Microchemical Journal 164 (2021) 105923

Contents lists available at ScienceDirect

Microchemical

Microchemical Journal

journal homepage: www.elsevier.com/locate/microc

ELSEVIER

)
Sensitive fluorometric determination of gold in geological samples using el
fire assay pre-concentration coupled with microfluidic paper-based

analytical device

Akram Hajinia, Tahereh Heidari

Department of Chemistry, Faculty of Sciences, Ferdowsi University of Mashhad, Mashhad, Iran

ARTICLE INFO ABSTRACT

Keywords: The present study was conducted to develop a simple, low-cost and sensitive micro fluidic paper-based analytical
Paper-based device device (UPAD) for analysis of gold in geological samples. This uPAD was fabricated employing eyeliner pencil
Microfluidics method. It consists of different zones, including detection, pH adjustment, reaction and elution. We injected 29
l?l?llsrimetry uL. elution solution in the center of uPAD, direct Au®™, after adjusting pH, to make it react with rhodamine B. The

formation of RB-Au>* complex led to quench of rhodamine B fluorescence. The image of each detection zone was
captured using a cell phone camera under a UV lamp, and luminosity intensity was subsequently measured with
Photoshop software. Various parameters were studied in order to achieve the most efficient performance of the
paper sensor. Under the optimized condition, a wide linear range (1-40 mg L7!, R? = 0.996) was obtained with
detection limit of 0.15 mg L. Ultimately, the developed uPAD was applied for the determination of gold in ore
samples. The obtained results were in good agreement with those obtained from standard method. The combi-
nation of fire assay and pPAD in the determination of gold in geological samples improved the detection limit

Smart phone
Image analysis

based on enrichment factor of 75.

1. Introduction

Quantification of gold in trace levels is of great importance in geo-
sciences and mining industry. It is widely applied in electronic gadgets,
medicine, jewelry and manufacturing of currencies [1]. Low abundance
of gold and high salt content in rock and ore samples make serious
limitations in the direct determination of gold [2]. Therefore, to improve
the level of detection and selectivity, several separation and pre-
concentration methods have been developed, such as lead/nickel sul-
fide fire assay [3], solvent extraction [4,5], co-precipitation [6], ion-
exchange [7] and adsorption [8]. Among these techniques, fire assay is
still considered as the reference method. This method is combined with
atomic absorption spectrometry (AAS) or inductively coupled plasma
atomic emission spectroscopy (ICP-AES) [9-12].

Microfluidic Paper-based analytical devices (uPADs) are patterns
containing hydrophilic channels and hydrophobic walls [13,14].
Capillary action in the porous network of paper, transports solution
through the channels without any external source [15,16]. Wax printing
[17-20], inkjet printing [21], photolithography [22,23], flexographic
printing, plasma treatment [24], laser treatment [25], sol-jell method

* Corresponding author.
E-mail address: taherehheidari@um.ac.ir (T. Heidari).

https://doi.org/10.1016/j.microc.2021.105923

[26,27], screen-printing [28], and wax screen-printing[11] are various
ways applied for preparing patterned papers [29,30]. Colorimetry
[31,32], electrochemistry [33,34], fluorescence [35,36], chem-
iluminescence (CL) [37,38], electrochemiluninescence (ECL) [39,40],
photoelectrochemistry (PEC) are different detection methods in this
technique [41]. Paper-based analytical devices using fluorescent re-
agents have attracted a great deal of attention owing to their high
sensitivity and selectivity, and that they do not require any expensive
instruments [42]. Nowadays, the collected samples from mines are
transported to some laboratories for gold analysis. Following fire assay
pre-concentration, several instrumental techniques are applied to mea-
sure gold, particularly atomic absorption spectroscopy and inductively
couple plasma spectrometry. These equipment are expensive, need
skillful operators and are not easily accessible in developing countries.
Consequently, there is a requirement for sensitive and low-cost methods
for gold determination. Fire assay pre-concentrates gold and eliminates
matrix of ores. On the other hand, uPAD is cheap, easy to operate and
consumes small sample volumes [43]. This research demonstrated for
the first time, a low-cost, selective and sensitive method for quantifi-
cation of gold in ores, in combination of fire assay and uPAD. The device
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Fig. 1. Design of uPAD petal-like shape.

consists of reaction, detection, pH adjustment and elution zones.
Employing this device, after loading of set volumes of standard and re-
agent solutions, pipetting of elution solution in the center of device,
Au+3, is moved to pH adjustment zone, then reacts with rhodamine B
(RB). The concentration of gold in samples is quantified by determining
fluorescence quenching of rhodamine B on the pPAD. Luminosity under
UV lamp, is directly proportional to the log Au3+ concentration.

