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Takile 4
lodires contents in. table salts obisined from e calarimezic £l
methad and the potenfiometric method [ISE)

Sample Todine comient (mg 1 kg~ "j48.00

Colorimeiric PI (1= Polentiometric method (y =

k)| )
514 1574001 187419
515 15840 193421
L1 L] 166403 188421
517 173404 212420
518 IBE+0.3 254422
Bi9 400 283420
50 1534000 Mi+31
51 335404 HNE4ID
512 352403 H.74210
31 0403 7422
524 54404 48.3+12
825 5403 15421

recently with use of amperometric detection (35
injections per h) [6]. The method is much faster
and more convenient than the conventional titra-
tion method. The F1 method also gave higher
sample throughput then the potentiometric
method, which has the throughput of only
measurements per h. As the iodide-required ap-
proximately 4~5 min for stable reading.

The detection limit of the F1 method (3 SN,
ne=10) was 2 mg I kg~'. The method has high
precision with the R.8.D, of 0.5% (ten injections of
the 2.0 x 10~° M standard).

4. Conclusions

A FI system was developed and is suitable for
determination of iodate in table salts. The system
requires spectrometric detection in the vistble
region of the blue 15 —starch complex formed in
sample zone. The F1 detection, which exploited
this complex formation, has not been reported
elsewhere. There are a few systems that utilized
similar chemistry for the detection [9-11] but their
monitorings are based upon decoloration of the
complex. Initinlly detection of the Iy -starch
complex gave some problems (e.g. continuous shift

Uons). This was due to the wdsarption of Iy —
starch mainly on tube walls. The present use of
an injection of thiosulfate solution, prior to
injection of sample, eliminated this contamination,
Air-oxygen oxidation of iodide, which tends 1o
uminblﬁupummu,iumﬂ}pmnudhthh
mnhniqnu.mptmtmmhadmnmmﬂj
validated against the titration and the potentio-
metric methods.

Funuuu!‘ﬂu:}rm:nmmmmqui:mmuin
terms of simplicity, rapidity, precision, linear
working range, detection limit and sconomy. As
the chemistry takes place in & close system, no
blank signal was observed.
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Abstract

Einetac Inl‘nrmntlmmrmm-mhﬂm—mwﬂmmhnbmmwm“mnhm
simple manually operated stopped-flow injection (F1) system. Varions parumeters (concentrations of reagents, Mow
rate, mixing coils, and volume of flow cell) were investigated for determination of phosphate. A stopped-Fl system
should be arranged Emluwd:;rmnrmhm{nrmﬂ-h]ndhﬂwﬂmmﬂmmndﬂmhnrmuhmﬁwm
be observed. Simultaneous determination of phosphate and silicate by the stopped-F1 technique is proposed, using a
laboratory-made semi-automatic stopped-Fl Analyzer with LED-based photometer. It is based on kinetic separation of
phosphate and silicate using molybdenum bloe. The propossd procsdure has been demonstrated for the applivation 1o
water samplea. The resulis obtaned agres with that of & standard method.

2 2002 Elsevier Sctence BV, All rights reserved,

Keywords: Stopped-Fl; Simultancous desermination; Phosphate: Silicate; Malybdenmm bloe: Kineiss

1. Introduction

Since the first application by Ruzicka and
Hansen [1] for the determination of phosphate
using molybdenum blue, & pumber of fow injec-

® Presented at the 11th Imternationsl Coaference on the
Flow Imjection Anulysls, December 16-30, 3001, Chinng Mai,
Thaitand.

* Cotrusponding suthor, Tel: +66-53-943-3452157; faxn; +
L e B

E-mail oddress: knsei@chinngmalacib (K. Grodpas)

ton (FI) techniques have been reported for
phosphate and silicate. They involve a continuous
mode, such as on-line microwave digestion [2],
determmation of phosphate in silicats rocks by
adding tartaric acid [3}, on-line column separation
[4-7). Sequential injection analysis (SIA) has been
applied to determine phosphate and silicate simul-
tancously by forming vanadomolybdo complexes
(8], or using the molybdenum bilue [9]. SIA with
lab-on-valve using & stopped Mow mode for
determination of phosphate has been proposed
[1o.11)

019-91 80025 - see fromt matter ) 2007 Elsevier Science BV, All rights ressrved.
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Kanaya and Hiremi [12] used stopped-flow to
record the progress curve for the formation of the
colored complex of te with
malachite green. Linares et al, [13] described the
Nuorometric differential kinetic determination of
silicate and phosphate using two messurements &t
different times. Yoza et al. [14) determined ortho-,
di-, and triphosphates using stopped-flow, based
on substitution reactions with colored metal com-
plexes. Lacy et al. [15] used sorbent extraction on &
hydrophobic sorbent and optosensing measure-
ment (0 determine mixtores of phosphate snd
gilicate, based on differences in the reduction rates
of the heteropoly complexes, using partial least
squares analysis,

In this work, we employ stopped-FIA with
simple instrumentation for kinetic information

on phosphate and silicate using the molybdate
and ascorbic acid reactions. Simultaneous deter-
mination of phosphate and silicate based on
kinetic separation, using & simple semi-aulomatic
stopped-F1 Analyzer is propased.

