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Abstract

In the present study, a sensitive microfluidic paper-based analytical device (u-PADs) integrated with adsorption enrichment
procedure was developed to analyze Cr(VI) in water samples. The affecting factors, including pH and amounts of reagents
were optimized. The limit of detection of 0.0015 mg L~" and linear range of 0.005-2 mg L~! were achieved with good intra-
and inter-day precision of 5.1 and 7.6% RSD, respectively. The results obtained by the proposed method were validated by
inductively coupled plasma-optical emission spectrometry (ICP-OES). The recoveries of the present method and ICP-OES
were ranged from 96.3 to 109.001% and 106.0 to 109.7%, respectively. The two sets of (u-PADs and ICP-OES) results were
in a good agreement as paired t-test indicated no significant differences. The proposed method could be utilized for analyzing

trace levels of Cr(VI) in water samples in the absence of conventional analytical instruments.

Keywords Cr(VI) enrichment - Water analysis - Adsorption - Microfluidic paper-based analytical device -
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Introduction

Aquatic systems have been contaminated by heavy metals
over the past few decades [1]. The presence of heavy metal
in the aquatic system is of great concern due to its toxic-
ity and carcinogenic effects on human health and aquatic
organism. Because heavy metals persist in nature, they can
be dispersed in water, accumulated in plants and animals,
and finally reached in human beings throughout the food
chain or by drinking polluted water, causing several health
problems [2]. Cr dissipates into the ecosystem from a variety
of industrial activities such as electroplating, leather tanning,
paint, paper, mining, textile dyeing, wood preserving, chro-
mate preparation, dye industries, and metal finishing [3-6].
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Cr species typically exist in natural ecosystems as Cr(III)
and Cr(VI). However, these Cr species are drastically dif-
ferent in charge, physicochemical properties as well as in
chemical and biochemical reactivity. Cr(IIl) is an essential
micronutrient and generally absorbed by soil and precipi-
tates in soil solutions, which may hamper its mobility and
subsequent phytoaccumulation in the environment [2, 7, 8].
Conversely, Cr(VI) poses several environmental and health
risks due its high toxicity, teratogenicity, carcinogenicity,
and mutagenicity [9, 10]. Cr(VI) forms oxyanions, namely
chromate (HCrO,") and dichromate (Cr2072_) which display
high solubility, mobility, and strong oxidation tendencies
[11-13]. Cr(VI) is thus highly dynamic in terrestrial and
aquatic environments and has the potential to persist and
remain concealed for longer duration in the natural environ-
ment [14, 15]. Thus, Cr(VI) poses a great threat to human
health and the ecosystem and it is important to develop
simple, sensitive, and cost-effective methods to detect trace
levels of Cr(VI) in water, mainly in developing countries
and remote areas.

Microfluidic paper-based analytical devices (p-PADs)
have a promising potential to address the aforementioned
demands for environmental monitoring of heavy metals in
developing countries [16—18]. The California Environmen-
tal Protection Agency has set the maximum contaminant
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levels of Cr(VI) at 0.010 mg L™" in drinking water. How-
ever, the paper-based devices that have been so far developed
have limitations for quantitative determination of Cr(VI) at
0.010 mg L~! because of low sensitivity [18—20]. Therefore,
the use of an enrichment procedure is substantially essen-
tial prior to Cr(VI) analysis using paper-based devices to
enhance its analytical sensitivity. Previously, Alahmad et al.
(2018, 2019) demonstrated paper-based methods coupled
with liquid-phase microextraction and electro-membrane
microextraction for quantitative determination of Cr(VI) at
and below 0.010 mg L~! [21, 22]. However, the use of lig-
uid-phase microextraction and electro-membrane microex-
traction procedures would incur complexity, time, and cost.

