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a  b  s  t  r  a  c  t

An  analytical  procedure  for the  spectrophotometric  determination  of  titanium  at  trace  levels was  devel-
oped.  The  procedure  involves  the  use of  a multi-pumping  flow system  (MPFS)  coupled  with  a  liquid
waveguide  capillary  cell  (LWCC)  with  1.0 m  path  length,  550  �m i.d.  and  250  �L  internal  volume,  which
enabled  to enhance  the  sensitivity  of  the determination  and  thus  avoid  complex  and  time-consuming
vailable online 21 March 2011

eywords:
itanium
ulti-pumping flow system

iquid waveguide capillary cell

pre-concentration  steps.  The  determination  is based  on the  colorimetric  reaction  of titanium  with  chro-
motropic  acid.  The  limit  of  detection  (3�)  was  0.4  �g/L and  a linear  response  up  to 100  �g/L  with  a sample
throughput  of  46 h−1, and  a low  reagent  consumption/effluent  production  was  achieved.  The  developed
procedure  was  applied  to natural  waters,  sunscreen  formulations  and  one  certified  lake  sediment  sample.
pectrophotometry
race analysis

. Introduction

Titanium is the ninth most abundant element in earth’s crust,
 natural constituent of rocks, soils and sediments [1].  The levels
f Ti in rocks are lower than 2% (w/w) [2].  The Ti concentrations
ound in riverine, estuarine and coastal waters range from 0.005
o more than 4.8 �g/L [3] and from 0.2 to 17 ng/L in ocean waters
1]. The Ti minerals are very resistant to chemical weathering in
oil and sedimentary environments, allowing the common use of
i as a guide element to compare the mobility of the different
lements [1].

In recent years, Ti has acquired growing importance in several
ndustrial fields because of its particular physical and chemi-
al characteristics. The main commercially available compound,
itanium dioxide, is used in solar energy cells [4],  as a photocat-
lyst in sterilization, air cleaning and water purification processes
5,6], as an ingredient of sunscreens, cosmetics, toothpastes, paints
nd plastics, and in the manufacture of building materials, air-
rafts and missiles [7,8]. It also shows great promise in the

evelopment of antitumor agents [9],  and for drug delivery, envi-
onmental cleanup and computer manufacture [10]. Titanium
ioxide nanoparticles also shows durable photocatalytic activity,

nduced by UV-light, causing photochemical degradation of organic

∗ Corresponding author. Tel.: +351 225580064; fax: +351 225090351.
E-mail address: aorangel@esb.ucp.pt (A.O.S.S. Rangel).

925-4005/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.snb.2011.03.025
© 2011 Elsevier B.V. All rights reserved.

compounds [6,11],  suggesting a potential use in wastewater treat-
ment plants [8].

TiO2 in the form of nanoparticles is not considered as new mate-
rials, as bulk TiO2 has been incorporated into various products as a
white pigment for decades; it is therefore categorized as a new form
of an existing substance. Nanoparticles are ultrafine particles with
length in two or three dimensions greater than 1 nm and smaller
than 100 nm [10,12]. Despite the large scale and increasing pro-
duction of these materials, few studies have addressed the possible
environmental threat posed by nanoparticles.

The nanoparticles toxicity differs with particle type, size, sur-
face area and functional groups attached [6,12].  Oberdörster et al.
revealed that the smaller the size of the nanoparticles, stronger the
exerted toxicity is [13], although the relation between the physic-
ochemical properties of nanoparticles and their toxicity appears to
be more complex [14].

In a recent study [15], based on the already existing quantitative
toxicity data (ex. LC50 or EC50) for the evaluation of the poten-
tial hazardous effects of nanoparticles [16], TiO2 was  classified
as “harmful”. This classification is based on studies that involved
different groups of organisms (crustaceans, bacteria, algae, fish,
nematodes and yeasts) and concluded that algae are the most sen-

sitive ones. In the case of bulk TiO2 the toxicity falls into the same
classification, showing a lowest LC50 value for algae, similar to the
value found for the nanoparticles formulation.

The aquifers may  be the principal receiver of nanotechnology
industry discharges. Therefore, ecotoxicology studies on water col-

dx.doi.org/10.1016/j.snb.2011.03.025
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:aorangel@esb.ucp.pt
dx.doi.org/10.1016/j.snb.2011.03.025
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Fig. 1. Multi-pumping flow system for the determination of titanium. Pi, pumps; Vi,
solenoid valves; SL, sample loop (200 �L); RC, reaction coil (50 cm); c, confluence;
2 R.N.M.J. Páscoa et al. / Sensors

mn  organisms and across several taxonomic groups are of great
nterest for the comprehensive effect assessment of the nanoparti-
les in the aquatic environment [5,7,14,17,18].

