 4 6 8 10
pH

Fig. 3 Effect of pH on the extraction efficiency of gold. Experimental
conditions were the following: amount of gold, 3.0 ng; eluent volume,
5 mL; the sample flow rate, 3.0 mL min"'; the eluent flow rate,
1.5 mL min ' and amount of sorbent 20 mg; (N=3)
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Fig. 4 Effect of the eluent flow rate on the extraction efficiency of gold.
Experimental conditions were the following: amount of gold, 3.0 ng;
sample pH, 6; eluent volume, 5 mL; the sample flow rate,
3.0 mL min'; and amount of sorbent 20 mg; (N=3)

Sorption capacity and breakthrough volume

The sorption capacity is the maximum gold quantity taken up
by 1.0 g of modified MWCNTs. In order to determine the
sorption capacity, 20 mg of modified MWCNTs sorbent were
subjected to several loadings with 15 mL sample solution and
then, followed by the determination of retained Au(Ill) using
GFAAS. The maximum capacity was 4.15 mg Au(IIl) per
gram of modified MWCNT sorbent.

To evaluate the multiple uses, the sorbent was subjected to
several loadings with the sample solution and subsequent elu-
tion. It was found that adsorption properties of the sorbent
remained constant after 40 cycles of sorption and desorption.

Under optimum conditions, the breakthrough volume of
the method was studied by solutions containing 3.0 ng of gold
in 200, 400, 600, 800, 1000 and 1200 mL of water were
passed through the columns, the gold(Ill) was quantitatively
retained in all cases below 1000 mL. Consequently, by con-
sidering the final elution volume of 5.0 mL of eluent, and a
breakthrough volume of 1000 mL, an enrichment factor of
200 was achievable.

Interferences

In order to evaluate the selectivity of this method, the interfer-
ence of various elements was investigated. The interference
was due to the competition of other metal ions for co-
extraction with gold ion. In these experiments, solutions con-
taining 0.6 ng L' of gold(IIT) and the interfering ions were
treated according to the recommended procedure. The toler-
ance limits of the coexisting ions, defined as the largest
amount making the recovery of gold(IIl) less than 95 %.
Table 1 clearly indicates that most of the tested ions do not
influence the gold determination hence gold is not only
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Table 1  Effect of coexisting ions Table 2  Determination of gold in real samples

Foreign ion Foreign ion/Au ratio Recovery (%) Water Samples (ng L) Spiked Found * Recovery (%)
K* 2000 97.6+3.7 Tap water ° 0.0 25.5 -

N 1000 103.6+6.0 20.0 44.9 97.0+£3.2
AP 1000 102.3£5.9 Well water © 0.0 31.7 -

Mg®* 1000 96.343.4 20.0 51.1 97.0+2.8
Ccu** 1000 96.8+3.6 Wastewater ¢ 0.0 55.1 -

Na* 900 101.5+£5.9 10.0 64.9 98.0+4.1
Pb* 800 100.7+4.3 Human hair (ng g ") 0.0 ND® -

Mn** 800 96.8+4.5 40.0 41.7 104.2£4.5
Ca®" 800 97.8+3.7 Human urine (ng L") 0.0 ND -

Zn** 700 102.7+4.9 40.0 40.9 102.2+3.9
Hg™" 700 98.2+4.1 -

NH," 600 97.1+3.9 . Mean (n=3)

o 600 100.7+4.5 Kerman drinking water, Kerman, Iran

Fe2* 500 974436 : Shahid Bahonar University of Kerman, Kerman, Iran

Ag2+ 400 101,542 Iron factory, Bafgh, Yazd, Iran

pet 300 083433 ¢ ND:Not Detected

Pd*" 300 99.6:+4.1

uo;* - 300 100.3+4.3 results are shown in Table 2. In all cases, the spiked recoveries
CH,COO 500 98.24.9 confirmed the reliability of this method.

NO; 400 103.6%4.5 Also the method was applied to human hair (man) as a
S04 300 97.2+32

preconcentrated successfully but also separated effectively
from the other matrix.

Analytical performance of the method

Precision, linearity and limits of detection (LOD) were inves-
tigated under the chosen experimental conditions. The intra-
day and inter-day relative standard deviations (RSDs) for sev-
en replicate measurements of 0.6 ng L™ Au were +3.8 % and
4.7 %, respectively. It was indicating good precision of the
method. The batch-to-batch reproducibility measured by three
replicate analyses from 0.6 ng L' Au solution was +5.2 %.
The calibration curve was linear from 0.2 ng L™ to 6.0 ng L™
in initial solution or 0.04 to 1.2 ng mL ™" in final solution with
a correlation coefficient (R?) of 0.9998 and the equation of the
calibration curve was A=0.2707C+0.0007, where A is the
absorbance value of the eluent and C (ng mL™") is the con-
centration of gold(IIT). The LOD was 31 pg L' based on three
times the standard deviation of the blank solution measure-
ments (#7=28) in original solution. Also, the limit of quantifica-
tion (LOQ) was 0.04 ng mL™".