Adsorption-based processes using aluminum hydrox-
ide (Al1(OH);) has been reported for the Cr(VI) concen-
tration determined by ICP-MS in the supernatant [23].
Cr(VI) is present as chromate anions in water so that it can
be adsorbed on aluminum hydroxide precipitate [24, 25]
due to the presence of aluminum species as AIOH** and
Alg(OH),,** in acidic solutions [26]. AI(OH); has a higher
enrichment factor which can be prepared from readily avail-
able and low-cost chemicals, AI(NO;);, and Na,CO; [27].
The enrichment procedure can be associated with chromate
anions adsorption on the AI(OH); precipitate surface [28].
Centrifugation process provides the separation of the adsor-
bent from the supernatant, and the adsorbent precipitate
can be then dissolved in acids [27-29] to release Cr(VI).
In paper-based methods, adsorption-based processes with
Al(OH); has not been previously demonstrated for Cr(VI)
assay. Recently, we have demonstrated the assay of Cu and
Ni ions via combining colorimetric p-PADs with co-precip-
itation [30, 31].

In the present study, we demonstrate detection of Cr(VI)
using colorimetric u-PADs coupled with adsorption enrich-
ment technique. The adsorption enrichment under optimized
conditions enabled quantitative detection of Cr(VI) in water
samples with LOD and LOQ values of 0.0015 and 0.005 mg
L~!, respectively. The results obtained by the proposed
method were found to be in a good agreement with the ICP-
OES measurements.

Experimental
Equipment and apparatus

The pH meter (model D-52, HORIBA, Kyoto, Japan)
was used for precise pH measurements. The centrifu-
gal machine (Model 3740, KUBOTA, Tokyo, Japan) was
employed to separate the adsorbent part from the superna-
tant. The p-PADs were fabricated on a sheet of filter paper
(200 X200 mm, Chromatography Paper 1CHR, What-
manTM, GE Healthcare Lifesciences, UK) by printing with
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a wax printer (ColorQube 8580N, Xerox, CT, USA). The
printed sheets were heated using a drying machine (ONW-
300S, AS ONE, Tokyo, Japan) to penetrate wax to the back-
side of the sheets. The desktop scanner (Canon MG 6300
Series, Tokyo, Japan) was employed to capture images of
the p-PADs that were dried before scanning. Inductively
coupled plasma-optical emission spectrometry (ICP-OES)
(Model VISTA-PRO, Seiko Electronics, Tokyo, Japan) was
also used to determine Cr.

Reagents and chemicals

All reagents used in this study were of analytical grade and
used as received. All solutions were prepared with deionized
water purified by means of an Elix water purification system
(Millipore Co., Ltd., Molsheim, France). Sodium carbon-
ate and nitric acid were obtained from Kanto chemical co.
Inc. (Tokyo, Japan). Potassium dichromate (K,Cr,0-) and
1,5-diphenylcarbazide (DPC) were obtained from Nacalai
Tesque (Kyoto, Japan). Methanol and Iron(III) chloride
anhydrous were obtained from Sigma-Aldrich (MO, USA)
and Alfa Aesar (WH, USA), respectively. Cobalt(Il) nitrate
hexahydrate, magnesium sulfate, barium chloride dehydrate,
aluminum nitratenonahydrate, sodium acetate, acetic acid,
sodium hydroxide, hydrochloric acid, phosphate buffer, and
standard solution of copper, zinc, and calcium were obtained
from Wako Pure Chemical Industries (Osaka, Japan). The
standard solutions of nickel and manganese were obtained
from Kishida Chemicals (Osaka, Japan). The mineral water
sample was purchased from a local store at the Okayama
University, Japan. The tap water samples were obtained from
an outlet at the Analytical Chemistry Group, Department of
Chemistry, Graduate School of Natural Science and Tech-
nology, Okayama University, Okayama, Japan.

