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Abstract

An automatic multisyringe flow injection analysis (MSFIA) system coupling a flow-through optical fiber diffuse reflectance sensor with in-line
gas-diffusion (GD) separation is proposed for the isolation, preconcentration and determination of traces of volatile and gas-evolving compou
in samples containing suspended solids, with no need for any preliminary batch sample treatment. The flowing methodology overcomes the lo
sensitivity of the in-line separation technique, when performed in a uni-directional continuous-flow mode, through the implementation of disk-bas
solid-phase extraction schemes. The high selectivity and sensitivity, the low reagent consumption and the miniaturization of the whole assen
are the outstanding features of the automated set-up. The proposed combination of techniques for separation, flow analysis, preconcentratio
detection was applied satisfactorily to sulfide determination in environmental complex matrixes. The method based on multicommutation fl
analysis involves the stripping of the analyte as hydrogen sulfide from the donor channel of the GD-module into an alkaline receiver segme
whereupon the enriched plug merges with well-defined zones of the chormogenic reagentsNwittmethyl-p-phenylenediamine (DMPD) and
Fe(lll)). The in-line generated methylene blue dye is subsequently delivered downstream to the dedicated optrode cell furnishegldisih a C
while recording continuously the diffuse reflectance spectrum of the pre-concentrated compound. This procedure provides a linear working ra
of 20-500ug I sulfide with a relative standard deviation of 2.2%-(k0) at the 20@.g I~ level, and a detection limit of 1,3g 1-*.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction tage of the traditional sorbent extraction, involving the elution
of the retained species to perform the optical detection in the
The combination of techniques for flow drive, separation,eluate phase, of partial loss of the preconcentration capabilities
preconcentration and detection, has opened new pathways @gained during the sorption step. It is based on direct measure-
analytical chemistry for the development of entirely automatednent of the light attenuation of the reactive surface following
assemblies adaptable to real-time monitoring schemes. the sorptive preconcentration of the analyte properly derivatized
Separation techniques play a crucial role in the applicatioi5—8]. However, to the best of our knowledge, the hyphenation
of analytical methods with major aims of analyte isolation andof flow-through GD with sorptive optrode preconcentration and
removal of interfering compounds. Gas diffusion in combina-detection has not yet been reported.
tion with flow systems facilitates the selective determination of Regarding recentadvances in automation in flow systems, the
volatile compounds in a totally enclosed maniffild-3]. multisyringe flow injection analysis (MSFIA) approach is worth
Isolation with concomitant enrichment of target species isnentioning. It should be regarded as a powerful tool for inter-
accomplished with solid-phase extraction procedures that havacing in-line GD separation with solid-phase optosensing with
been consolidated as valuable sample pre-treatment strategieberent potential for appropriate microfluidic handling of solu-
[4]. The direct optosensing at solid surfaces avoids the disadvations[9—-11]. The main objective of this novel flowing method-
ology is to obtain maximum benefit of the ruggedness and
flexibility of sequential injection schemes using syringe pumps
* Corresponding author. Tel.: +34 971 173261; fax: +34 971 173426, as liquid drivers. The coupling of four soldered piston pumps
E-mail address: victor.cerda@uib.es (V. Ceil. with solenoid valves facilitates a multitude of different injection
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modalities (namely, multicommutation protocols, splitting tech-10 ml of 5 M HCl are added before diluting to 100 ml with water.
nigues, sandwich schemes and hydrodynamic injections) to b& 3mM DMPD working solution was prepared by suitable
readily performedi11-13]. Furthermore, the three-way commu- dilution of the stock solution with 0.5M HCI. The oxidizing
tation valves placed at the head of each syringe enable the injeeagent consisted of 9.64 g of NFe(SQ)2-12H,O (Scharlau,