1. Experimental

2.4, Chemicals and reagenis

All chemicals used were analytical grade unless
otherwise stated. Deionized water was used
throughout, A stock phosphate standard solution
(1000 ug mi~") was prepared by dissolving potas-
sium dihydrogen phosphate (Merck, 0.4390 g) in &
portion of water before making up to a volume of
100.00 ml. A commercial silicate standard solution
of 1000 pgml~' (Merck) was used. Working
phosphate and silicate standard solutions were
obtained freshly by appropriate dilutions of the
stock solutions.

A sodiom molybdate solution (0.6% wiv) was
prepared by dissolving sodium mobybdate (Merck,
1.512 g) in 100 ml water, and 3.25 ml of conc.
HMNO), before making to a volume of 250.0 mi with
water.

An ascorbic acid solution (0.5% wiv) was
prepared [reshly from 1.5 g of vL-ascorbic scid
(Fluka) which was dissolved in 500-ml water.

2.2, FI manifolds with mamal eperation

Two Fl manifolds for manual operation were
designed, as depicted in Fig. |. In munifold I, a
standardfzample solation (S) was injected via an
injection valve (FIA-lab, USA, with a sample loop
of 100 pl) into & molybdate fine with a mixing coil
(MC1) before merging with the ascorbic acid
stream, passing through another mixing coil
(MC2) before enterdng imto a flow cell in &
spectrometer (Spectromic 21, Spectronic Instru-
ments, USA), connected to a chart recorder
(R100 A, Perkin-Elmer, USA). Manifold 11 repre-
sents a different armangement, in which s standard/
sample solution (3) was injected into & merged
stream of molybdate and ascorbic acid via an
injection valve placed between mixing coils (MC3
and MC4),

2.3 Semi-mutomatic FI Analyzer

The laboratory-made system (Fig. 2) consists of
& controller via a microprocessor to control a
peristaltic pump (S-mini, Alites) to propel re-

Fig. |. Fl1 manifolds with masmal operation for stopped-F1A
for plosphate, ropc manifold 1, § imjecied inde MD befam
imerging with AA; bariom: manilold 11, § injecsed into a stream
of mized MD and AA; MD = malybdate solution, AA =
mscorbic scid soluson, P = peristaliic pump, MC = mixing ocoil,
I} = spectrometer, ¥ = injection valve, W = wasie.
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Fig. 3. Semi-antomate Fl Aoelyses

agents, to switch &n injection valve (V-451, Up-
church), and to set & photometer for data scguisi-
tion and (o evaluate the sipnals, The photometer is
a laboratory-design, using a LED red light source,
with a peak height holding feature, similar to the
ones previously reported [16-18]. The output
gigmals can be via built-in digital read-out andfor
a chart recorder (Philips, PM E251, Holland).
Signal profiles are illustrated in Fig. 3. The
controller can be used to presct the traveling
time (T), the period of flow between the point of
injection to the point at which the flow is stopped
for monitoring the reaction development at the
fow-cell; the stopping time (£), the period during
the Mow stopped; and the washing time { ), the
period when the stream is re-started to flow (after
stopping) uniil this operation cycle ends and is
ready For the next cycle. I and [, the signals at the
first and last stopped points, respectively, will be
given as digital read-outs on the photometer, Fig.
Hb-d) demonstrate stopped-FI recordings for
phosphate, silicate, and mixtures of the standard
solutions,

3. Results amd discussion

3.1, Continuous FIA for phosphate

In preliminary mvestigation, it was found that
the reactions to form the molybdenum bloe
produoct are reversible and will be in equilibrivom.
For continuous Fl determination of phosphate,
minifold II should be employed. Manifold I1

resulted n higher F1 responses compared to the
peaks obtained by using manifold 1. Calibrations
{a plot of peak height vs concentration) were: y; =
65.08x,+9.76, r = 0.998 and y; = 91.93%x,+ 15.39,
r =0.991 for the manifolds 1 and 11, respectively
(0.5-3 pg P mi™"). The reactions for molybdemum
blue may involve [19):

hepiomolybdate

+]ﬂllﬂpl1ltﬂ;=}‘ﬂ|ﬂw heteropoly complex
il
e
vellow BMMpnIy‘mhx+lmhc ackd =

]
molybdenum blue, 2)
{M{V) Mo T}y

Using manifold IT with & premixed stream of
molybdate and ascorbic acid, the reactive inter-
mediate of the reduced form of molybdate will be
readily available and reactive 1o the injected
phosphate, o yield the molybdenum blue very
last (on the order of seconds), whereas in the
manifold I, injected into molybdate
stream will form an observed yellow product of

which is not as reactive, with
slow reduction to yield molybdenum blue (on the
order of minutes). This was lound in the baich
molybdenum blue method for determination of
phosphate. It should be noted that for batch
amalysis, if molybdate was premixed with ascorbic
acid before sdding phosphate, no molybdenum
blue was observed at all.