Cr(VI1) adsorption enrichment process

As shown in Fig. 1, the adsorption enrichment procedure
was developed for enhancing the sensitivity of Cr(VI)
detection using u-PADs. Thus, 14 mL of sample/stand-
ard solution was used in this procedure. As per optimized
experimental conditions, the same volume (40 pL) and
concentration (1 M) of AI(NO;); and Na,CO; were added
to the 15 mL centrifuge tube containing aliquots of sample
solution (Fig. 1A, B). The resulted mixture of AI(NO;);
and Na,CO; adjusted the pH to 4.55 and showed a cloudy
suspension of AI(OH); (Fig. 1B). The resulting solution
was turned up and down for mixing, followed by centrifu-
gation at 4000 rpm for 5 min and the light orange precipi-
tate settled at the bottom of the clear supernatant (Fig. 1C).
The adsorbent, white AI(OH); precipitate, turned to light
orange due to adsorption of Cr(VI). The supernatant was
decanted, and any residual water was removed with a



Adsorption enrichment integrated with paper-based devices for detection of trace levels of... 711

Fig. 1 Cr(VI) enrichment proce-
dure via adsorption on AI(OH),
precipitate and its subsequent
analysis, A sample solution
containing AI(NO;); with no
change in clarity, B carbon-

ate addition resulted in cloudy
suspension, C centrifugation
resulted in light orange adsor-
bent with clear supernatant,

D sample introduction on pre-
loaded p-PADs with reagents,

E development of visual signal
on detection zones, and F image
analysis using Image] software

(A)

Clear sample/standard

Image intensity analysis

micropipette. The precipitate was dissolved with 8 uL. of
6 M HNO; followed by pH adjustment with 8 uL of 6 M
sodium acetate. For Cr(VI) assay (Fig. 1D), 10 uL of sam-
ple solution was loaded on the sample zone of the u-PADs.

Design and fabrication of the p-PAD

The p-PAD design and dimensions are described in
Fig. 1D, and our previously reported design, dimensions,
and techniques were used for device fabrication [30]. The
pattern of the p-PADs was drawn using Microsoft Office
PowerPoint 2010. The p-PADs consisted of a sample
zone attached to three channels that led to three detec-
tion zones for triplicate measurements and one control
zone as a visual control (Fig. 1D). The p-PADs have a
height of 17 mm, a width of 20 mm, and a sample zone
diameter of 6 mm at the center; there are also channels
with a width of 2 mm and a length of 3 mm along with
detection zones with diameters of 4 mm. The designed
p-PADs were printed using a wax printer on a sheet of
filter paper (200 X 200 mm), followed by heating at 120 °C
for 2 min in a drying machine to melt the wax ink to cre-
ate a hydrophobic barrier as described in previous studies
[16, 32-35]. The bottom of the printed paper was covered
with clear packing tape to avoid leakage of the solutions
through the bottom of the p-PADs during the analysis.

Add Na,CO,

solution containing AI(NO;),

Centrifuge Q)
at 4000 rpm
for 5 min

Cloudy suspension
of Al(OH),

Adsorbent
precipitate

Isolate and
dissolve
(D) adsorbent in

(E) HNO;

- {\ e

L} 3 Sz Dz

Sample introduction on
prepared u-PADs
SZ-Sample Zone
DZ-Detection Zone
CZ-Control Zone

Cr(VI) detection
on DZ of u-PADs

Cr(VI) assay and image processing

The Cr(VI) assay is based on the formation of a complex
compound between Cr(VI) with DPC at acidic pH [33, 36].
As per optimized experimental conditions, the p-PADs
were prepared by adding 0.25 pL of 50 mM DPC in metha-
nol twice and 0.5 pL of pH 6 acetate buffer diluted with
0.1 M NaOH once on detection zones of u-PADs. After
drying the reagent solutions on the p-PADs (Fig. 1D), 10
pL of a sample/standard solution was introduced to the
sample zone. When the solution reached the detection
zones by capillary action, the immediate appearance of a
purple color was visible to the naked eye (Fig. 1E). The
devices were then allowed to dry at room temperature and
then a desktop scanner was used to capture images devel-
oped on the p-PADs for quantitative analysis. The scanned
images of the p-PADs were stored in JPG format at 600
dpi resolution. The mean color intensity was measured
using ImagelJ software according to a method reported by
Henry’s group [33, 34]. Accordingly, the background color
and the blank signal were removed by adjusting the hue
and brightness window in the image color threshold until
only the purple color was visible. The images were then
converted to a grayscale and inverted to achieve greater
intensity, and the mean color intensity was measured. The
mean color intensity values were proportional to the ana-
lyte concentrations.
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Results and discussion
Effect of pH on the intensity