The development of analytical methods focused on under-
tanding the fate of nanoparticles in the aquatic environment is
mportant, as the lack of detection/quantification tools hampers
he advancements on other areas related to its toxicity.

In general, flow systems are very suitable for water analysis
ecause of increased accuracy, good repeatability, low equip-
ent cost, high sample throughput, simplified sample handling,

educed contamination risks, high degree of automation and reduc-
ion in sample/reagents consumption and effluent production
19,20].

Regarding flow methodologies for the determination of Ti, the
ajority are based on molecular absorption spectrophotometry

2,8,21,22], although there are some works exploiting other detec-
ion techniques such as chemiluminescence [23], ICP-AES [24] and
CP-MS [25].

The spectrophotometric procedures are simple, fast and robust
nd there are some colorimetric reagents used for titanium deter-
ination as chromotropic acid, tiron, sulfosalicylic acid [2] and

,4′-diantipyrylmethane [21]. However, to reach the determination
f titanium at trace levels with spectrophtotometric procedures,

 preconcentration step is necessary [26], significantly increasing
he complexity of the flow systems manifold and decreasing the
etermination rate.

To overcome these difficulties, in this work we propose the use
f a liquid waveguide capillary cell (LWCC), a sample cell where
he optical path length is increased without light attenuation [27],
hich enables to significantly increase sensitivity, in order to attain

he direct determination (i.e., without a pre-concentration step) of
race levels of titanium in samples of different types (as natural
aters, sunscreens and lake sediments). This approach was  already

uccessfully used in the determination of iron at low concentration
evels [28]. The characteristics of this device permit total internal
eflection of the light on the walls as the light conducting path is
ransparent to the wavelength of interest and has a refractive index
igher than the walls material. Thus, light is kept in the optically
enser core.

To carry out the in-line sample reaction needed for the spec-
rophotometric determination of Ti, an option was made for the
tilization of a manifold based on the recently proposed multi-
umping flow technique. This is characterized by a pulsed flow
apable of producing an improved sample/reagent mixing and
eaction zone homogenization [29]. Multi-pumping flow systems
MPFS) use multiple low-cost solenoid micro-pumps strategically
ositioned in the manifold, which, when controlled by computer
oftware, provide easy and versatile automated fluid handling
perations. The solenoid micro-pumps require low-power supply
oltage to work and have a small size when compared to peri-
taltic pumps, making it an advantageous alternative for portable
quipment/in situ analysis.

. Experimental

.1. Reagents and solutions

All solutions were prepared with analytical reagent-grade
hemicals and deionized water. Titanium (IV) stock standard solu-

ion (100 mg/L) was prepared by diluting the respective 1000 mg/L
tomic absorption standard (Fluka, 04689) with 0.01 mol/L HCl
olution. Calibrating solutions in the range of 10–100 �g/L were
aily prepared by rigorous dilution of the Ti stock solution with
.01 mol/L HCl.
LWCC, detector (100 cm optical path, 425 nm); PC, computer; W,  waste; S, sample
or  standard; and R, colour reagent (chromotropic acid) and buffer solution (acetate
buffer with ascorbic acid).

A certified reference material (CRM), a lake sediment sample
ref.a IAEA-SL-1, was  analysed in order to evaluate the accuracy of
the developed analytical procedure.

Five sunscreen samples were also analysed by the developed
method and the results obtained were compared with the alterna-
tive ICP MS  procedure.

The TiO2 nanoparticles (<100 nm)  used in the recovery tests
performed with the CRM sample were from Sigma–Aldrich (Ref.
634662).

The solutions used in interference studies were prepared by
diluting commercial atomic absorption standard solutions (Spec-
trosol, BDH) of Fe, Al, Cu or Pb by dissolving the respective salts
NH4VO3, K2Cr2O7 and NaF (Merck), in the case of V, Cr and F.

Chromotropic acid colour reagent was daily prepared by dis-
solving 0.025 g of C10H6Na2O8S2·2H2O (Sigma–Aldrich) and 1.0 g
of ascorbic acid (VWR International) in 100 mL  of a 0.2 mol/L
acetic acid–sodium acetate solution, resulting in a solution with
1.25 mmol/L and 0.113 mol/L of chromotropic acid and ascorbic
acid, respectively.