tion of minute, well-defined volumes of sample and reagent8arcelona, Spain) dissolved in a mixture of 50 ml of water and
according to the timing schedule of the analytical protocol. Sincd.0 ml of 5M HCI and made up to 100 ml with water. A 3mM
reagents are dispensed back to the respective reservoirs wheea(lll) solution was prepared by proper dilution of the stock
not needed, waste generation is more than 10-times reducedwith 0.5M HCI.
comparison to common flow injection procedures. A 0.14M HCI solution prepared from concentrated
The combination of techniques herein reported enables thieydrochloric acid (Scharlau) was used as a carrier stream.
selective, sensitive and automated determination of volatil@he alkaline acceptor consisted of a #0 NaOH solution.
species by direct detection or following previous derivatizationSolutions of 80% (v/v) methanol-0.01 M HCI and 80% (v/v)
reactions. Sulfide has been selected as a model analyte to assesthanol-water were used as eluting solutions, the latter one
the potential of the MSFIA-GD-optosensor coupling. also ensured appropriate membrane conditioning. Prior to use,
Sulfide is one of the most important parameters to monithese reagents were degassed for 10 min by means of an ultra-
tor in water matrices as a consequence of its high toxicity foisonic bath.
aquatic organismd4]. Hydrogen sulfide is found in naturaland ~ The sulfide stock standard solution (ca. 1000 ry lwas
wastewaters as a result of the decomposition of organic maprepared daily by dissolving 0.75g of p&9H0 95% (Pan-
ter and the bacteria-mediated reduction of sulfate. In additiorreac, Barcelona, Spain) in 50 ml of a 0.05M NaOH solution
hydrogen sulfide is frequently used as a reagent or generated asd diluting to 100 ml with water. The final solution was daily-
a by-product in industrial processes. Due to the increasing envstandardized iodimetricalljt 5] and working standard solutions
ronmental concern for chemical discharges, the sulfide contef20-500ug 1~1) were prepared by suitable dilution of the stock
in industrial effluents must be continuously controlled. Never-with 0.025 M NaOH.
theless, the classical methods for sulfide monitoring in complex A Durapore (polyvinylidene fluoride, PVDF) membrane with
environmental matrices, such as seawaters and wastewate®s22um pore size and 12bm thickness purchased from Mil-
are time-consuming and require preliminary sample treatmeripore (Bedford, MA, USA) was employed as a hydropho-
procedures (e.g., flocculation of suspended solids) to guaratic barrier for physical separation of donor and acceptor
tee accurate resulfd5]. Besides, although sulfide is currently streams.
regarded, even at low concentrations, as a key parameter to Octadecyl-bonded silica gel (€ Empore disks of 0.5 mm
assess the environmental quality of a given system, conventiontilickness purchased from 3M (St. Paul, MN, USA) were cut
batch-wise spectrophotometric methodologies lack of approprinto small membrane disks with a diameter of 9 mm to be used
ate sensitivity, whereby new approaches capable of monitoring the laboratory-built optrode flow-cell.
trace level concentrations are called for.
The aim of this work is thus to demonstrate the capabilities 0R.2. Flow system, optical detector and software
multisyringe flow injection analysis (MSFIA) with gas-diffusion
separation coupled to sorptive flow-through diffuse reflectance The multisyringe flow injection manifold coupling a GD
spectroscopy for monitoring trace levels of sulfide in complexunit with a flow-through optical fiber diffuse reflectance sensor
environmental matrices, even those containing suspended solidey the separation, derivatization, and integrated sorption and
without requiring any additional batch preliminary treatment.detection of sulfide is shown fRig. 1. Two multisyringe piston
The hyphenated method is based on the analyte release as hydpoimp modules (Crison, Barcelona, Spain) were used as liquid
gen sulfide from the untreated sample into the recipient channérivers. One of them was equipped with four syringes (Hamil-
of the GD-module, derivatization according to Fischer’s reacton, Switzerland) S1-S4 of 1, 1, 5 and 5 ml, respectively, whilst
tion [16], and integrated in-line preconcentration and detectiorthe other multisyringe module was furnished with the syringes
ofthe generated methylene blue (MB) using a custom-built flow-S5-S8 of 1, 10, 10 and 5 ml, respectively. Each syringe has a