Using manifiold | with MC1 and MC2 being 25
and 50 cm, respectively, and ascorbic acid sohution
being 0.5% wiv, concenirations were
varied (0.1-1.2% wiv). It was observed (Fig, 4(x))
that the same steady state of the system should be
established in the molybdate concentrations in the
range of 0.5-1% wi'v. Similar observation was
found for the stopped-FIA studies (Fig 4(b)). A
lower molybdate concentration would cause
slower approach to equilibrium. Disproportiona-
tion of Mo(VI) and Mo(IIl) yiciding Mo(V) may
mflhlﬂﬂ'mmﬂfmnlﬂﬂlﬁh
used. This shifts the equilibrium in Eq (2
resulting in Jess phosphomolybdenum(V)

Similarly, lnudjrnnlhedlhﬂnflunthhmd
concentrations (Fig. 5(= end b)) indicated that the



1322 K. Crrusfpory et wl [ Tickeia 38 {2002} 13101326

(c)

(d)

Fig. 3. Stopped-F1 profiles obtained (a) in general, (b) phosphats, (c) sdlicate, (d) mixture of phosphate and silicate: T = traveling time,
&= stop time, W= washing time, [ = signal at the first stopped paind, £ = gignal at the Inst slopped poini before resuming Baw. The

mimbers refer o concenirations [ubd),

system with 0.3-0,8% wiv ascorbic acid resulted in
reaction rates at steady state for the molybdate
used (0.8% wiv), With lower concentrations of
ascorbic acid, different rates were ohserved.

3.2, Stopped-FI determination of phosphate

At the flow-cell, in the stream, & bolus of the
mixture (phosphate, molybdate and ascorbic acid)
is stopped, and an increase in signal is observed for
apnrhdbd‘nmpﬂul];hmmingmhﬂtﬁ;.
3(b)). The signal represents the rate of the reac-
tions, which come into equilibrium as discussed
earlier.

A manifold used for stopped-FIA should pro-
vide both & low degree of axial mixing of reactants
and low dispersion, to provide a sultable bolus of
reaction mixture stopped at the flow cell for
monitoring the resction

It was fiound that the manifold 1 (Fig. 1) without
mixing coil and using a 8-pl flow cell is more
suitable, compared to manifold 11 for stopped-Fi
determination of phosphate (Fig. 6). A dispersion
study using a dye (bromothymel blue) [20] for
manifold 1 is summarized in Table 1. As expected,
apart from the effect of mixing coil length on
dispersion, & higher volume flow cell creates more
dispersion. It should also be noted that & signifi-
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Fig. &. Plod of reaction raies snd pheaphase (s ) concentra-
tohs wsing manifold 1: (0) with and (b} without mixing cail
cant effect of Mlow rate on dispersion was not
ohserved.

3.3, Kinetic information obtained by the stopped-
FIA

For & general reaction:
A+B-C (3)

with & rate expression:r = d[Cldr = k[A]", where
r=rate, k =rate constant, n = order of reaction,
ar In r=In{k[A]"), then:

In r=1In k + ninjA] {4)

From Eq. (4), a plot of In r vs lnfA], the order of
the reaction can then be obtained from the slope
(r), and the rate comstant (k) can be evaluated
from the y-intercept,

From the stopped-F1 experiments for phosphate
(Table 2), the rate (mV s~") was obtained from
cach stopped-FI recording for each phosphorons
(phosphate) concentration (ie., siope of the sig-
nal). By essuming that the reagents (molybdate
and ascorbic acid) were in large excess, then the

plot of In{rate) and In{phosphorous concentration)

was found to be linear: y = 1.3x—3.99, = 0.992

(Fig. 7). The slope of 1.3 reflects the order of the

reaction under the experimenial conditions o be

close to unity, in agreement with other reports

Ebf‘lﬂ.ﬂ].l’.l'h rate constant obtained was 1.9 x 102
£
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| 13 4.7 1.3 el |
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MO =2 em, MCT = S0em.
¥ Mo MC and MCL

Tabls 2
Experimenis for kinedc inforemaiion on ibe rescions of
phocphale with molybdate and sscorbic seid

Phosphaie () concen- in PP Rate of reacibon® Lo (raie)

trucion
g Pl (uM) {m¥ s~ ")
D8 164 .80 BOx10-" =22 x10~!
i g 149 |6 40 10"
F 638 408 4.4 1.48
3 94 4.5 BD 108
¥ dProduct)id:.
L5
0
LS J
y=1%x-3199
im - # = 0992
E 05 .
M L L] -; L]
05 popr—s6—eo—an-"Tge—al

Fig. 7. Plot of lndrate} vs [n[Phosphsc],

1.4, Simultaneous derermination of phosphate and
silicate by stopped-FiA

The rate of the phosphate—molybdate—ascorbic
acid reaction is faster than that of the silicate-
molybdate-ascorbic acid reaction. It is then pos-
sible to determine phosphate and silicate siulis-
necusly using the Kinetic ssparation approsch.