2. Experimental
2.1. Materials and apparatus

The utilized apparatuses included disk mill (RS-100 (Retsch, Ger-
many)), analytical balance (Sartorius, Germany), muffle furnace
(0-1200 °C) (Iran Khodsaz, Iran), atomic absorption spectrophotometer
(NOVA400 (Analytik Jena, Germany), spectrofluorometer (Synergy H4
microplate reader (Bio Tek,USA), cellphone (iPhone 7 s), micropipettes
(Eppendorf 0-2plit and Brand 10,100,1000 plit), filter paper (Whatman
NO 40,41,42), eye pencil (Bourjois, France), hot plate (Alfa, Tehran,
Iran), homemade light control box (35 x 25 x 25 cm) and UV lamp
(Noor,Tehran, Iran).

All the chemicals employed in this research were on analytical grade.
The solutions and samples were prepared in deionized water. Standard
gold solution (1000 mg L™1), rhodamine B, sodium chloride, sodium
hydroxide, nitric and hydrochloric acid were purchased from Merck
(Germany). A solution of rhodamine B was prepared dissolving 0.0018 g
of rhodamine B in 10 mL of deionized water. Gold certificated reference
materials (CRMs) (OXL78, 0XJ95, OXE106, OXC129, SH82) and
(OREAS 250) were used from ROCKLABs and OREAS companies,
respectively.

2.2. Design and fabrication of uPAD

The microfluidic platform was fabricated using the eyeliner pencil
method [44]. Initially, the petal-like shape was designed in AutoCAD
2014 (Fig. 1). It had 8 branches consisting of detection (¢ = 6mm), pH
adjustment (@ = 4mm), sample or standard reservoirs (@ = 6mm) and
elution zone (¥ = 12 mm). Subsequently, this pattern was cut on a
sticker with a COy laser. Afterwards, the hydrophobic barriers were
formed on the whatman NO.41, according to the previously reported
procedure [44]. Varying of volumes of RB and sample solutions (0.4-1.4
uL) were dropped in the detection and sample zones. We selected the
sample volume necessary to wet the entire sample and detection zones
without spreading out therefore, we determined 1.2 pL of sample
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solution and 0.6 pL of indicator solution for the further experiments. It
was found that 29 pL of elution solution was required to fill all detection
zones.

2.3. Fire assay pre-concentration procedure

The gold content of ores and rocks is commonly determined by lead-
fire assay method. 50 g of pulverized sample was melted in a mixture of
150 g flux containing flour, lead oxide, soda, borax, and silica in a
furnace at temperatures between 900 c and 1100 °c. The lead oxide was
then reduced easily to metal form whereas collecting the gold, and this
lead-gold alloy, after the cooling, was separated from slag. Then, it was
re-melted in a bone-ash cupel, which absorbed the lead oxide formed but
left a bead of gold-silver that was dissolved in 1 mL aqua regia for
quantitative analysis [45].

2.4. Detection and image processing

1.2 pL of the standard or sample solutions were individually pipetted
into the sample zones. 0.5 pL indicator solution was spotted into the
detection reservoirs of yPAD (Fig. 1). The channels also contained pH
adjustment zones. Impregnating the pH zones with 0.8 pL, NaOH(4 mol
L) samples’ excess acid were neutralized. After drying in air, a poly-
dimethylsiloxane (PDMS) lid with a hole punched over the elution zone
was placed on top of the chip. Finally, 29 pL elution solution (NaCl 40
mmol L ~!) were pipetted into the central hole. It eluted analyte from
sample zones to the detection zones. Once gold solution wicked rhoda-
mine B, the reaction occurred and fluorescence quenching of rhodamine
B was observed. uPAD was allowed to completely dry for 15-20 min at
room temperature. In the end, the photo of uPAD was captured using an
iPhone 7 s [46] in a light box under the exposure of a UV lamp. In order
to obtain background-corrected data, the photos of pPAD were captured
ahead of the deposition of elution solution (as the blank photo) and after
pipetting the elution solution and reaching Au®>* to RB (as the analyte
photo). Afterwards, the images were imported to Photoshop CS5 and the
luminosity of sample to blank (Lsample/Lblank) Was calculated. Obviously,
the luminescence change could be observed with naked eye and used for
semi qualification.