through disk-based diffuse reflectance optosensor. three-way solenoid valve (N-Research, Caldwell, NJ, USA) at
the head (E1-ES8), which facilitate the application of multicom-

2. Experimental mutation schemes. The automatic control of the flow device was
made via PC through an RS232C interface. The multisyringe

2.1. Reagents and membranes module also comprised two additional discrete solenoid valves

(model MTV-3-N 1/4 UKG, Takasago, Japan) (V1 and V2),
All reagents were of analytical grade quality and solutionswhich were crucial for the performance of the analytical proto-
were prepared with distilled water, which was boiled prior tocol. V1 directed the sample zone from the autosampler (Crison)
preparation of the entire set of standards and reagents to mai®the holding coil (HC), whereupon the flow was reversed and
it free from dissolved oxygen. the aspirated plug was delivered to the GD module. V2 deliv-
The chromogenic reagent was prepared by dissolvingred solely the sample/reagents plugs through the extraction disk
2.16 g of N,N-dimethyl-p-phenylenediamine monohydrochlo- whenever the preconcentration step was initiated. Hence, valve
ride (DMPD, Sigma) in approximately 50 ml of water, to which V2 allowed the performance of the initialization operations and
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Fig. 1. Schematic diagram of the gas-diffusion multisyringe flow injection set-up with integrated flow-through optical fiber diffuse reflectance sensor. R1: 3m
DMPD; R2: 3mM Fe(lll); E1: 80% (v/v) methanol-water; E2: 80% (v/v) methanol-0.01 M HCI; carrier: 0.14 M HCI; CP: confluence point; HC: holding coil; RC:
reaction coil, RC1: 130 cm, RC2: 200 cm, RC3: 200 cm.

Multisyringe burettes

the rinsing of the flow lines without dispensing any solutionthe optical fiber with a core diameter of 4@én. The analytical
through the sorptive membrane. wavelength selected for monitoring the MB dye was 666 nm.

Three- and five-way connectors were made from PMMA, Instrumental control, acquisition of diffuse reflectance data,
while the holding coil, reaction coils and connections were madsignal evaluation and determination of analyte concentrations
from PTFE tubing of 0.8 mm i.d., excepting the holding coil with integrated calibration were performed using the software
tubing which was of 1.5 mm i.d. The length of HC and reac-package AutoAnalysis 51Q18] (Sciware). The developed soft-
tion coils RC1, RC2 and RC3 were 400, 130, 200 and 200 cmyare based on dynamic link libraries (DLLS) at 32 bits comprises
respectively. The reaction coils were constructed by interlacing single and versatile protocol, which allows the implementation
the PTFE tubing in knots of ca. 5mm diameter. of specific and individual DLLs according to the configuration of

The membrane-based separation unit consisted of twthe assembled flow analyzer. In our particular case, the principal
TEFZEL blocks with S-shaped semi-tubular grooves providingprotocol was loaded with the DLLs designed for the automatic
an effective transfer area of 1.0 éand an inner volume of 25! control of the multisyringe devices, diode-array photometer and
each. The groove in one plate perfectly matched with its mirroautosampler.
image.

The laboratory-made flow-through cell as assembled foR.3. Multisyringe flow injection protocol

disk based solid-phase extraction and reflectance measurements h d It isolat d solid
is described elsewhel@7]. Briefly, it comprises two PEEK The automated protocol for MSFIA-GD isolation and solid-

blocks, one of them being machined to accommodate the maﬁﬁhase op;ttl)lsens.ing of sulfide is detailedale 1, and summa-
leg of the optical fiber, awindow obtained from UV-cuvette Plas-rlzeOI as follows:

tibrand (Wertheim, Germany) to protect the fiber from aggres1 njtially, the syringes are filled with solutions from the respec-

sive reagents, a thin PTFE spacer, and holders.
The miniaturized optical detector involved a diode-array USB
2000 spectrophotometer (Ocean Optics, Dunedin, FL) and a
laser light emitting diode (red diode, 75 mA maximum inten-
sity, spectral band of 620-700 nm, Sciware, Palma de Mallorcay_
Spain) with a power supply of adjustable intensity (Sciware).
The light source was connected to the purpose-made flow-
through cell, via one leg of a reflection bifurcated optical fiber
(Ocean Optics) with a core diameter of 40@1. The reflected

1 May

tive reservoirs at 1.0 ml mirt (for S1) with heads 1-Off 2-Off
3-On 4-Off 5-Off 6-Off 7-Off 8-Off and valves 1-On 2-Off.
The HC is simultaneously loaded with 5.0 ml of sample via
activation of V1.