Fig 3b-d) show siopped-FIA recordings of
phosphate, silicate, and & mixture of the two. By
using the semi-automated stopped-FI Analyzer
(Fig. 2), concentrations of phosphate and silicate
in & mixture can be evaluated from Jp, fy; and I,
(signals ut the first stopped points for phosphate,
gilicate and mixiure, respectively, see Fig. 3), and
Dy, Dg; and Dy, (signals at the last stopped points
for phosphate, silicate and mixture, respectively,
see Fig. 3).

Employing the conditions summarized in Table
3, calibration plots were obtained from the experi-
mental results (Fig. 3). For phosphate standards
{up to 15 pg Pml™ ")

fr=1331[P]+9.20, ¥ =0986 (5)

Tahle 3
Conditlons for ssmuliansois determuination of phosphaie aed
slicaie with molybdnie ming the semil-sutemaiic siopped-Fl
Analyese

Condlthon

Value

Molybdate comceniration, ¥ wiv in 008 M 0.6
HHD,

Ascorbec sod concentration, % wiv s

Imjection volume, ul 1]

Mixing eodl length, em 5

Flow ruic {esch linel, ml min ~" 11402

Traval tnee, & 15

Saop time, 5 F. |

Wash time, 5 15

Light souirce Red LED (&30
(1]
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For correlation of Dp (mV]) and fp (mV):
Dy =4.651,—3.38, ¢ =0998, (6)
For silicate standards (up to 15 pg Simi~'):
Dy, =35 82[8i] + 30.55,  =0999. ()]

The concentration of phosphate in a mixture or
a sample is obtained from the calibration plot of
phosphate standards (Eq. (5)) by using [, from
the mixture or the sample for fp (as at the first
stopped point, there should be no coniribution due
to silicate), Then Dy is calculated from Eqg. (6). In
the signal profile of the mixture/sample, caleula-
tion for signal due to silicate at the last stopped
paint, fg i, is made from the correlation:

Digi s = D i = Dipouin 1 + B (8}

Dp i 18 the contributed signal due to phosphate
in the mixture and can be evaluated from the Eg.
{6). The last term (fp) & for contribution from the
initial (background) signal due to phosphate.
Substituting the value of Dg . for Dg in Eq.
{7), one obtains the concentration of silicate in the
minturefsample.

The proposed procedure has been applied to
scveral natural water samples. The results are
compared o that obtained by the standard
method [23], as summarized in Table 4.

4. Conchiston

A stopped F1 system offers kinetic information
on the phosphate-molybdate-sscorbic acid reac-
tion. Simultaneous delermination of phosphate
and silicate in 3 mixture/sample is proposed by
mﬁwm;ﬁmlqumﬂunmhgmljhdﬂum

blue, and using a laboratory-made scmi-automatic
stopped-F1 Amnalyzer with a microprocessor to
control the system and for signal read-out. The
proposed procedure has been demonstrated for its
application to water samples by validation with 2
standard method.
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Albstract

Two sequential injection titration systems with spectrophotometric detection have been developed. The first system
for determination of ascorbic acid was based on redox reaction between ascorbic acid and permanganate in an acidic
medium and lead to 2 decrease in color intensity of permanganate, monitorsd &t 525 nm. A finear dependence of peak
ares obtained with secorbic acid concentration wp to 1200 mg |~ was schieved. The relative standard deviation for 11
replicaie determinations of 400 mg |~ ascorbic acid was 2.9%. The sccond system, for scetic acid determination, was
bmsed on acsd ~base titration of acetic scid with sodium hydroxide vaing phenolphthaleln as an indicator. The decrease
in color misngity of the indicator was proportional to the acdd confent. A linear calibration graph in the range of 2-8%
wy! of acetic acid with & relative standard devintion of 4. 8% (5.0% w v~ scetic acid_ n = 1) was obtained. Sample
throughputs of 60 h™ ' were achieved for both systems. The systems were successfully applied for the assays of sscorbic
acid in vitamin C tablets and acetic acid content in vinegars, respectively,

i NI Elsevier Science BV, All rights reserved,

Kepwords: Soquenilal mpcttos; Tiraton; Spectropholometry; Ascorhic soid; Acetic scid