2.2. Apparatus

The manifold used for the determination of Ti is shown in Fig. 1
and comprised three micro-pumps (Bio-Chem Valve Inc., Boonton,
NJ, USA, Ref. 120SP1220 and 120SP1230), with nominal dispens-
ing volumes of 20 and 30 �L per stroke, and two  commutation
valves (NResearch, Caldwell, NJ, USA, Ref 161T031) with an internal
volume of 27 �L. To control both micro-pumps and commutation
valves, an I/O digital card with eight optocoupled digital input chan-
nels and eight digital relay output channels was  used. This card was
connected to a personal computer through an RS485/RS232 inter-
face and can independently control the operation of up to eight
micro-pumps and/or commutation valves. These devices are set on
a motherboard connected to a protection interface, which is con-
nected to the relay outputs and an additional power source of 12 V
is required to activate the solenoid devices. In order to minimize
the heat generation and extend the lifetime of the valves, a solenoid
protection system (Sciware, Mallorca, Spain) was  used. The power
source, the RS serial interface and the I/O cards were integrated into
a unique module (Ref. Module1 Sciware). The volumes dispensed

by the micro-pumps in each stroke were verified and are shown in
Table 1.

For the solenoid valves, the exchange options were classified in
on/off lines. The “on” line was  assigned to the flow manifold and
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Table  1
Volumes actually propelled by the MPFS micro-pumps.

Micro-pump Nominal volume per
stroke (�L)

Actual volume per
stroke (�L)a

P1 20 14.0 ± 0.1
P2 20 17.2 ± 0.1
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constant. The results are summarized in Fig. 1 and in Table 2.

T
M

C

P3 30 20.4 ± 0.4

a Mean and standard deviation of 20 replicates.

he “off” line to the solutions flasks (represented with a solid line
nd dotted line, respectively, on Fig. 1).

The connection of the different components of the flow system
as made with PTFE tubes with 0.8 mm id (Omnifit, Cambridge,
K). End-fitting and connectors (Gilson, Villiers-le-Bel, France)
ere also used. The sample loop (SL) and the reaction coil (RC)
ere 40 and 50 cm long, respectively.

A personal computer Pentium II, running AutoAnalysis version
.0.3.5 software (Sciware), controlled the micro-pumps and the
ommutation valves.

The spectrophotometric measurements were carried out at
25 nm.  Reference wavelength for minimizing the schlieren effect
as set at 800 nm [30]. The principle of the signal compensation is

o measure simultaneously the signal at two different wavelengths:
ne at which the reaction product absorbs predominantly the light
nd a reference wavelength at which no absorbance change due to
he chemical reaction is observed.

As detection system, an Ocean Optics PC2000-ISA spectropho-
ometer (Dunedin, FL, USA), two 200 �m fibre optic cables, a
H-2000 deuterium halogen light source (Top Sensor Systems,
erbeek, The Netherlands) and a liquid waveguide capillary cell
LWCC 2100; World Precision Instruments, Sarasota, FL, USA) with
.0 m path length, 250 �L inner volume and 550 �m inner diame-
er was used. Data acquisition was also performed by the Sciware
utoAnalysis software.

An Anton Paar (Graz, Austria) Multiwave 3000 microwave oven,
ith a rotating turntable (a 16MF100/HF100 rotor with sixteen

TFE vessels of 50 mL  maximum capacity), a 2455 MHz  magnetron
nd a nominal exit power of 1400 W was employed for acid diges-
ion of the samples.

A  VG Elemental (Winsford, UK), PlasmaQuad 3 ICP-MS instru-
ent, equipped with a Meinhard type A pneumatic concentric

ebulizer, a quartz water cooled impact-bead spray chamber, a
tandard quartz tube torch and nickel sample and skimmer cones,
as used in the comparison method. Both the spray chamber and

ampling interface were cooled to 10 ◦C by circulating water. Argon
f 99.9999% purity (Alphagaz 2, supplied by Air Liquide, Maia,
ortugal) was used as plasmogenic gas. For ICP-MS sample intro-
uction and waste draining, a Gilson Minipuls 3 peristaltic pump
as used. The main operating conditions for the ICP-MS determina-

ion of Ti are indicated in electronic Supplementary data in Table

1. The isotopes (m/z ratios) 47Ti (as analyte) and 45Sc (as inter-
al standard) were monitored. Both the ICP-MS instrument control
nd data acquisition were accomplished by using the VG Elemental
lasmaLab software.

able 2
PFS sequence of operations for the determination of titanium.