In order to initialize the system, sample and acid solution
zones are delivered to confluence point CP1 (steps 1 and 2 in
Table 1).
be at: E-mail:

requested http://www.sciware-sl.com,

radiation was carried back to the detector through the other leg @tiwaresi@yanoo.es.
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matrices. Their main goal is to increase the selectivity of analyti- The first option selected as an acceptor solution was the mix-
cal methodologies by preventing interfering sample componentire of chromogenic reagents, namely, DMPD and Fe(lll) in
to reach the detection instrument: ionic compounds are totallgcidic medium, at concentrations of 25 and 60 mM, respec-
excluded and colored and cloudy samples can generally be antvely, as being satisfactorily used earlier in flow-through GD
lyzed, even with spectrophotometric methods, as facilitated iseparationg24]. Nevertheless, this receiver solution resulted
monitoring stations by direct injection/aspiration from the sam-inappropriate for the sorptive optosensor as a consequence of
pling site. the saturation of the preconcentration membrane by the chro-

In addition, several researchers have recognized the preaogenic reagents. The chemical and optical interferences were
concentration capabilities of gas-diffusion assemblies by théargely minimized by decreasing the concentration of derivatiz-
implementation of stopped-flow or re-circulation schemes inng agents but at expenses of a dramatic decrease of Fisher’s
a recipient closed-loop configuratid@l1,22]. Yet, the mod- reaction yield. Hence, the GD-module was placed before the
erate enrichment factors attained and the high frequency ohixture of the analyte with the reagents, using an alkaline solu-
maintenance for time-based procedures owing to the periodtion as acceptor stream.
cal recalibration of the flow system detracted from their broad The sorbent materials for the solid-phase preconcentration
appeal. Both shortcomings can be elegantly circumvented bgptosensing system were selected from commercially available
exploiting the robustness and versatility of the liquid driversextraction membranes. In a previous work, octadecyl-bonded
of the MSFIA set-ups. Not the least, by the reproducible andsilica gel (Gg), poly-styrenedivinylbenzene-copolymer (SDB-
accurate manipulation of sample and reagent zones in the coXC) and cation exchange-SR Empore 3M disks were evaluated
duits of the flow network, and the selection of the flow rateas sorptive surfaces for sulfide preconcentratiof). C;g mem-
for both donor and acceptor phases at will. A wealth of in-branes were selected as optrode active microzones due to the
line separation modes arises from the MSFIA-GD couplinglower blank signals recorded and the facility for performing the
either in a stagnant or flow fashion. Hence, halted receiver plugsonditioning/regeneration protocol. Moreover, the repeatability
can be readily combined with software-controlled continuousyalues for optrode assays involvinggdnembranes were better
plug-in or backward—forward flow approaches for the samplghan those obtained with the other disks.
medium.

Enhanced GD efficiency is accomplished by exhaustive dif3.3. Investigation of chemical variables
fusion procedures capitalized on stopping the donor phase while
pumping continuously the receiver stream. Obviously, the mov- An indispensable condition for suitable performance of the
ing acceptor phase gives rise to dilution that can be, howevein-line separation system for sulfide is the transformation of the
overcome by preconcentration of the diffused analytes via a tracanalyte into a volatile compound by pH shift. pH adjustment
enrichment column. In fact, solid traps alike sorbent containwas accomplished on-line using diluted hydrochloric acid. The
ing microcartridges are the essential component of the so-callagagent concentration was varied from 0.5 to 3.0 M HCI. The
membrane extraction with sorbent interface (MERRB] com-  release of hydrogen sulfide was increased with increasing acid
monly used to retain volatile organics prior to capillary GC concentrations, up to 1.5M HCI, which was adopted for subse-
determinations. In this paper, we describe for the first time ajuent MSFIA experiments.
supplementary approach for integrating preconcentration and The effect of the acceptor solution concentration was eval-
detection of released species based on disk-phase optrode meated from 10° to 101 M NaOH. Maximum sensitivity was
surements. The absence of detectable backpressure for longptained within the range 18 to 10-2 M, the lowest concen-
term operational sequences, and the straightforward adjustmetnation being selected for the remainder of the work.
ofthe optical fiber to the sensing microzone make this alternative The influence of several chemical variables (e.g., reagent
particularly attractive for trace level analysis. As discussed lateigoncentrations and reagent acidity) affecting the performance
the MSFIA-GD-optical sensor hyphenation also admits the synef flow-through optical fiber diffuse spectroscopy was studied
chronous and continuous flow of sample and reagent segmerttsoroughly elsewherfl7]. Accordingly, the final composition
on both sides of the membrane without deterioration of the anasf the chromogenic agents was set at 3mM DMPD in 0.5M
lytical sensitivity whenever the feeding and recipient stream arélCl and 3 mM Fe(lll) in 0.5 M HCI. It should be noted that the
delivered to the separation module at significantly different flowconcentration of hydrochloric acid used in the present work is