The colorimetric reaction between Cr(VI) and DPC is pH
dependent [37] as the complex forms and is stable only in an
acidic environment [38, 39]. De Andrade et al. (1984) rec-
ommend nitric acid (HNO3) to enhance the yield of the chro-
mium complex [39]. In the present study, HNO; was used
for dissolving the adsorbent and hence, further application of
HNOj; on p-PADs could decrease intensity as demonstrated
in our previous study [18]. Furtherly, our preliminary study
showed that use of acetate buffer increased intensity higher
than HNOj;. Therefore, the effect of pH was investigated
using acetate and phosphate buffers. pH levels ranging from
2 to 8 were investigated and showed that the mean color
intensity of the complex was increased at pH 6 and then
decreased with increasing pH (Fig. 2). Thus, acetate buffer
diluted with 0.1 M NaOH to pH 6 was chosen as optimum
and 0.5 pL of this buffer solution was deposited after DPC
on detection zones of p-PADs. 0.25 uL of the chromogenic
reagent, DPC (50 mM in 1 mL methanol), was twice depos-
ited on each detection zones. The concentration of DPC
(50 mM) with twice deposition was the optimum condition
as demonstrated in our previous study of Cr speciation [18].

Cr(VI1) adsorption enrichment optimization

The paper-based devices that have been so far developed
have limitations for quantitative determination of Cr(VI) at
and below 0.010 mg L~! in drinking water because of low
sensitivity. Therefore, in the present study, trace detection of
Cr(VI) using p-PADs coupled with adsorption enrichment
technique was investigated. Important parameters affecting
the formation and performance of the adsorbent (Al(OH)5),

such as volumes of reagents and pH adjustment, were opti-
mized to attain the best experimental conditions with opti-
mum intensity.

Effect of volume of carbonate on intensity

The adsorbent, AI(OH); precipitate, is simple, convenient,
and easily coagulated when sodium carbonate (Na,CO5) is
used as a hydroxide ion source and pH gradient controlling
[27].

In the present study, it was observed that the adsorbent
settled rapidly and easily separated from the matrix solution
after centrifugation for a short time. The volumes of 1 M
Na,CO; ranging from 25 to 200 uL were preliminarily inves-
tigated at a constant 50 uL of 1 M AI(NO;); using a sample
containing 0.5-mg L~! Cr(VI) to assess its effect on inten-
sity. As shown in Fig. 3, intensity increased with increas-
ing volume to 50 pL and then rapidly decreased at higher
volumes. The rapid declining in intensity at higher volumes
was due to the increase in pH even though adsorbent amount
increased nearly proportionally with volumes of Na,CO;
(Fig. 3). The observed results showed that Cr(VI) adsorp-
tion is not favored at pH values higher than weak acidic
conditions which is consistent with reported results [26].

Figure 3 furtherly demonstrates that equal volumes of
Na,COj; and AI(NOj;); associated with the highest intensity
of Cr-DPC complex. Therefore, equal volumes of Na,CO,
and AI(NO;); at different levels ranging from 20 to 80 pL
were investigated using a sample containing 0.5 mg L~}
Cr(V]) in order to achieve optimum color intensity. The
largest and smallest adsorbent amount were observed at 80
and 20 uL of Na,CO; and AI(NOy);, respectively. However,
due to pH effect, intensity was not linearly proportional
with adsorbent amount. In addition to pH, dilution effect
could also decrease intensity associated with larger amount
of adsorbent as larger amount of adsorbent required higher

Fig.2 Effect of pH on the inten- 160
sity of Cr-DPC complex (n=3

replicate measurements for each 140
data point)

Intensity
= =
N H [e)} [0 o N
o o o o o o
1 1 | 1 1 |

o
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Fig.3 Effect of carbonate vol- 140 10
umes on the pH and intensity of —e— Intensity —— pH
Cr-DPC complex at a constant 120
volume of AI(NO5); (n=3) r 8
100
z ¥
‘a 80
c I
2 S
£ 60 -4
40
2
20
0 0