L. Introduction

Fast, economical and automated methods are
Hpﬂﬁllh'fﬂrﬂlﬂlfﬂrrmﬂn:mﬂyﬁl&ndprm
* Presented in |1th internations| conference on flow  control. Flow injection analysis (FIA) has widely
imjection anakysls (ICFIA), 16-20 December 2001, Chiang besn used as it provides high sample throughput,

Wi, Pl low sample and reagent consumption, hi ro-
* Corresponding author. Tel: +66-53-943 341155 e +  ducibility and igh “'F[I]_

- 53-21-THK I Iim_ ¥ llil_ d ﬂpEIII'.HJII‘
E-matl gaeldrexs: scifjemn@chiangmat sc th {). Jakmunee). More recently, sequentinl injection analysis (SLA)
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based on the similar principles as FIA has been
introduced [2]. Normally FLA tses & multhi-channel
pump and unidirectional forward flow; in contrast
SLA uses & single-channel pump to move the Mud
zones in forward and reverse steps through a
system consisting of a holding cail {(HC), a muln-
position valve and a detector. The multi-position
valve acts as a central distributor through which
required volumes of iquid segments are sequenced
by aspiration into the HC and then flushed by a
flow reversal into the detector, As only one pump
15 used o move the composite zone through the
system, the sampling frequency of SIA is gencrally
lower than the multi-channel pump FLA method.
However, the 51 system uses a smaller number of
moving parts than a comparable FIA system and
uses at least an order of magnitude less of reagents,
on the order of microliters. Manipulation of
solutions in an SIA system can be made via &
computer keyboard using appropriate soltware.

Different methods were reported for the deter-
mination of ascorbic acid [3]. Most of them
utilized the reducing property of ascorbic acid. A
simple Fl redox or acid—base titration of ascorbic
acid with potassium permanganale or ammonia
was proposed [4]. SI redox titration of ascorbic
acid with cerium(IV) in sulfuric acid was applied
for pharmaceutical products [5)

Acetic acid in vinegar was determined by a FI
pervaporation system with ackd-base titration [6],
FI titration of acetic acid could be performed
under both non-steady and steady state conditions
[7]- In the steady state condition, a high degree of
mixing between the analyte and reagents is re-
quired which may be made ondine by use of a
mixing chamber, and thus involves long analysis
time. Monosegmented flow titration for determi-
nation of total acidity of vinegar with a sample
throughput of 30 h™' was proposed [8]. 51 acid-
base titration was developed to determine strong
and weak acids [9].

In this work, 8LA procedures for the determina-
tions of ascorbic acid and acetic acid employing
simple reagents with spectrophotometric detection
have been developed. Both titmmtions were per-
formed under a non-steady state condition, so they
do not require a special mixing part apart from a
mixing coil, and s0 provide short analysis times.

The SIA system has robust hardware and flexibie
mization and operation ol the system. On switch-
ing from the determination of ascorbic acid to
acethc acid, no change in hardware configuration
was required, ooly the program sequence for
cootrol of the instrument was modified. An
analysis can be made rapidly with computerized
control. Sample throughput of 60 h~' was
obtained for both systems. Sample, reagents and
waste can be minimized.

2. Experimental
2.4, Chemicals and solutions

All chemicals were of analytical reagent grade,
and deionized water was used throughout. Potas-
sium permanganate, sulfuric acid, L-ascorbic acid,
acetic acid, ethanol and phenolphthalein were
obtained fro.a Merck (Merck, Germany). Sodium
hydroxide (AKZO Mobel, Sweden) was used.
Vitamin C tablets and vinegar samples were from
3 local market,

A 0.1 M potassium permanganate solution was
prepared by dissolving 1.58 g of potassium per-
manganate in 0.1 M H,50, solution and making
up into a 100 ml volume, This stock solution was
then further diluted for appropriated concentra-
tions. Stock standard ascorbic acid solution (2000
m;l“'}mpr:pamdbgrdmhm;ﬂﬂn}gnr
ascorbic acid in deionized water in & 250 ml
volumetric flask. Working standard ascorbic acid

stock solution.

The 0.2% w v~ phenolphthalein in 50% v v~
ethanol solution was prepared by dissolving 0.50 g
of phenolphthalein in 50% v v~' ethanol and
made to a valume of 250 ml. This stock sobhxtion
was thon used to prepare various concentrations of
solution (20% w v~} was prepared by weighing
5000 g of glacial acetic acid into a 250 ml
volumetric flask and diluting it to the mark with
deionized water. Working standard acetic acid
solutions were freshly prepared by diluting the
stock solution.
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2.2, SIA manifold for determination of ascorbic
acid

Fig. I{a) shows a dingram of the S1A manifold
used. A laboratory made SIA analyzer (Center for
Biotechnology, University of Turku, Finland)
consisting of & syringe pump, a HC (200 cm
long), two six port selection valves, & reaction
coil (100 cm long), o simple spectrophotometer
[Spectronic 21, Bausch & Lomb, USA) with a 10
mm pith length Oow through cell (Hellma, Ger-
many) and a personal computer was used All
tubings were 0.6 mm id. Teflon. An m-house
made soltware (AmALYELA, Center for Biolechnol-
ogy, University of Turku, Finland) was used to
conirol the system and collect data from the
detector via & plug-in interface card (Lab PC+,
Mations]l instruments, USA), The analysis was
performed antomatically following sequences that
had been writien as 8 computer program called
AMALYSIA SCRIPT LANGUAGE [ASL).