rate. much lower than that of previous flow-through or batch-wise
methods, in which the acidity of the medium ranged from 1.0 to
3.2. Configuration of the MSFIA-GD-optrode system 6.0 M HCI[25-27].

A 0.14 M HCI solution was employed as a carrier stream
Amongst the different modes for GD stripping, namely, to match the acid concentration of the MB zone; the baseline
stopped-flow and continuous-flow, the latter procedure wasignal was, thus, kept at a negligible, constant level throughout
selected to assess the potential of the hyphenated MSFI#e overall analysis cycle.
method. Despite the further transformation of the analyte into MB elution from Gg membranes was examined using
a non-diffusible form in the recipient plug, the counter-currentmethanol-water solutions. Incomplete removal of the sorbed
flow injection mode yielded a sensitivity improvement of 64% MB species was observed with ratios <70% (v/v) methanol,
with respect to concurrent flow approaches. whilst >80% (v/v) methanol could not be used because of the
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generation of vapor bubbles in the flow system. Although 80%able 2

(V/V) methanol entirely eluted the MB dye from the reVerse_AnaIytical performance of the MSFIA-gas-diffusion-optosensing system
phase disks, an additional regeneration solution containing 80%nalytical parameter Value

(viv) methanol-0.01 M HCI was also delivered to the active

L X Co getection limit (ug 1) 1.3

surfacg to minimize the background noise, rendering improve@etermination limit (ngt?) 45
detection limits. Sensitivity (Ing™1) 0.01604 0.0002
Regression coefficient &10) 0.9987+ 0.0005

: ot vy ST, Linear working range (u.git) 20-500
3.4. Investigation of multisyringe flow injection parameters e
Repeatability (%) (20Q.g1~1) (n=10) 2.2
. . . Reproducibility (%) (10Qug I=1) (n=10) 6.8
The hydrodynamic parameters, which would most Ilkely,njectiOn frequency (h?) 5

influence the analytical sensitivity, are the sample and reagent
volumes, flow rates and the length and type of reactors.

The size of the sample zone delivered to the GD module Waqabserved for both the derivatization reactions and immobiliza-

evaluated from 1 to 7ml. Samples volumes above 5.0ml di ion of MB on the disk phase. The mixing and preconcentration

not cause significant sensitivity differences. Aiming to avoidﬂow rates were thus adjusted at 1.3 and 0.9 mithjrespec-
excessive sample consumption W|th9ut worsening neither thﬁvely, to ensure an optimal analytical signal, while preventing
dynamic working range nor the detection limit, a sample volum

5 oml lected for the GD q | i ﬂ Sxcessive disk flattening and the incomplete sorption of the
of>.Umiwas selected forthe procedure. In continuous-Tovye i ati7e g product onto the observation zone. Loading flow

approaches, this parameter along the donor/acceptor flow "3Stes <2.0 mimin’ are typically recommended in optosensing

ratio defines the length of the acceptor segment to be preco'3'|oproaches whenever sorption/elution processes are involved
centrated. |[ l

. 29].
The effect of the flow rate of both the feeding and accepto Since the analytical signals are recorded during the retention