Step Pump Volume (mL) Flow rate (mL/min) Valve p

V1 

1 P2 0.5 5 1 

2  P1 0.1 1 0 

3 P1 and P3 0.1 C 0.1 R 1 0 

4 P1 5 5 0 

, carrier; R, colour reagent; 0, off; 1, on.
ctuators B 157 (2011) 51– 56 53

2.3. MPFS configuration and procedure

The MPFS (Fig. 1) was designed to allow the determination
of titanium in waters, cosmetic and other environmental sam-
ples digests at very low levels. The set-up included three solenoid
pumps and two commutation valves. The volume of the sample
introduced into the MPFS can be set by controlling the volume dis-
pensed in each stroke and/or the frequency of the strokes, however,
the analytical repeatability is affected by the variation of the dis-
pensed volume. Therefore, an option for a volume-based sample
injection was  taken, instead of a time-based injection approach. To
implement this strategy, two  commutation valves were used and
the sample volume was controlled by the length of the sample loop
placed between them. A confluence point was added downstream
to promote mixing between sample/standard and colour reagent.

The operation sequence of the MPFS is listed in Table 2. The first
step consisted of the introduction of 500 �L of sample/standard in
the SL by pump 2. Subsequently, the sample/standard and colour
reagent (100 �L) were propelled to the confluence by pump 2 and 3,
respectively. In the final step, the resulting mixture was propelled
to the detector and the analytical signal was registered.

At the end of a working day, the LWCC was sequentially washed
in counter current with HCl (0.05 mol/L) and NaOH (0.05 mol/L)
solutions, and finally with water.

2.4. Microwave digestion procedure

The microwave digestion procedures used for each type of
samples are summarized in electronic complementary data in
Table S2.  Samples were directly weighed into the PTFE reactors of
the microwave digestion unit and, after addition of the digestion
reagents, the mixture was subjected to the following program: a
pre-set time period to attain the maximum power of 800 W,  fol-
lowed by a holding period at this power and a 15 min cooling period
at 0 W.  After that, and to complex free fluoride, saturated boric
acid solution was  added at a ratio of 6 ml  per each mL  of HF used
in the digestion. The resulting clear solutions were quantitatively
transferred to volumetric flasks and, after appropriate dilution with
deionized water, they were analysed both by the developed and the
reference procedure.

3. Results and discussion

3.1. Study of physical and chemical parameters of the MPFS

The optimization studies included both physical parameters
(flow rate, plug size, reaction coil length, sample and reagent vol-
umes) and chemical parameters (reagents concentration and pH) of
the whole analytical procedure. The univariate method was  used,
where only one parameter was  changed while the others were kept
Initially, the volumes actually dispensed by the micro-pumps
were evaluated. Two  different flow rates (1 and 5 mL/min) and two
different volumes (1 and 5 mL)  were selected to perform this evalu-
ation in each micro-pump. The results obtained are summarized in

osition Action

V2

1 Sampling
0 Propelling sample with carrier to the confluence
0 Propelling sample with carrier and colour reagent to the detector
0 Propelling the mixture to the detector and signal registration
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Table  3
Interferences study. Results expressed as the relative deviation from the absorbance
value of a 20 �g L−1 titanium standard solution.

Species tested Concentration
(�g/L)

Relative
deviation (%)

Irona 20 +5.4
Ironb 2000 −2.4
Aluminium 100 +4.5
Copper 500 +5.6
Lead 1000 +4.9
Vanadium 500 +5.6
Chromium 200 +2.9
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Table 4
Figures of merit of the developed methodology.

Parameters Values

Limit of detection (�g/L) 0.4
Limit of quantification (�g/L) 0.8
Analytical working range (�g/L) Up to 100
Analytical throughput (/h) 46
Reagent consumption per assay (�mol)

Chromotropic acid 0.125
Ascorbic acid 5.68

standard solution and from the dissolved/digested TiO2) was per-
formed. The linear relationship between the molar concentration of
Ti (CTi(IV); CTiO2

) obtained using Ti(IV) standards or TiO2 standards
was Abs425 nm = 0.0121 (±2 × 10−4) CTi(IV) + 0.0026 (±0.0040) and

Table 5
Recovery tests. Results (%) obtained in different types of water for three different
addition levels.