After all lines were filled with water (also used as
cirrier), the standardfsample and reagents were
sequentially aspirated into 8 HC. The sequence of
golutions in the HC & shown in Fig. I(b)
Aspiration volumes of each solufion and other
conditions are summarized in Table 1. The zones

WO HS0,  Ascorbicad

-y AR Ny

Table |

The 1A cooditions for ascorbic acid determinaibon

Parametier Stadied  Selected son-
range diticay

Concentration of poiassiom per-  1.0-30 50

meanganaie (mbd)

Aspiration volume of acidic po-  100-220 180

lassimm permangannbe ()

Aspiralion volums of smplel B0= 1300 L]

standard smscorble acid (jl)

.ﬁqih‘iﬁ-u-'mh:-:d’[l.:lhl;d— =

Furic pcid (jl)

Flom rie (ul s~ -2 180

Analytical wavelength (nm) — XI5

were propelled through a mixing coil to the
detector, while transmission of light at a sclected
wavelength was monitored (arbitrary units). The
peak arca wes evalusted from the SIA profile
obtained, A calibration graph is a plot of the peak
area versus ascorbic acid concentration.

2.3. SIA manifold for determination of acetic acid
The same configuration manifold as for ascorbic

acid determination was utilized, except with dif-
ferent standard‘sample and roagents as shown in

WO Pemphtess MM Acioscd  HDH "

Fig. I. (a} A schematic diagram of the S1A sysiem for sscorbes
acid determination; (b) & schematic dimgram of ander of ibe
segments for asparbic scid determination,

Fig. 1. (8} A schemsarle dagram of 1he SIA system for moztic
acid determination; (b) & schemstic dingram of the coder of the
segmeai for scabic acid determmation,
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Fig. Xa). A similar operational sequence as above
was also writien as an ASL. The sequence of
solutions in the HC is represented in Fig. 2(b). The
mspiration volume of cach solution and the other
selected conditions are presented in Table 2.

3. Results and discession

1.1, Optimization of SIA system for decermination
af ascorbic acid

A redox reaction of ascorbic acid with potas-
sium permanganate was utilized in this system.
The permanganate jon was also used as & color
indicator, which was monitored for absorbance at
525 nm. A 0.1 M sulfuric acid solution was
mﬂnﬁmm:hmmﬂm
nate to manganese dioxide precipitate. Various
parameters such as concentration and aspiration
volume of potassium permanganate, volume of
sample, and flow rate of solution during propelling
through the fow cell were investigated for the
determination of ascorbic acid in range of 0-1200
mg I~". This concentration range was suitable for
analysis of vitamin C tablets without difficulty in
sample preparation. The studied ranges and the
selected conditions are summarized in Table 1. The
sclected conditions were judged from & good slope
and linearity of the calibration graph obtained,
and a reasonable analysis time.

Table 2

The SIA conditions for scetic s determinstion

Parumeier Studied  Selected con
EigE ditlens

Consentration of sodtiim hydre- 0.2-1.0 08

wide (M)
Aspiration volume of sediom hy- 50— E
dromide salwiion {al)

Coscentration of phenolphthabsin 0008 om
hwv 0

Aspiration voleme of phe- 50-80 b
neolphibalein wolation (ub)

Aspiralion volume ol samplel L] k]
sanidard scetic scid [ul)

Flow iz (gl 3™ ") 75-200 125
Analyical wavebeagth (nm) - 4B

Under the selected conditions, a linear calibra-
tion graph up to 1200 mg | ™' ascorbic acid (y = -
0.121x+242.3; B =09933) and relative standard
deviations for 11 replicate determinations of 400
and 1200 mg 1™ ascorbic acid of 2.9 and 1.8%,
respectively, were achieved. SIA profiles of a series
of standard ascorbic acid solution are iflustrated in
Fig. 3. A sample throughput of 60 h™' was
obtained

3.2, Analysis of vitamin € tablets

The system was applied to the determination of
ascorbic acid in locally commercinl vitamin C
tablets, Twenty tablets of a vitamin C sample
were weighed and ground in a2 mortar. After that &
portion of the ground sample equal (o about one
tablet was weighed and then it was dissolved with
detonized water to | | The solution was then
aspirated into the system using the same condi-
tions as a standard. A titrimetric method [10] for
reference purposes was also carried out. The
results are summarized in Table 3. The comparison
of the results obtained by the SIA method was
evaluated by r-test [11]. The calculated 1-test value
was 0.67. The critical value of the r-test was 2,26
(9" of freedoms) at 95% confidence interval. Since
the caleulated r-test value is less than the critical
value, the results from the two recommended
methods were not significantly different.