3. Results and discussions
3.1. Evaluation of fluorescence spectra

Fig. S1 demonstrates spectrofluorometric spectra of RB (0.016 mmol
L™Y) and complex of Au™3-RB (10 and 20 mg L~! of Au®*) at pH 3. The
excitation wavelength was adjusted to 520 nm [47]. We observed the
reaction between Aucly ion and cationic form of RB forms, an associa-
tion complex, and a decrease in the fluorescence intensity [48].

3.2. Optimization of uPAD features:

3.2.1. Effect of paper type

The metal complex must be uniformly spread over the detection zone
to increase the accuracy and precision. Homogeneity and color intensity
are highly dependent on pore size of the paper [49]; therefore, the most
efficient paper should be selected for each work. A series of paper de-
vices were fabricated using different types of papers. Whatman filter
papers NO. 40, 41, 42 as well as office paper were evaluated in this
study. As can be observed in Fig. S2, the similar results belong to
whatman 41 and 40, which are of the largest pore size. Whatman NO 42
with a smaller pore size, does not have color uniformity. Non-porous
office paper resisted against flow solution. Accordingly, whatman 41
was selected.

3.2.2. Investigation of the optimum color parameter
Photos of pyPADs were taken with an iPhone7s in a homemade light
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Fig. 2. Diagram of homemade light box (34 x 25 x 25 cm). Position of the
source, cellphone and sample was fixed.

box, as shown in Fig. 2. The movable sheet in the box, between the
source and the detector, prevented light from reaching the camera. To
quantify the intensity of the color, Photoshop CS5 software was utilized.
The appropriate detection zone of the platform was selected, and the
mean intensity of all the colors was measured from histogram, as shown
in Fig. S3. Luminosity intensity was used due to the steepest slope and a
satisfactory R2.

3.3. Optimization of affecting parameters for reaction between rhodamine
B and Au®*

3.3.1. Effect of rhodamine B concentration:

Herein, we evaluated the effects of Rhodamine B (RB) concentration,
as a fluorometric reagent. In this investigation, uPAD was fabricated
using 0.093, 0.125, 0.187, 0.253 and 0.375 mmol L~! Rhodamine B on
the detection zones and spotting 20 mg L 'Au®" on the standard res-
ervoirs. Fig. S4 illustrates that the concentration of 0.187 mmol L™} of
Rhodamine B provided the highest fluorescence quenching. Thus, this
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concentration was selected in the following experiments.

3.3.2. Effect of pH

To evaluate the effect of pH on the quenching of RB, pH of the so-
lutions were adjusted in the range of 2-11 with HCl (0.1 mol L™ 1) and
NaOH (0.1 mol L’l). As shown in Fig. S5, the highest fluorescence
quenching effect belonged to acidic media (pH2-4), because in HCl
media, RB forms an ion associate complex with gold (1) chloride [50]
and at high pH other species, such as AuOHCl3, AuOH,Cly, AuOH3Cl ™,
AuOHj are formed [51]. Aucly is more stable in acidic media and can
sufficiently react. pH < 2 was not considered since they degraded or
pierced the paper.

3.3.3. Effect of elution solution

Water and different concentrations of NaCl (10, 30, 40, 50 mmol L™ 1)
solutions were investigated and injected into the elution zones. Each
plot was obtained by the analysis of intensity in Luminosity mode (Fig
S6). The obtained data indicated that 30, 40 and 50 mmol L~ NaCl was
more effective on Lsample/Lplank. Therefore, 40 mmol ! was selected for
further experiments.

Aucly reacted with the cationic form of the reagent to form an as-
sociation complex; it is probable that the solution of salt improved this
reaction and reduced fluorescence intensity.

3.4. Analytical figures of merit

3.4.1. Linear range and limit of detection

Under the optimized conditions, a linear calibration curve (log scale)
was obtained in the range of 1-40 mg L™ with R? = 0.996 (Fig. 3). The
detection limit was obtained as 0.15 mg L™! defined as a concentration
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Fig. 3. Calibration curve under optimized conditions ([RB] = 0.187 mmol L, pH = 3, [NaCl] = 40 mmol L~ Y).Error bars represent the relative standard deviation

of 3 times measurements.
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Fig. 4. The selectivity of uPAD for 20 mg L! gold in the presence of interferents at 10,50,250 mg L=t (Ca(II),Cu(II),AI(IIT), Fe(III),Ni(II),Mn(II),Na(I),K(I),Cr(II),Co

(IDPA(IID),Ru(Il),0s(1), Ag(l), SOF~, NO3, PO3 ™, F).

Table 1
Determination of gold in referenced standard materials.