25 50

volumes of HNO; and sodium acetate for dissolution and pH
adjustment (partial acid neutralization), respectively. There-
fore, the increase in the volume of HNO; and sodium acetate
diluted the sample solution in the subsequent u-PAD assays,
so that a decrease in the color intensity was observed associ-
ated with larger amount of adsorbent. As shown in Fig. 4,
the intensity of Cr-DPC complex increased with increasing
volumes of Na,CO; and Al(NO;);, peaking at 40 uL (pH
4.55) and then dropped progressively at higher volumes. The
maximum color intensity was obtained at 40 uL (pH 4.55) of
Na,COj; and AI(NO;); and hence, these volumes were used
for the subsequent experiments.

Adsorbent dissolution and pH adjustment

The adsorbent obtained after centrifugation at 4000 rpm for
5 min at 25 °C and removal of supernatant was dissolved
in the minimum amount of 8 uL of 6 M HNO; to get a
higher enrichment factor. The high concentration of HNO;

75 100 125 150 175 200
Volume of carbonate (pL)

(6 M) completely suppressed Cr-DPC complex formation
on the detection zones of u-PADs. Thus, pH adjustment of
the resulted sample solution was carried out using sodium
acetate to achieve the desired Cr-DPC interaction. Accord-
ingly, volumes of 4 M sodium acetate ranging from 4 to 16
pL were investigated using a sample solution containing 0.5
mg L™! Cr(VI) to identify a volume with optimum intensity.
The intensity steadily increased with increasing volume to 8
UL and then decreased at higher volumes (Fig. 5). Therefore,
8 uL of 4 M sodium acetate was chosen for the subsequent
experiments to partially neutralize the acid used for adsor-
bent dissolution with optimum intensity. Thus, minimum
volumes of 6 M HNO; (8 uL) and 4 M sodium acetate (8
pL) were added to the adsorbent for adsorbent dissolution
and pH adjustment, respectively, to optimize the enrichment
factor (EF).

Fig.4 Effect of using equal vol- 160 4.7
umes of Na,CO; and AI(NO;); 140 —&— Intensity —#—pH
on the pH and intensity of Cr- - 4.65
DPC complex (n=3) 120 L 4.6
2 100
S - 4.55
c 380 -
[
- - 4.5
£ 60
40 - 4.45
20 - 4.4
0 4.35

20 30

40 60 70 80

Volumes of Na,CO,/AI(NO,), (uL)
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Fig.5 Effect of volume of 160
sodium acetate added to acid-
dissolved adsorbent on the 140
intensity of Cr-DPC complex
(n=3) 120
E 100 +
e 80 -
2
c
= 60 -
40 -
20 -+
0 T T T T T T T
0 2 6 8 10 12 14 16 18

Cr(VI1) adsorption enrichment factor (EF)

In the present study, 0.5 mg L™! Cr(VI) showed a very weak
visual signal when it was analyzed using our previously
reagent optimized procedure [18] and without the present
enrichment procedure (Fig. 6A). However, analysis of 0.5
mg L™! Cr(VI) via the present developed enrichment proce-
dure showed a very strong visual signal (Fig. 6B). Therefore,
p-PADs analysis for Cr(VI) analysis need to be accompanied
by enrichment procedure to detect quantitatively Cr(VI) at
lower concentration levels to comply with the environmen-
tal guideline. Thus, the enrichment procedure developed in
this study substantially improved the analytical sensitivity
for p-PAD assay of Cr(VI) at trace levels with enrichment
factor (EF) of 100. The EF was defined as the ratio of the
concentration without enrichment (10 mg L") to the con-
centration with enrichment (0.1 mg L™") where their color
intensity is closely equivalent. Thus, the 0.1 mg L™' Cr(VI)
sample with enrichment (Fig. 6C) showed a color intensity
nearly equivalent to 10 mg L™" Cr(VI) without enrichment
(Fig. 6D), giving a 100 fold EF.