Timsi i

Fig. 3. SIA peaks for calibration graph of mscorbic acid
determination; (A) blank, (B) 400 (C) #00 and (D) 1200 mg
1= of mnnderd ascorbic asid
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Table 3
Cretcrmimation of ascorbe achd M viamen C tablel smples

Sample code  Labeled amount (mg per tablet)  Ascorhic scid found (mg 1~ %

Tinmere: method

ElA mathod

Milkgram per iablet  Percentage label Milligram per tublei  Pereeninge bel

A N0 L 1k3 1ir3 1014 1]
B | 004 ol tal m 1
C 500 477 95 520 104
(1] [1h] [[=]} ol 1] ]}
E L] L] iia T LF
F e 47 L] 5 95
G L] 25 95 o4 L]
H b L] 458 9 512 2
i 50 & 98 4 1]
1 100 10 iixd 1 LiL]

1.3 Oprimization of SIA system for determination
of acetic acid

Determination of acetic acid was based on acid-
base titration of the acid with sodium hydroxide
using phenolphthalein as an indicator. The physi-
cal configuration of the SIA system was the same
as above for determination of ascorbic acid. The
solutions around the selection valves and the
computer program were changed (see Fig 7). A
similar optimization as in Section 3.1 was carried
out for the determination of acetic acid in a range
of 2-8% w v~'. The studied ranpges and the
selected conditions are summarized in Table 2.
The selected conditions were judged from a good
slope and linearity of the calibration graph ob-
tained with a reasonable analysis time.

Under the selected conditions, a linear calibra-
tion graph for 2-8% w v~ acetic acid (y=—
37.7089x+390.9; R =0.9989) was obtained. Rela-
tive standard deviations for 11 replicate determi-
nations of 5 and 4% w v~ ! acetic acid were 5.0 and

6.3%, respectively. Sample throughput of 60 h~'
was schieved.

34 Analysic of vinegar samples
The optimized procedure was applied to vinegar

samples without any sample pretreatment The
acetic acid contents obtained from this procedure

and titrimetry [12] are presented in Table 4. The
results from the two methods were not signifi-
cantly different (judped by r-test at 95% confident
interval).

4, Conchesion

51 titration procedures for the determination of
The system is compossd of robust hardware
components and can be mutomatically controlled
by a persomal computer, with appropriate soft-
Tahle d
Determimstion of scetic scld i los] commenclal viesgar
sample

Sample code  Comoentration of acetic wcid (% wv ™ ") by

Titrimmiric mathod 1A moihod
A 53 LA |
B i1 55
c il 4
(i} 5.1 i3
E Al 55
F L | LA
L 52 57
H 5l 5l
i 49 44
1 iR 45
K 4 b |
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ware. Dptimization of the sysiems can be con-
veniently carmied oul. No physical confipuration
changes of the system are required, but new
programming sequences are needed in application
of the system (o determine a new parameter. Both
procedures employed simple reactions with inex-
pensive and available chemicals. Chemical con-
sumption was lower compared with batch and
flow injection procedures, leading to lesser waste
ind more economical determinations.
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Exploiting flow injection and sequential injection anodic
stripping voltammetric systems for simultaneous determination
of some metals®
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Abstract

Flow injection (FI) and ssquential injection (51} systems with anodic sripping voltsmmetric detection hive been
explolied for simultanecus determination of some metale A pre-plated mencury film on & glassy carbon disc electrode
wits used as 8 working electrode in both systems. The same film can be repeatedly applied for at least 50 analysis cyeles,
thus reducing the mercury consumption and waste, A single line F1 vollammetric system using an acetate buffer as a
carrier and an electrolyte solution was employed. An injected standardfsample zone wos mined with the buffer in 2
mixing coil before entering o flow cefl. Metal jons were deposited on the working electrode by applying a potential of —
L1 ¥ vs AgfAgCl reference clectrode. The stripping was performed by snodically scanming potential of working
electrode to +0.25 V, resulting & voltammogram. Effects of acctate buifer concentration, Mow rate and sample volume
were investigated, Under the selected condition, detection limits of 1 g1~ for CA(II), 18 g1~ for Cufll), 2 ug 1" for
Pb(IT) and 17 pg I~ for Zn{IT) with precisions of 2-5% (n = | 1) were obtained. The SI voliammetric system was similar
to the FI system and using an acstate bulfer as a carrier solution. The S1 system was operated by a PC vin inhouse
wrilien softwane and employing an auioditrator a3 & syminge pump. Standard/sample was aspirated and the zone was
then sent to & flow cell for measurement. Detection limits for CAIT), CuwlIT), PHIT) and Za(T) were 6, 3, 10 and 470 pg
1=, respectively, Applications to water samples were demonstrated. A homemade UV-digester was used for removing
oTganic matters in the wastewater samples prior 1o anslysis by the proposed voltammetric systems.