Water types Concentration added

4 �g/L 10 �g/L 20 �g/L

Well 95 ± 3 106 ± 1 105 ± 1
Polluted river not filtered 89 ± 2 94 ± 1 98 ± 2
Sea  92 ± 1 106 ± 3 106 ± 2
Sea 96 ± 8 102 ± 6 96 ± 4
Fluoride 200 +3.9

a Without ascorbic acid.
b With ascorbic acid.

able 1 and represent the mean of twenty replicates (five replicates
or each flow rate and volume).

As referred above, the sample volume introduced in the sys-
em was controlled by the length of the tube placed between the
wo commutation valves (the “sample loop”—SL), since in prelimi-
ary experiments an improvement in the repeatability was verified
sing this sampling mode.

The SL volume was varied within 100 and 400 �L and 200 �L
as the selected value. The reaction coil length was  studied in the

ange of 10–150 cm and 50 cm was the length that allowed better
ensitivity. The flow rate was varied within 0.5 and 5 mL/min in all
he steps of the analytical cycle (Table 2). In the first and fourth
teps, the sensitivity and the blank values were independent of the
ow rate, therefore 5 mL/min was used in order to maximize the
ampling rate. In the second and third steps, the sensitivity and the
lank values increased for lower flow rates. The best compromise
etween sensitivity and blank values was achieved at 1 mL/min.

The analytical wavelength was evaluated in the range from 415
o 445 nm and 425 nm allowed the best compromise regarding sen-
itivity and low blank values.

Following this study, reagent volumes from 60 to 200 �L were
ested and 100 �L (corresponding to 5 micro-pump pulses) were
hosen as this volume provided a better repeatability (RSD < 3%).
he chemical parameters evaluated in the optimization of the
ethodology included the concentration of the colour reagent

chromotropic acid) and reducing agent (ascorbic acid), and the
oncentration and pH of the buffer solution (sodium acetate/acetic
cid). Firstly, the reagent concentration was studied in the range of
.25 × 10−4 to 2.5 × 10−3 mol/L and the best sensitivity with a rela-
ively low blank value (0.030) was obtained for 1.25 × 10−3 mol/L.
igh blank values shorten the application range of the method-
logy since CCD spectrophotometers performance deteriorates for
bsorbance values over 1.8 [31].

The concentration (in the range of 0.05–1 mol/L) and the pH (in
he range of 4.2–5.0) of the acetate buffer were then studied. The
est sensitivity was obtained for a concentration of 0.2 mol/L and a
H of 4.6, and these values were used in subsequent experiments.

Finally, the ascorbic acid concentration was evaluated. Ascorbic
cid was necessary to assure the complete reduction of iron(III)
o iron(II), since iron(III) interferes with titanium determination
Table 3). The ascorbic acid concentration was varied between 1
nd 4% (w/v) and a concentration of 2% showed to guarantee the
otal iron(III) reduction at concentrations up to 2 mg/L.

.2. Interference studies
The interference of several ions on the determination of tita-
ium was tested. Solutions with a fixed concentration of titanium
20 �g/L) and increasing concentrations of the tested ions were pre-
ared. Ions causing deviations higher than 5% in the absorbance
alue of the pure 20 �g/L titanium standard solution, were consid-
Sodium acetate 20
Acetic acid 20

Waste produced per assay (mL) 5.8

ered as interferents. The ions studied were Fe(III), Pb(II), Al(III), F−,
Cu(II), V(V) and Cr(VI) at concentrations of 20, 40, 100, 200, 500,
1000 and 2000 �g/L, respectively (Table 3). The major interference
was from Fe(III) at the same level of titanium. This interference was
minimized by the addition of ascorbic acid to the colour reagent as
can be seen in Table 3. The other main interferences were from
aluminium at a concentration five times higher than titanium and
fluorine and chromium at a concentration ten times higher than
titanium.

3.3. Figures of merit

All the analytical performance characteristics obtained for tita-
nium determination are summarized in Table 4. The limit of
detection (LOD) and limit of quantification (LOQ) were calculated
as the concentration corresponding to three and ten times the stan-
dard deviation of the blank, respectively [32].

3.4. Application to water samples

Concluded the optimization of all of the physical and chemi-
cal parameters, the proposed analytical procedure was applied to
different types of water in order to assess its accuracy.