Volume of sodium acetate ( pL)

Analytical features

A calibration curve was established by analyzing a series of
working standard solutions of Cr(VI) (0.005, 0.01, 0.05, 0.1,
0.5, and 2 mg L") using the optimized experimental condi-
tions. The working standard solutions were prepared from a
stock of 1000 mg L~! Cr(V1I) standard solution. The linearity
of log intensity was studied with the increasing log Cr(VI)
concentration and the intensities of working standards were
proportional with their corresponding concentrations as
shown by the images of the detection zones in Fig. 7. The
relationship between the logarithm of Cr(VI) concentration
and the logarithm of the color intensity was linear in the
range of 0.005-2 mg L~! with a correlation coefficient of
0.9990 (Fig. 7). The upper end of the range was 2 mg L~!
and additional complexation at higher concentrations did not
result in additional increasing in color intensity as expected
which could be attributed to saturation of the paper with the
complex.

The limit of quantification (LOQ) and limit of detection
(LOD) were determined by the concentration equivalent
to ten times the standard deviation of replicate intensity

Fig.6 Images of p-PADs for 0.5
mg L~! Cr(VI) without enrich- (A)
ment (A) and with enrichment
(B), and images of p-PADs
with nearly equivalent color
intensity obtained by the Cr(VI)
assay with (C) and without (D)

enrichment .
(B)

0.5 mg L' Cr(V) ©
without enrichment

0.5 mg Lt Cr(VI)
with enrichment

0.1 mg L! Cr(VI)
with enrichment

(D) oo
10 mg L Cr(VI)

without enrichment
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2.5

log(Intensity)
N

45 - .
-2.5 -2 -15

y =0.2487x + 2.1442

R2=0.9990 .
=

-1 -0.5 0 0.5

log(Cr(VI) concentration (mg L))

Fig. 7 Calibration curve and images with control zones of p-PADs. The images correspond to the concentrations 0.005, 0.01, 0.05, 0.1, 0.5, and

2 mg L.~ Cr(VD. (n=3 replicate measurements for each data point)

measurements of spiked blank (n=3) and LOQ/3.3, respec-
tively. Therefore, the LOD and LOQ of the present devel-
oped method were 0.0015 and 0.005 mg L™". The low LOD
obtained demonstrates that enrichment prior to paper-based
assay could improve analytical sensitivity considerably. The
reproducibility of the present method was also evaluated
using the relative standard deviation (%RSD) for 9 replicate
measurements of a standard solution at a concentration of
0.05 mg L™!. The relative standard deviations for intra-day
and inter-day precision were 5.1 and 7.6%, respectively.

The analytical features obtained in this study were com-
pared with the reported values [18-22] as presented in
Table 1. The LOD was lower than most of the previous stud-
ies. The present enrichment technique decreased the meas-
urable concentration to 0.005 mg L™ which is by far lower
than most of the reported values. The results of the present
study showed that the coupling of u-PADs with enrichment
technique is useful for trace-level determination of Cr(VI)
in water samples.

Interference study of p-PADs

In the present study, an interference study was conducted
under optimized experimental conditions to evaluate the
effects of other ions and the analytical applications of the
adsorption enrichment procedure for Cr(VI) assay in water
samples. The selectivity of the proposed adsorption proce-
dure was evaluated under optimized conditions by adding
metal ions at 2.5, 5, and 10 mg L! (25 to 100-times) to
0.1-mg L~! Cr(VI) solution (Table 2). Fe(III) showed weak
signal on the p-PADs; however, the imageJ adjustment
used for Cr(VI) mean color intensity analysis was able to
remove Fe(III) signal leaving Cr(VI) signal alone. Because
of this advantage, 100-times higher concentrations of
Fe(III) did not show interference effect in the detection of
Cr(VI). Generally, 25-time higher concentrations of for-
eign ions showed no interference in the present analytical
method. The criterion for interference was an intensity
value varying by more than 5% from the expected value

