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Abstract

We have developed a chromium speciation and preconcentration method with the use of the graphite furnace atomic ab-
sorption spectrometry (GFAAS) technique. This method is based on single-drop microextraction (SDME) technique.
Nowadays the microextractions have become popular, because low amount of organic solvent needs to be used for the
separation. The sample was introduced into the extraction cell with a single chloroform droplet. For the separation and
enrichment of chromium species, an ion-pair forming compound was used. After the extraction, the chromium content
of the droplet was determined by GFAAS. The analytical sensitivity of the standard SDME technique was improved by
increasing the volume of organic phase and by sample recirculation. Because of the increased contact area and the de-
veloped extraction device, the stability of droplet was markedly increased. As an application we have determined the
Cr(VI) content of sea water by the GFAAS technique using these separation/enrichment methods. Under the optimized
extraction conditions, the linear range, detection limit (S/N = 3) and precision (RSD, n = 3) for Cr(VI) were 0.14 — 5.00
pg/L, 0.042 pg/L, and < 3.0%, respectively. The advantages of this method are the following: cost efficiency, the high
enrichment of chromium species and easy usage with the GFAAS technique. Therefore the concentration of the chro-

mium species can be determined at the ng/L level.
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1. Introduction

In analytical chemistry one of the greatest challen-
ges of the 21* century is the development of speciation
analysis.'™ Speciation analysis means it is not enough to
determine the total concentration of the desired element,
as the effect of different species of an element on a living
organism can be quite different. Hence it is common in
speciation analysis for the species to be separated from
each other before the quantitative determination of the se-
parated fractions takes place.

Speciation can be divided into two groups: on-line
and off-line methods. On-line methods often require ex-
pensive chromatographic instruments.’> They are faster
than off-line methods, where the separation and detec-

tion is divided in time, although off-line techniques
(non-chromatographic methods) are still much cheaper.*
This is the reason of their popularity even nowadays.
Another major challenge of speciation analysis is that
some trace elements are below the detection limit of the
instruments, thus the enrichment of the species is nee-
ded. Enrichment can be carried out easily using extrac-
tion techniques.*> Needless to say, the transformation of
the different species must be avoided during sample
handling.*®

Chromium has two stable valencies in nature. The
two species have totally different effect on living forms.
Cr(III) is an essential trace element for proper insulin acti-
vity, whereas Cr(VI]) is toxic and carcinogenic to all living
organisms even in trace amounts.
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The separation of chromium species can be perfor-
med using various separation-enrichment procedures inc-
luding liquid-liquid extraction’"'? and solid-phase extrac-
tion'*!”. Pure chromatographic methods involve using li-
quid extraction for sample preparation to separate and
preconcentrate chromium species,'®'” but oftentimes this
results in inadequate sensitivity for the trace concentration
of chromium in real samples. These separation techniques
combined with flame or graphite furnace atomic absorp-
tion spectrometry can be more sensitive than HPLC and
UV/VIS methods.*

In the case of on-line chromium speciation, the flow
injection system can be used for solid phase® or liquid ex-
traction.® Expensive methods, such as flow-injection cou-
pled to ICP-MS (FI-ICP-MS) have been developed where
74 ng/L and 18 ng/L detection limits can be achieved for
Cr(IIl) and Cr(VI), respectively.’ To reduce the analysis
drawback and cost of the automated chromium speciation,
methods were developed with the sequential injection
analysis (SIA) system with UV/VIS?'*? and FAAS® or
GFAAS? detection. Further improvement of these sys-
tems was based on the miniaturization of the flow mani-
folds. The result was a micro sequential injection analysis
Lab-On-Valve (uSI-LOV), which alleviated the majority
of the drawbacks of FIA methods® and it had a small size
with a mini spectrometer, which was developed for a field
operated chromium speciation method.*

Nowadays the current trend is the simplification and
miniaturization of sample preparation techniques.?*?’~°
The base of this concept is to preserve the advantages of
the original extraction method and to reduce its draw-
backs. The possible results of the miniaturized extraction
techniques are increased selectivity and enrichment. The
methods include reduced organic solvent consumption
and waste production to achieve environmentally friendly
and inexpensive processes.”” The microextraction techni-
ques generally are greener,’! faster and more automatable
than the original techniques.