Initially, recovery tests were carried out on different types of
water samples: surface (sea and river) and ground (well and mine)
waters. Table 5 summarizes the results obtained for three levels of
analyte addition (4, 10 and 20 �g/L). They suggest that the matrix of
water samples does not appreciably interfere in the determination
of titanium.

Chromotropic acid reacts with Ti(IV). However, TiO2 is the most
frequent form of the analyte present in environmental and cosmetic
samples. Therefore, a comparison study using similar concentra-
tions of standards of Ti(IV) (prepared both from the commercial
Estuarine 88 ± 3 102 ± 1 107 ± 1
Mine 96 ± 3 94 ± 1 99 ± 1
Polluted river 90 ± 4 96 ± 1 98 ± 1
Polluted river 91 ± 2 93 ± 2 97 ± 1

Mean and standard deviation of 5 replicates.



R.N.M.J. Páscoa et al. / Sensors and A

Table  6
Comparison of the results obtained in the determination of TiO2 in five commercial
sunscreens products.

Sample TiO2% (w/w)

Developed methoda ICP-MSb

1 2.33 ± 0.01 2.29 ± 0.13
2 1.77 ± 0.01 1.70 ± 0.11
3  1.66 ± 0.01 1.65 ± 0.10
4 2.29 ± 0.02 2.33 ± 0.07
5  1.40 ± 0.01 1.35 ± 0.12

a Mean and standard deviation of 5 replicate analysis of the same digestion solu-
tion.

b Mean and standard deviation of 2 replicate analysis of the same digestion solu-
tion.

Table  7
Recovery tests. Results obtained with a certified lake sediment sample.

Assay number Expected Ti concentration (�g/L) Recovery (%)a

1 41.1 97 ± 1
2 29.7 105 ± 1
3  18.9 97 ± 1
4 26.2 108 ± 1
5  25.5 92 ± 1
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[
mission Directive 93/67/EEC on Risk Assessment for New Notified Substances.
Part II. Environmental Risk Assessment, Office for Official Publications of the
6  37.6 93 ± 1

a Mean and standard deviation of 5 replicates.

bs425 nm = 0.0122 (±1 × 10−4) CTiO2
+ 0.0052 (±0.0011), respec-

ively. The equation parameters obtained for the two standard
urves show no significant difference (standard errors on the esti-
ated parameters are indicated between brackets). These results

emonstrate that the developed method is applicable to the deter-
ination of Ti in both chemical forms.

.5. Application to commercial sunscreens

Although the primary objective of the proposed method is to
etermine Ti in waters, it was also applied to different commer-
ial sunscreen samples, previously submitted to a microwave acid
igestion. To assess the quality of the results, they were compared
ith those obtained by ICP-MS (Table 6). The calculated t-values
ere below the critical t-value (6.31) and the linear regression
arameters showed no significant difference between the results
btained by the developed system (CMPFS) and by the alternative
rocedure, CMPFS = 0.94 (±0.15) CICP-MS + 0.13 (±0.29), where the
alues between brackets are the limits of the 95% confidence inter-
als.

.6. Application to lake sediment

The developed analytical procedure was also applied to one ref-
rence lake sediment material (IAEA-SL-1) with a certified value of
170 ± 430 mg  Ti per kg of sediment. When analysed by the devel-
ped procedure the result obtained was 5155 ± 113 mg/kg. This
esult corresponds to the average of 5 assays and the half width
f the 95% confidence interval. The solution obtained in the sample
igestion was diluted 1000 times in order to adjust its concentra-
ion to the linear response range of the MPFS analytical procedure.
he result shows a good accuracy of the developed procedure.

Additionally, recovery tests were performed on the certified lake
ediment sample, to which TiO2 nanoparticles were added in their

olid form. The recovery results, presented in Table 7, are rela-
ive to the expected concentrations in the digests after spiking the
ediment sample.

[
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4. Conclusions

This work presents a reliable spectrophotometric determina-
tion of titanium at low levels applicable to different water samples,
digested commercial sunscreens and sediments. The proposed
methodology is relatively simple and inexpensive, with a good
analytical throughput and low reagent consumption/effluent pro-
duction (green chemistry approach). The employment of a LWCC
allows the determination of Ti at very low levels without using a
preconcentration step.

When compared to previous works, this analytical procedure
allows titanium determinations in different types of samples with a
low detection limit, low reagent consumption and high throughput.
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