Focess, the elution rate is not a critical parameter in solid-phase
ptosensing. Thus, the elution flow rate was fixed at 5 mirhin

streams on the mass transfer efficiency was also evaluated f
the particular set of liquid drivers. To decrease the thickness
the diffusional layer for the target species but at the same time
to fulfill the kinetic requirements of the dynamic GD process,
the donor solution was pumped continuously at a 10-fold highe#-5. Analytical features of the MSFIA-gas
rate than the receiver stream, i.e., 1.8 mindin diffusion-optosensing method

The influence of the size of reagent zones on the develop-
ment of the derivatization reaction was studied from 100 to The analytical features of the optimized MSFIA gas dif-
300pl for a fixed receiver plug (viz., 1.0ml). Since the dif- fusion optosensing procedure are listed Tiable 2. A lin-
fusate and reagent plugs are accurately metered via softwaf@r working range within one order of magnitude, varying
programming and injected simultaneously from the confluenc&om 20 to 50Q.g 1~ sulfide, was obtained. Even though dif-
CP2 (se€ig. 1), merely 20Qul of DMPD and 20Qul of oxidiz- ~ fuse reflectance measurements are characterized for extremely
ing reagent were required to match the length of the enrichefiarrow dynamic linear ranges, which are inherent to the
sample plug at the applied flow rates. As a result, a remarkabléubelka—Munk function[30] the calibration interval in the
reagent saving in comparison with conventional flow injectionPresent optrode arrangement was particularly wide and com-
methods based on the continuous flowing of reagent streams f@rable to that of spectrophotometric assg8id. This can be
achieved. explained by the fact that the analytical signals were treated as

Knotted reactors were preferred over straight and coiled tubapparent absorban§g0] since Lambert-Beer’s law was satis-
ing as a consequence of the major contribution of secondar@ctorily applied for low concentrations of sulfide.
toroidal flows[28], which enhance the radial mixing between  The detection and determination limits were assessed from
segments as well as decrease the axial dispersion of both t@eand 10-times, respectively, the standard deviation of the blank
analyte containing receiver slug and the generated MB. Aimingignals. The repeatability was calculated from 10 independent
to improve the reaction yields under dynamic conditions, theand consecutive measurements at the; 290 * level.
length of the reaction coil RC3 was varied from 150 to 350cm.  The sensitivity of the proposed approach was calculated as
The shortest reactors provided insufficient contact time betweetie mean of slopes from 10 day-to-day regression curves.
segments while reactors longer than 200 cm did not give rise toa The robustness of the automatic method was evaluated from
significant increase of analytical signal due to the completion othe coefficient of variation attained by analyzing a freshly pre-
reactions. A knotted reactor of 200 cm provided sufficient resiPared standard (1q0y1~* sulfide) in ten working days using
dence time for the development of the color-forming reactionsdifferent extraction disks.
and it was chosen finally for further assays. Despite the short optical path length of the light beam through

The effect of the flow rate on the on-line generation of the MBthe reversed-phase membrane (namely, a mere of few microme-
dye was studied over the interval 1.3—-3.0 mI minThe optimal  ters), the proposed preconcentration methodology improves the
flow rate for maximum response was 1.3ml ﬁnThe effect of detection limit (23-f0|d |OW€I') and the Sensitivity (>350-f0|d
the carrier flow rate for the loading of the disk phase was inveshigher) as compared with recently reported MSFIA-GD set-up
tigated over the range 0.9-2.2 mlmi Similar trends were based on absorbance measuremg#tg
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3.6. Advantages of the proposed methodology suspended particulate matter, with no need for neither floc-
culation nor filtration. The proposed MSFIA-GD-flow-through

As compared with different flowing techniques describeddisk-based solid-phase optosensor was applied to the determi-
in the literature for the preconcentration of sulfide using specnation of trace levels of sulfide in groundwater, seawater as well
trophotometric or reflectometric detectif®b,32], MSFIA-GD-  as at the outlet stream of a wastewater treatment plant. Samples
optosensing approach provides the best coefficients of variatiomere immediately analyzed after collection to prevent oxidation
(2.2% versus 4-5%). This is a consequence of the accuracy of the target species. The reliability of the method was assessed
the multisyringe pumps used as automatic liquid drivers as welihrough recovery studies at concentration levels of 50, 100, 200
as to the long-term stability of the light source and the optimunand 40Qug |1 sulfide as shown iffable 3. Recoveries varying
hydrodynamic features of the membrane-based sorbent materiatithin the range 96—-115% were obtained for the whole set of