NO Code of CRM Real Value (mg g™1) Determined value by AAS (mg g™%)

Relative Error % Determined value by this method (mg g*) Relative Error %

1 0XC129 0.205 *0.187 + 0.007 8.78 0.213 + 0.01 3.9
2 OREAS250 0.309 0.280 + 0.05 9.3 0.289 + 0.03 6.47
3 OXE106 0.606 0.63 + 0.02 3.96 0.615 + 0.04 1.48
4 SH82 1.333 1.35 + 0.05 1.28 1.29 + 0.06 3.22
5 0XJ95 2.337 2.22 + 0.07 5.01 2.23 +0.08 4.58
6 OXL78 5.876 5.93 + 0.09 0.92 5.68 + 0.1 3.33
* Mean + SD (N = 3).
which is equivalent to three times more than the standard deviation (SD) Table 2
able

of luminosity for 8 blank samples, divided by regression line slop. The
blank sample was prepared spotting with deionized water (pH = 3) in
standard zones of pPAD.

3.4.2. Replicability of uPAD

The relative standard deviations were 4.3 and 1.4% for seven repli-
cate analysis of 10 and 30 mg L™'Au>*, respectively. They indicated a
good precision.

3.4.3. Selectivity

To evaluate the selectivity of the proposed sensor, different sub-
stances, which usually exist in gold ores, were tested at different con-
centrations of 10, 50 and 250mg L. The results are represented in
Fig. 4. No serious interference effect was observed in Ca(II), Cu(II), Ni
(ID), Mn(ID), Na(I), K(I), Cr(II), Co(I), Ru(Il), Os(II), Ag(D), SO%', NO3,
PO?{, F . Fe (), Pd(II) and Al (1), at concentrations greater than 10mg L
! hada positive interference effect. Meanwhile, as we know, in melting
stage of fire assay, SiO3, CaO, FeO, Alo0O3, MgO, ZnO and other oxides go
to slag [52]. Therefore, Fe (n) and Al (i) had no iterferencein gold
determination. Palladium, as a precious metal, also does not exist in all
ores.

3.4.4. Real samples analysis using of uPAD

To investigate the accuracy of the proposed method for real samples,
six reference materials were selected and analyzed employing the pro-
posed method. Analytical results and precision revealed (Table 1) that
the data obtained by the proposed assay are in good agreement with the
reference values. For the evaluation of the performance and applica-
bility of this paper device in real geological samples, we used the uPAD
to determine gold content in various gold ores of Zarmehr mine (Iran,
Torbate heidarieh). Table 2 represents the obtained data. Paired t-test

Determination of gold in real samples.

NO  Name of Determined value by AAS  Determined value by this
mine (mg g’l) method(mg g’l)

1 Ghare saleh *0.264 + 0.01 0.260 + 0.02
o

2 Gholleh ND 0.028 + 0.01
khord

3 Talarearoos 0.83 + 0.05 0.89 + 0.07

4 Ghare kaftari 1.57 £+ 0.02 1.51 £+ 0.05

5 Ghare 10.4 +£ 0.3 10.2 + 0.4
shahriar

6 Ghare kaftari 108 + 2.4 112 +3.3

*Mean + SD (N = 3).

analysis did not show any significant difference between the proposed
assay and standard method with a confidence level of 95% [53]. To
prepare a real sample, 50 g of the sample was weighed and melted.
Coupling the fire assay method with pPAD led to the requirement of only
low volume of samples (in usual method, final volume of sample is 10
mL, but in this work it was 2 mL) and because of three-times spotting of
the samples, LOD decreased to 2 mg mL ™!, based on enrichment factor of
75.

3.4.5. Life time of the devices

For this purpose sensors were covered and stored at room tempera-
ture (25°¢ + 2) for up to 40 days after fabrication. Intensities as a
function of storage time were shown in Fig. S7. These results show no
significant color developed after 40 days to be useful for use in devel-
oping countries.
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4. Conclusion

The proposed method showed that we could successfully combine
high specificity fire assay preparation method with low-cost uPAD. This
approach further benefits from a high sensitivity fluorescence detection
with the aid of a smart phone. Fabricated pPAD demonstrated high
precision, accuracy and sensitivity. This method reduced dependency on
expensive equipment and is very suitable for small mines and industries,
particularly in developing countries [54]. On detection zone of the
uPAD, the reaction of gold obtained from fire assay of ore sample and
rhodamine B triggered a decrease in fluorescence intensity of rhodamine
B, which can be easily observed with naked eye. Quantitative analysis of
gold was carried out using image analysis in Photoshop software. We are
planning to develop the applicability of this uPAD for the determination
of other precious metals in ores.
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