In recent years, the liquid-liquid extraction (LLE)
has become popular in miniaturization,'>*° because it is
fast, easy to use, inexpensive and compatible with many
analytical instruments. There are three major categories:
single-drop microextraction (SDME),'*3*% hollow-fiber
microextraction (HF-LPME) and cloud-point extraction
(CPE).* Major advantages of single-drop microextraction
are the following: simplicity, a very limited amount of or-
ganic solvent, one-step extraction and preconcentration.
Major disadvantages of the SDME are that the droplets are
unstable and that their volume is limited to 5 pL. Also the
reproducibility and extraction efficiency of this method are
poor due to the droplet stabilization problems. There were
early attempts to increase the volume and stability of the
microdroplet by modifying the needle geometry by flared
or oval tube.**® The HF-LPME is better and more com-
plex than the SDME, but it has similar problems except for
droplet stabilisation. The CPE has overcome the above

mentioned problem, but is difficult to automatize and has
very limited applicability for complex samples.*

Good example of the automation of SDME was a se-
quential injection (SI) coupled to GFAAS, which was
used for the determination of Cd.”” This method used a
modified FIA system with homemade extraction cell. This
setup was difficult to adopt for other instruments and had
a long idle time for the GFAAS instrument, because sam-
ple preparation time was 10 min and the determination ap-
prox. 2 min. The on-line speciation is better for FAAS and
ICP techniques. For GFAAS exists a direct chromium
speciation. The principle of these methods is using B-di-
ketone to make complex ions of chromium species with
different volatilization temperature,®® but it has higher
RSD values than other methods. The other approach is us-
ing the commercially available multi-purpose samplers
(MPS by Gerstel) for determination of organic com-
pounds by GC-MS.***° These methods’ advantages are
readiness to use, but they are very expensive and available
only for gas and liquid chromatograph. The semi-automa-
ted approach to the microextraction was suggested for
GFAAS.*!

Our choice for chromium speciation was the SDME,
as it is simpler, requires no foreign material (hollow-fiber)
and creates a stable redox system for Cr(VI).

Our goal was to reduce the SDME method’s disad-
vantages and to develop a cheap and fast analytical met-
hod that would enable us to separate, enrich and determi-
ne Cr(VI) species in environmental samples such as tap
water, surface water, sea water, etc. Our goal was to deve-
lop extraction method using higher volume and stability
of the droplet at higher sample flowrate. Another impor-
tant feature is that the volume of the sample is freely va-
riable, if a higher enrichment needs to be achieved. Fi-
nally, there is a possibility to the automatization of the ex-
traction.

2. Experimental

2. 1. Reagents

All solutions were prepared using ultrapure water.
Chloroform was HPLC grade, 96% acetic acid and so-
dium acetate were analytical reagent grade. These chemi-
cals were obtained from VWR International and methyl-
trioctylammonium chloride (CAS:5137-55-3, purity
297%) from Sigma Aldrich were used for the liquid-liquid
extraction. Both Cr(IIl) and Cr(VI) stock standard solu-
tions containing 1000 mg L' of Cr were obtained from
Fluka.

2. 2. Apparatus

To prepare sample solutions ultra-pure water was
used, which was made using a Millipore Milli-Q RG ap-
paratus. The pH of the solutions was measured with a pH
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Table 1. Heating program I for the determination of total chro-
mium in aqueous phase with Varian AA-20 GFAAS instrument.

Step Temp::rature Time [s] ﬂlzvl;g:;e
[°C] Ramp Hold [em® min~']
1 110 1 15 250
2 130 6 10 250
3 1500 8 10 250
4 2300 0 5 0
5 2450 1 3 250

Table 2. Heating program II for the determination of chro-
mium(VI) in chloroform with Varian AA-20 GFAAS instrument.