Applications of the method

Several water samples, including; tap water, well water and
wastewater were analyzed according to the method. The

different matrix. The human hair sample was immersed in
acetone for 30 min, then washed with water and dried. After
that, 0.5 g of hair sample was digested by 30.0 mL of a mix-
ture solution of concentrated HClO4 and HNO3 (1:8 v/v) at
15 °C. Then, the solution was heated for 1 h at 100 °C until
dried. Several drops of 50 % sulfuric acid were added to the
residue and heated to 50 °C until the solution was dried. Then
40 mL water was added to the dried residue and transferred to
a 100 mL volumetric flask, and diluted to the mark with de-
ionized water. A 30 mL aliquot of this solution was used for
analysis. The results are given in Table 2.

Human urine (man) is another material that was analyzed.
Three volume of urine samples (each volume was 25 mL and

Table 3  Analysis of Gold in certified reference material

Sample Composition Found * Recovery (%)

MA-1b Si;24.5,A1;6.11,Fe;4.62,Ca;4.60, 17.3
reference K;4.45,Mg;2.56, C;2.44,Na;1.49,
gold ore S;1.17,Ti;0.38, Ba; 0.18,P;0.16,
Mn;0.09 %, Cr;200.0, Pb;200.0,
Rb;160.0,
Zr;140.0, Cu; 100.0,
Zn;100.0,B1;100.0,N1;90.0,
Mo;80.0,
Te;40.0,C0;30.0,Y;20.0,W;15.0,
Sc;13.0,
As; 8.0, Ag;3.9,Sb;3.0,
Au;17.0 ug g

101.7+4.4

#Mean (n=3)
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Table 4 Comparison of this method with other reported methods for preconcentration of gold

System Materials Analysismethod RSD (%) LR (ug L7V LOD (ng L") Ref.
SPE polyurethane FAAS 2.7 0.0-20 60 [13]
SPE carbon GFAAS - 1.0-70 4 [29]
SPE MWCNTs FAAS 3.1 5-800 150 [30]
CPE* - GFAAS 3.6 0.01-0.2 2 [31]
DLLME® DCHA® GFAAS - 0.02-1.0 2 [32]
DLLME e GFAAS 4.1 0.02-40 4.8 [33]
USAE®-DLLME IL-IPf GFAAS 42 0.008-0.320 2.0 [34]
Direct determination - GFAAS 4.6 3-80 900 [35]
Direct determination - ICP-MS - - 510 [36]
SPE MWCNTs GFAAS 3.8 0.0002-0.006 0.031 This work
 Cloud point extraction

® Dispersive liquid-liquid microextraction

¢ Dicyclohexylamine

9Tonic liquid

¢ Ultrasound-assisted emulsification

on pair

total volume was 75 mL) were added to a 100 mL glass baker ~ Conclusion

and after that, a mixture solution of concentrated HC104 and
HNO3 (1:2 v/v) was transferred into the baker. This solution
was heated for 30 min at 100 °C until dried. Then 30 mL water
was added to the dried residue and transferred to a 100 mL
volumetric flask, and diluted to the mark with deionized water.
A 30 mL aliquot of this solution was used for analysis.

In order to confirm the validity of the procedure in
standard reference material, the method has been applied
to the determination of the content of gold in MA-1b
reference gold ore. For this purpose, 30 mg of reference
material was digested by 30.0 mL of a mixture solution
of concentrated HNO;, HCI and HF (1:4:2 v/v) at
70 °C until dried. Then 30 mL water was added to
the dried residue and transferred to a 100 mL volumet-
ric flask, and diluted to the mark with deionized water.
A 30 mL aliquot of this solution was used for analysis.
The results are shown in Table 3. The results found
were in good agreement with the certified value. Thus,
these results confirm that the procedure is independent
from matrix interferences.

Comparison with other methods

A comparison of the method with other preconcentration pro-
cedures is given in Table 4 [13, 29-34]. As seen from the data
in this table, the method using modified MWCNTSs has high
enrichment factor and relatively low LOD, wider linear range
and lower RSD that it is comparable or better than ones re-
ported elsewhere.

@ Springer

In this work, the adsorption behavior of gold on modified
multi-walled carbon nanotubes was studied. As a sorbent, ox-
idized CNTs modified with 2-(5-bromo-2-pyridylazo)-
5-(diethylamino) phenol exhibits low detection limit and high
enrichment factor for preconcentration of Au(IIl) in different
matrices with acceptable accuracy and precision. The prepa-
ration of this sorbent is simple which can be used several times
without a marked loss in sorption capacity. Therefore, due to
the possibility of multiple uses of the sorbent, this method is
economical. The obtained results show that this method is
suitable to determine gold ion by GFAAS in several types of
natural water, hair samples and certified reference materials at
ultra-trace levels.
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