Table 1 Comparison in

. Limit of detec- Linear range (mg L") RSD (%) Used technique References
analytical parameters betwegn tion (mg L")
the present method and previous
paper—pased studies for Cr(VI) 0.0015 0.005-2 <76 Adsorption enrichment Present study
analysis 0.008 0.02-100 <75 Reagent optimization (18]
0.003 0.01-0.09 <6 Liquid-phase microextraction [21]
30 40-400 <8.7 Photolithographic fabrication [19]
0.0007 0.003-0.07 <7 Electro-membrane microextraction  [22]
0.0104 0.0348-0.260 <79 Field-amplified stacking [20]
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Table 2 Tolerable concentrations of foreign metal ions and recovery
of Cr(VI)

Metal ions Tollerable concentration (mg Recovery (%)
L™)

Ba(Il) 5 95.3
Ca(II) 10 102.7
Co(II) 2.5 95.04
Cu(II) 5 104.0
Fe(IIT) 10 101.6
Mn(ID) 10 96.1
Mg(ID) 5 95.3
NidII) 10 95.7
Zn(1D) 5 96.2

Amount of analyte: 0.1 mg L™ of Cr(VI), n=3

for a 0.1-mg L~ Cr(VI) solution [40]. Thus, the tolerance
limit is the largest interfering ion concentration causing a
relative error smaller than +5%.

Recovery study

The proposed method was applied to detect Cr(VI) in spiked
tap and mineral water samples to evaluate its potential appli-
cation and reliability. Thus, aliquots of tap and mineral water
samples were spiked at 0.05- and 0.1 mg L™ Cr(VI) and sub-
jected to the adsorption procedure for the subsequent deter-
mination of Cr(VI) using the u-PADs. The spiked Cr(VI)
was quantitatively recovered from the samples using the
developed method with recovery values of 96.3—109.001%

(Table 3). The reliability of the results obtained by the pro-
posed method was validated by inductively coupled plasma-
optical emission spectroscopy (ICP-OES). ICP-OES exhib-
ited recoveries of 106-109.7%, which is in good agreement
with the results of the u-PADs as paired t-tests showed no
significant differences between them. The proposed method
could be applicable for the analysis of Cr(VI) in water sam-
ples at trace levels, particularly in resource-limited settings.

Conclusion

In this study, a simple, low-cost, fast, selective, and sensi-
tive method was presented to detect trace levels of Cr(VI) in
water samples. Cr(VI) enrichment via adsorption was suc-
cessfully demonstrated prior to Cr(VI) assay using p-PADs.
The enrichment factor as high as 100-fold was achieved
and resulted in a significant improvement in the sensitivity
of the p-PADs. The Cr(VI) enrichment technique coupled
with u-PADs permitted lower LOD and LOQ of 0.0015 and
0.005 mg L™, respectively, with a wider linear dynamic
range of 0.005-2 mg L~!. The proposed method was suc-
cessfully applied to spiked water samples and the results
obtained were in a good agreement with ICP-OES results.
Therefore, the combination of p-PADs with the enrichment
technique has great potential to extend the applications of
p-PADs in environmental monitoring without need for sen-
sitive conventional analytical instruments, particularly in
developing countries.

Table 3 Determination of Cr(VI) in spiked water samples for recovery studies

Water sample Present method

ICP-OES

Added (mg L1 Found (mg L™1)*?

Recovery (%)

Added (mg L™ Found (mg L™1)*? Recovery (%)

Mineral water* 0 ND 0 0.0033+0.0014
0.05 0.0487 +0.0034 97.4 0.05 0.0530+0.0026 106.0
0.1 0.0964 +0.0066 96.4 0.1 0.1079+0.0017 107.9
Tap water”! 0 ND 0 0.0009 +0.0006
0.05 0.0545 +£0.0026 109.0 0.05 0.0544+0.0011 108.8
0.1 0.0963 +0.0079 96.3 0.1 0.1097 +0.0014 109.7
ND not detected

*Mineral water was purchased from a local market in Okayama University, Japan

*ITap water was obtained from an outlet at the Analytical Chemistry Group, Department of Chemistry, Graduate School of Natural Science and

Technology, Okayama University, Okayama, Japan
#*2Mean + standard deviation (n=3)
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