Step Tempfrature Time [s] ﬂ‘::;g;:lte
[°C] Ramp Hold [em® min~']
1 45 1 5 250
2 85 6 40 250
3 1000 15 15 250
4 2300 0 5 0
5 2450 1 3 250

meter made by HANNA Instrument. For the chromium
analysis a graphite furnace atomic absorption spectrome-
ter (Varian AA-20 + GTA 96) was used. The injected vo-
lume of the samples was 20 uL. The temperature program
of the furnace was customised for proper determination as
seen in Table 1 and Table 2. Chromium measurements we-
re carried out at 357.9 nm wavelength with a spectral
bandwidth of 0.5 nm. Argon 99.996% (Linde Hungary)
was used as protective gas and integrated absorbance
(peak area) was used for the determination.

2. 2. 1. The Modified SDME Cell

The aim of the developed extraction cell was to redu-
ce the disadvantages of the SDME. The procedure is as fol-
lows: first, the droplet is sitting, not hanging. This configu-
ration increased the stability of the droplet. The new glass
cell is hollowed for the organic droplet (Fig 1). It has two
main components: an extraction cell and glass stopper. The
extraction procedure is the following: the closed cell is fil-
led with distilled water, and after that the cell is opened so
that the organic droplet can be placed in it. Then it is clo-
sed. The sample solution is introduced into the extraction
cell with a syringe pump. After the extraction the organic
droplet can be removed with syringe or pipette. The 10 —
100 puL micropipette (Biohit) was a better solution. The
Hamilton syringe for GC was problematic because it had
metal parts and the extraction solvent reacted on it. The re-
sults were increased blank values for chromium.

The advantages of this cell geometry were the follo-
wing: first, it stabilised the droplet, increased robustness
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Figure 1. The new extraction cell

of the extraction and ensured a higher flow rate of the
sample. Second, the droplet volume was increased to 40
uL to provide a greater contact area between the two pha-
ses and a higher extraction efficiency. On the other hand
the higher droplet volume was better for GFAAS determi-
nation. The droplet could be introduced into the graphite
tube or the vials of the autosampler.

At this experiment 40 pL of the chloroform droplet
was used and the ion-pair agent was dissolved in chloro-
form to separate and enrich the Cr(VI) content of the sam-
ple.

2. 2. 2. The Recirculating Single-drop
Microextraction Device

This system is an upgraded version of the above
mentioned system. It is understood that extraction effi-
ciency can be increased by repeating the procedure. Our
aim was to construct an extraction system to multiply the
single-drop extraction. The result was the recirculating
single drop microextraction system shown in Fig. 2. This
system consists of a sample reservoir (25 mL beaker), a
peristaltic pump (MTA KUTESZ LS-204), an extraction
cell, a Hoffmann clamp and a Tygon tube (i.d.: 0.76 mm).

Figure 2. Recirculating single drop micro extraction device with
peristaltic pump: 1 sample reservoir, 2 peristaltic pump, 3 extrac-
tion chamber, 4 Hoffmann clamp 5 Tygon tube
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The Hoffmann clamp was needed to set the back pressure,
as the extraction chamber could be fully loaded with the
sample solution.

The procedure is as follows: first, the beaker is filled
with the sample and the tubes are inserted into the sample
solution. After that the whole system is filled using the pe-
ristaltic pump and finally, the droplet is ready to be inser-
ted into the extraction cell. The additional advantages of
this system over the modified SDME are increased extrac-
tion efficiency thanks to the recirculating sample and ea-
sier sample changing, as the syringe pump is replaced
with peristaltic pump and during the clean-out procedure
only the inlet tube has to be put into the distilled water.

3. Results and Discussion

3. 1. Method Development

The principal steps of the method are: adjusting the
pH of the water sample, extraction with the new system
and finally GFAAS measurement to determine the chro-
mium concentration in the chloroform. Optimal parame-
ters, such as pH, time, reagent concentration and GFAAS
heating programme were explored for each step. The aqu-
eous phase volume was set to 10 mL.

3. 1. 1. Optimization of the Extraction

We tested the extraction range of 1.0 — 7.0 pH with
0.5 steps. 1.0 mol/L HCI and 0.1 mol/L. NaOH was used to
set the pH. The optimum pH range of this extraction was
found from 2.0 — 5.0 pH. Thus for all further analyses, we
used 4.0 pH, and it was adjusted with acetic acid / sodium
acetate buffer (10 mL sample solution + 1 mL buffer). 1 L
buffer was prepared from 847 mL 0.1 mol/L acetic acid
and 153 mL 0.1 mol/L sodium acetate.