Besides, it should be stressed that while FIA uses inhersamples analyzed indicating that no appreciable oxidative con-
ently a continuously flowing stream, MSFIA only dispensesversion to sulfate occurred during the analyses.
well-defined volumes of sample whenever needed. The auto-
matic injection of minute zones of reagents through the activa4. Conclusions
tion of solenoid valves also warrants minimum consumption of
aggressive reagents (2.8- and 7.7-fold decrease of the amount of The software-controlled multisyringe flow injection system
HCl and/or HSO4) and chromogenic reagents (37- and 72-foldinvolving the hyphenation of in-line membrane separation with
decrease of DMPD, and 108- and 500-fold reduction of Fe(lll))an optical fiber diffuse reflectance sensor forimplementing disk-
in comparison with former FIA-manifold25,32]. The amount based solid-phase preconcentration provides a robust, selective
of waste generated is also much lower than that of the othesind sensible method for analyzing untreated complex environ-
preconcentration methods (1.5- and 2.6-fold diminution). mental samples.

Although a FIA-reflectometric detection method recently The proposed method was satisfactorily applied to sulfide
reported features a higher injection throughf82], the most  determination in environmental waters and wastewaters. The
important drawback derives from the use afg®onded silica miniaturized LED-based optical system with isolation and pre-
gel beads, which are packed into the flow-through cell. This is @oncentration capabilities is especially suitable for in-field anal-
laborious and time-consuming operational step, which demandssis and real-time monitoring of sulfide, being extensible to other
the user’s skills for the uniform packing of the sensing materialolatile or gas-evolving species of environmental interest by
as well as for matching the bed layer within the observation fieldappropriate choice of the LED’s and membrane materials. Fur-
Moreover, the progressive tighter packing of the sorbent materiahermore, MSFIA affords several additional advantages, such
hinders its long-term unattended applicability. All these short-as compactness, versatility and lower sample/reagent consump-
comings are readily circumvented by using optrode membranesipn, which lead to a minimum waste generation. Besides, this
which, in turn, assure simple, expeditious, and reliable determiMSFIA set-up is able to perform a large number of analytical
nations as demonstrated by the low R.S.D. values obtained. operations (namely, sample loading, sample/reagent mixing and

rinsing of the flow system) with merely two additional solenoid
3.7. Analysis of samples valves, which also prevent the washing solutions to be pumped
through the sorbent micro-zone.

One of the outstanding advantages of the proposed method
with in-line gas-diffusion separation is the possibility of ana- Acknowledgements
lyzing complex environmental samples, even those containing

The authors acknowledge the financial support of the Spanish

Table 3 Ministry of Education and Science through projects CTQ2004-
Determination of sulfide in environmental waters and wastewaters sample®3256/BQU and CTQ2004-01201/BQU and of State Secretariat
exploiting the MSFIA-gas-diffusion-optosensing hyphenated method of Education and Universities (Spain) through a grant to Laura
Sample Added (ugFY)  Found (ngtl)  Recovery (%) Ferrer (SB2002-0084). Manuel Miexpresses his appreciation
to the Spanish Ministry of Education and Science through the
Seawater 0 <LOD - N , -
50 5143 102 Ramony Cajal” research program. The authors are grateful also
200 191.44+0.9 96 to EDAR-1, Palma de Mallorca, for supplying the wastewater
400 392+ 3 %8 samples.
Groundwater 0 109+ 5 -
50 158.3£0.9 98 References
100 219410 110
200 313+4 102 [1] R. Tryzel, B. Karlberg, Anal. Chim. Acta 308 (1995) 206.
Wastewater outlet 0 275.5+0.2 _ [2] M. Trojanowicz, Flow Injection Analysis: Instrumentation and Applica-
50 33347 115 tions, World Scientific Publishing, Singapore, 2000 (Chapter 6).
100 380.8+0.9 105 [3] M. Miro, W. Frenzel, Trends Anal. Chem. 23 (2004) 624.
200 480+ 7 102 [4] S.H. Ingwersen, N.J.K. Simpson (Eds.), Solid-phase Extraction: Princi-

ples, Techniques, and Applications, M. Dekker, New York, NY, 2000
The results are expressed as the mean of three replitatandard deviation. (Chapter 10).