Methyltrioctylammonium chloride concentrations
in the chloroform were investigated in the range of 0.1 — 5
9% (w/w) and the ideal was found at 1 % (w/w). Probably at
the high methyltrioctylammonium chloride concentration,
there is a negative effect on GFAAS determination, becau-
se too much organic material was introduced into the
graphite tube and at the ashing step chromium losses oc-
curred.

The flow rate of the sample solution was investiga-
ted. Previously with the syringe pump the optimal flow ra-
te was 1.0 mL/min with single extraction. The peristaltic
pump was used in the range of 2.5 — 14.0 mL/min and the
extracted Cr(VI) linearly increased by the flow rate (Fig.
3). At the higher flow rate, the droplet immediately ran out
from the extraction cell. The flow rate was reduced to 11.5
mL/min to ensure the stability and repeatability of this
method. At this parameter, 10 mL of the sample circulated
in the extraction cell 11.5 times in 10 min. This was a re-
markable signal increase with GFAAS measurements
compared to previous SDME sample preparation.
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Figure 3. The effect of the flow rate of the sample solution on ab-
sorbance. Sample volume was 10 mL, Cr(VI) concentration was 1
pg/L (pH = 4) Extraction time was 10 min (GFAAS, 40 uL droplet
volume was diluted to 100 uL)

The extraction time was investigated in the range of
1 — 35 min (Fig. 4). We found that the chromium concen-
tration of the droplet linearly increased in the range of 1 —
15 min.
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Figure 4. Extraction time effect on the absorbance at 11.5 mL/min
flow rate and 10 mL sample volume, concentration of the Cr(VI)
was 1 ug/L (pH =4) (GFAAS, 40 uL droplet was diluted to volume
100 pL, 0.01 mol/L methyltrioctylammonium chloride in droplet)

We limited the extraction time to 10 min to take in
account the throughput of this method, and all further
measurements were carried out in 10 min.
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Figure 5. Effect of droplet volume on the relative absorbance (0.25
pg/L pH = 4), flow rate was 11 mL/min (GFAAS, droplet volume
was diluted to 100 pL)

The volume of the droplet was investigated between
from 10 — 70 pL and the ideal volume was found at 40 pL
(Fig 5). At a 70 pL droplet volume, the efficiency of the
extraction was decreased.

3. 1. 2. Optimisation of the Heating Programme

The graphite heating was optimized for organic me-
dia with a high-concentration of methyltrioctylammo-
nium chloride. The right drying and ashing steps had to be
used to maximise the chromium(VI) signal at GFAAS de-
termination. The modified programme is shown in Table

0,300
Cr(llljinwaterl
Beal - y=0,0102x
R2=0,9996
o 0,200
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5 &
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o
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Figure 6. GFAAS calibration curve for Cr(Ill) in water phase and
Cr(VI) in organic phase with 1 % (w/w) methyltrioctylammonium
chloride in chloroform.

2. Two kinds of calibration standards were prepared. One
of them was diluted from the Cr(III) stock standard in wa-
ter. The other was diluted from the Cr(VI) stock standard
in water and was extracted by chloroform with methyl-
trioctylammonium chloride in 13 mL plastic test tube with
screw cap. This liquid-liquid extractions were carried out
at an optimum pH and methyltrioctylammonium chloride
concentration. The ratio of the phases was 1:1 (3 + 3 mL).
Heating programme I was used for the water phase and
programme II was used for organic solutions. The results
are shown in Fig 6.

The sensitivity of the chromium determination was
decreased in organic media. Therefore, the extraction cali-
bration had to be used for Cr(VI) determination. This cali-
bration method was used for all further measurements at
Cr(VI) determination.

3. 2. Method Validation

The 1000 mg/L Cr(VI) stock standard was used and
the calibration standards were established by dilution with
distilled water. These prepared solutions (10 mL sample +
1 mL buffer) were extracted by this method and the chlo-
roform phase was analysed by the GFAAS.

The recovery analysis was carried out with three dif-
ferent known quantities of Cr(VI). These spiked samples
were processed as normal samples. The method was vali-
dated for linearity with 0.14 — 5.00 pg/L Cr(VI). The
equation of the calibration curve was y = 0.2958x +
0.0395 (R? = 0.99), where ‘y’ is the peak-area and ‘x’ is
the concentration of Cr(VI). The detection limit of the
method was 42 ng/L.

The recovery of Cr(VI) in spiked tap water samples
ranged from 97% to 101.1% and the precision of the mea-
surements was from 2.38% to 2.81% (Table 3). Regarding
the result for the repeatability of this method, 2.53% was
observed.

Table 3. Cr(VI) recovery of the developed method (3 replicates)

Cr(VI) in aqueous

Sample phase pg L! Recto)/very, R;D
Added Determined ¢ ¢

1 1.00 0.97 97.0 2.53

3.00 2.96 98.6 2.81

3 8.00 8.09 101.1 2.38

3. 3. An optimised Method for Cr(VI) Analysis

The optimised procedure was: first, the sample pH
was set to 4 with acetic acid and sodium acetate buffer. A
10 mL sample and 1 mL buffer were introduced to the
beaker, the flow rate was set to 11.5 mL/min and the ex-
traction time was 10 min. In this procedure, the methyl-
trioctylammonium chloride concentration in the chloro-
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form droplet was 1 % (w/w). After the extraction, 40 uL of
chloroform was diluted to 100 pL to ensure enough sam-
ple volume for the autosampler. Finally 40 pL of the sam-
ple was introduced into the graphite tube and the chro-
mium content was determined with the optimized heating
programme. At this method the enrichment factor (EF)
was 100.

3. 4. Analysis of the Real Samples

The developed method was tested with sea water
samples. The water samples were collected from same lo-
cation at different time. The results were summarized in
Table 4.

Table 4. Bulgarian Black Sea water samples 2016 (n = 3, RSD <
3%)

Date Cr(VI) (ng/L) Total Cr (ug/L)
1.16. 0.28 0.72

II1. 26. 0.24 0.97
V. 28. 0.17 0.28

VI. 29. 0.17 0.66

VII. 20. 0.17 0.45

VIII. 21. 0.21 0.41

The Cr(VI) and total chromium concentrations were
determined in sea water samples and the results were in
good agreement with other research.*?

3. 5. Comparison to Other Methods

Our developed method has very good limit of detec-
tion compared to other cited methods in Table 5.

The advantage of the developed method is that the
sample volume is freely variable. Large amount of water
sample can be used to increase the enrichment. The higher
volume of the droplet and the recirculation of the sample
solution around the droplet leads to higher efficiency of ex-
traction than possible with the normal SDME. This off-line
method can be easily adapted to any GFAAS instrument
and there is no need to modify the expensive instrument.
This SDME technique can be applied to other analytical
task, where a high enrichment of the analyte is important.

There are a number of potential drawbacks to the
SDME method. Low sample throughput as it takes 10
min, but other SDME methods require the same extraction
time. Highly skilled lab worker is needed to set the droplet
and this device. The chloroform is volatile, therefore the
temperature has to be controlled and before the GFAAS
the sample vials have to be sealed to avoid evaporation of
the organic solvent. This effect can cause unexpected in-
crease of the chromium concentration. Currently, extrac-
tion cell is not commercially available, because it has to
be made manually.

Table 5. Comparison of Cr(VI) determination methods for water
samples

Extraction Analytical LOD Automation Reference
method method (ng/L)  approach
Continuous This
SDME GFAAS 0.042 research
SPE ICP-AES 0.200 FIA 43
CME ICP-MS 0.018 FIA 20
SPE FAAS 0.034 FIA 44
SPE FAAS 0.8 FIA 45
SPE FAAS 0.3 SIA 23
SPE GFAAS 0.02 SIA 24
SPE FAAS 45 46
SPE GFAAS 0.027 47
CPE FAAS 0.18 48
CPE GFAAS 0.01 49
- UV/VIS 23 SIA 21
- UV/VIS 5.6 uSIA-LOV 26
LLE UV/VIS 7.5 FIA 50
LLME UV/VIS 0.26 SIA 22
DLLME FAAS 0.08 51
DLLME TXRF 0.8 52
Thermal GFAAS 0.7 38