350 L. Ferrer et al. / Talanta 68 (2005) 343—-350

[5] K. Yoshimura, H. Waki, Talanta 32 (1985) 345. [18] E. Becerra, A. Cladera, V. CexgLab. Rob. Autom. 11 (1999) 131.
[6] Y. Moliner-Martinez, R. Heraez-Herandez, P. Campins-Falc Anal. [19] J. Ruzicka, E.H. Hansen, Flow Injection Analysis, second ed., Wiley-
Chim. Acta 534 (2005) 327. Interscience, New York, 1988 (Chapter 4).
[7] D.B. Gazda, J.S. Fritz, M.D. Porter, Anal. Chem. 76 (2004) 4881. [20] M.D. Luque de Castro, |. Papaefstathiou, Trends Anal. Chem. 17 (1998)
[8] M. Mir6, W. Frenzel, Trends Anal. Chem. 23 (2004) 11. 41.
[9] V. Cerda, J.M. Estela, R. Forteza, A. Cladera, E. Becerra, P. Altimira,[21] W. Frenzel, Lab. Rob. Autom. 5 (1993) 245.
P. Sitjar, Talanta 50 (1999) 695. [22] V. Kuban, Crit. Rev. Anal. Chem. 23 (1992) 323.
[10] F. Albertls, B. Horstkotte, A. Cladera, V. CerdAnalyst 124 (1999) [23] J. Pawliszyn, Trends Anal. Chem. 14 (1995) 113.
1373. [24] G. de Armas, L. Ferrer, M. M@, J.M. Estela, V. Cer Anal. Chim.
[11] M. Mir6, V. Cerdh, J.M. Estela, TRAC—Trends Anal. Chem. 21 (2002) Acta 524 (2004) 89.
199. [25] V. Kuban, P.K. Dasgupta, J.N. Marx, Anal. Chem. 64 (1992) 36.
[12] G. de Armas, M. Mib, A. Cladera, J.M. Estela, V. Ca&xdAnal. Chim. [26] M. Okumura, N. Yano, K. Fujinaga, Y. Seike, S. Matsuo, Anal. Sci. 15
Acta 455 (2002) 149. (1999) 427.
[13] N. Piza, M. Miro, G. de Armas, E. Becerra, J.M. Estela, V. Gerdnal. [27] A. Rios, M.D. Luque de Castro, M. Vdiccel, Analyst 109 (1984)
Chim. Acta 467 (2002) 155. 1487.
[14] N. Lawrence, J. Davis, R. Compton, Talanta 52 (2000) 771. [28] Z.L. Fang, Flow Injection Separation and Preconcentration, VCH, Wein-
[15] American Public Health Association, American Water Works Associ- heim, Germany, 1993, Chapter 7.

ation and Water Pollution Control Federation (APHA-AWWA-WPCF), [29] M. Mir6, W. Frenzel, J.M. Estela, V. CaxdAnalyst 126 (2001) 1740.
Standard Methods for The Examination of Water and Wastewater, Wash30] J. Ruzicka, E.H. Hansen, Anal. Chim. Acta 173 (1985) 3.
ington DC, 20 ed., 1998. [31] L. Ferrer, G. De Armas, M. M@, J.M. Estela, V. Ced Talanta 64
[16] E. Fischer, Chem. Ber. 16 (1983) 2234. (2004) 1119.
[17] L. Ferrer, G. de Armas, M. M@, J.M. Estela, V. Cer Analyst 130  [32] R.J. Casella, L.S.G. Teixeira, S. Garrigues, A.C. Spinola Costa, R.E.
(2005) 644. Santelli, M. de la Guardia, Analyst 125 (2000) 1835.