CME: capillary microextraction, SDME: single drop microextrac-
tion, CPE: cloud point extraction, SPE: solid phase extraction,
LLE: liquid-liquid extraction, LLME: liquid-liquid microextrac-
tion, DLLME: dispersive liquid-liquid microextraction, FAAS: fla-
me atomic absorption spectrometry, GFAAS: graphite furnace ato-
mic absorption spectrometry, TXRF: total reflection X-ray fluores-
cence spectrometry, ICP-AES, Inductively coupled plasma atomic
emission spectroscopy, FIA: flow injection analysis, SIA: sequen-
tial injection analysis, LOV: Lab-On-Valve

3. 6. Automatization

Currently, the peristaltic pump had a timer to switch
off after 10 min. We are planning to increase the automati-

EC

Figure 7. The proposed semi-automatic apparatus for chromium
speciation method SY: syringe + steeper motor, HC: holding coil,
DV: distribution valve (Hamilton), W: waste, S: organic solvent,
PP: peristaltic pump, EC: extraction cell, AS: auto-sampler, SC:
sample collector, pC: microcontroller (Arduino)
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zation degree of this process. The notion is based on semi-
automatic chromium speciation approach with uSIA tech-
nique. First, the Arduino microcontroller coordinates the
syringe, distribution valve, peristaltic pump and tip of the
extraction cell. The next step is to couple the developed de-
vice with an autosampler and sample collector (Fig. 7).

This system is containing new and salvaged parts to
reduce the cost. The Arduino microcontroller is easily
programmable, cheap and easy to connect the display, re-
lay control and motor driver boards.

Further plan is to replace the sample collector (SC)
with the autosampler of the GFAAS to achieve the full au-
tomatization.

The planned fully automated sample preparation
system will be useful to determine the Cr(VI) by GFAAS.

4. Conclusions

In this study a novel single drop microextraction
(SDME) technique is presented for chromium speciation.
The advantages of this method are, in addition to minimal
organic solvent consumption and the need for only one
droplet per sample to extract, the higher stability of the
drop and the possibility of high enrichment of the
analysed elements. The higher volume of the droplet in a
modified cell and the recirculation of the sample solution
around the droplet leads to higher efficiency of the extrac-
tion than is possible with the normal SDME. This simple,
easy to make, cheap, effective, rugged and safe extraction
method can be used to create fully automated sample pre-
paration system. Finally, this recirculating system can also
be used for the extraction and enrichment of other analy-
tes at the ng/L level.
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Razyvili smo metodo za speciacijo in predkoncentracijo kroma, ki uporablja tehniko atomske absorpcijske spektrometrije
z grafitno kiveto (GFAAS). Metoda je osnovana na tehniki mikroekstrakcije v kapljico (SDME). Dandanasnji so mi-
kroekstrakcije postale popularne, saj je za separacijo potrebna majhna koli¢ina organskega topila. Vzorec je v ekstrakcij-
ski celici v stiku z eno samo kapljico kloroforma. Za separacijo in obogatitev kromovih zvrsti smo uporabili ionsko-par-
no spojino. Po ekstrakciji smo vsebnost kroma v kapljici dolocili z GFAAS. Analizna obcutljivost se je izboljSala glede
na standardno SDME tehniko zaradi vecjega volumna organske faze in zaradi kroZenja vzorca. Zaradi vecje sticne po-
vrsine in razvite ekstrakcijske naprave je bila tudi stabilnost kaplice znatno vecja. Kot primer uporabe smo dolocili vseb-
nost Cr(VI) v morski vodi s tehniko GFAAS in razvito separacijsko/ekstrakcijsko metodo. Pri optimiziranih ekstrakcij-
skih pogojih je bilo za Cr(VI) linearno obmocje 0,14-5,00 ug/L, meja zaznave (S/N = 3) 0,042 pg/L in natanc¢nost (RSD,
n=3) < 3,0 %. Prednosti metode so naslednje: cenovna ucinkovitost, visoka obogatitev kromovih zvrsti in enostavna
uporaba v povezavi z GFAAS tehniko. Koncentracijo kromovih zvrsti tako lahko dolo¢imo na ng/L nivoju.
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