D 2002 Elssvier Science BV, All rights reserved.
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! The determimnation of trace heavy metals in
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onmenl. Anodic stripping voltammetry (ASV) has
been widely used recently due 10 s speed,
simplicity, low cost, high sensitivity and capability
of multiclement determination [1-3]. However,
batch voliammetry consumes more tme and
chemicals, Therefore, fow techniqoes have been
developed for voltammetric analysis to solve those
drawbacks [4,5). Differential pulse ASY in a Now
system for determination of copper, lead, cad-
mium and zinc has been developed [6]. In our
previous work [7], an on-line voltammetric system
was el up for mimultancous determination of
cadmium, copper, lead and zine A sample and
u]#:trnirta buffer were mixed together prior to
aspiration into a flow cell where metals were in-
situ pre-concentrated on the working electrode
during the deposition step. The proposed system
provides low detection limits and good precision
bt 1t concerns long analyveis time and high reagent
volumes.

Flow injection (FI) and sequential injection (3I)
methods are more mapid, precise and consume
lesser amounts of reagents [£]. FI with differential
pulse vollammetric (DPV) detection using & static
mercury drop electrode (SMDE) for determination
of Cd(11) and Ph{1l) was reported [9]. F1 stripping
voltammetry with wall-jet detector was applied for
lead determination in blood [10]. SI-ASV was
demonstrated for determination of copper in tap
water, 51 provided a convenient way to perform a
uuﬂumu&mpprwﬂunfm&wmmmp.
increasing of the method [11]. SI-ASV
for determination of copper, lead, cadmium and
zinc in river sediment extracts was reported (12]. 51
with adsorptive stripping voltammetry was devel-
oped for determination of nboflavin and some
heavy metals [13]. A mercury film electrode (MFE)
is usually employed for ASY in flow systems due
to that it provides better stability, well defined
peaks of the voltammogram with high sensitivity
and reduces risk of exposure to mercury vapour.
The mercury film (MF) is usaally plated in-gitu
with analytea during deposition step. However, the
MFE preparation by the in-situ method produces
mercury-contaminated wasie,

In this work, Fl and SI voltammetric systems
using a pre-plated MFE as a working electrode
were developed for simultaneous determination of

cadmium, copper, lead and zinc, The same MF
can be repeatedly used for several cycles, thus
reducing the amount of mercury used, Peaks of
metal ions obtained in a voltammogram were well

resolved. Detection limits of a few pg 1~ can be
Bchieved. The proposed Fl and 51 systems were
reagent than the batch and on-line systems. In
addition, the systems are more rapid with high
degrees of dutomation.

2. Experimental
2.1, Chemicals

Acetate buffer solution (pH 4.6), prepared from
100% glacial mcctic acid (BDH, England) and
sodium acetste 3-hydrate (BDH, England), was
used for preparation of an electrolyte solution.
Mercury(ll} solution was prepared by dissolving
Hg(ll) mitrate (AJAX, Austrafis) in 0,1 M nitric
pcid (Merck, Germany). Metal standard solutions
were prepared by diluting standard stock solution
(1000 mg 1"} (stomic sbsorption spectrometric
grade, Merck, Germany), Water used throughout
was from a Milli-Q water system (Millipore,
Sweden). Nitrogen gas (99.999%%) was used for
purging oxygen in a solution,

2.2. Flow injection voltammetric (FIV) system

The FIV manifold is shown in Fig I(a). The
system consists of & peristaltic pump (EYELA,
Japan), a six-port injection valve (FLALab, USA),
4 mixing coil (PTFE, i.d. 0.8 mm) and & voltam-
mograph with an electrochemical flow-cell (Bioa-
nalytical System, UISA). The Now-cell composes of
a plassy carbon-working electrode (GCE), = Agf
AgCl reference electrode (RE) and a stainless steel
auxiliary electrode (AE). After the MF was coated
on the GCE, the de-aerated electrolyte solution
cell. A de-gassed standard solution or sample was
mmjected into the carrier stream by the injection
valve, When the sample zone reached the fow-cell,
the potential of —1.1 ¥V vs Ag/AgCl RE was
applied to deposit the metals onto the MFE. After
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Fig. |, Manifodds for ssmulinneoas determisation uslig wal-
ismmetric: {a} FI; and {b) 5L

the deposition step, the flow was briefly stopped to
strip the metals out of the MFE by anodically
scanning the potential to 0,25 V. The electrode was
cleaned for 20 s by applying & potentinl of 0 V
prior to performing the next analysis cycle.

23 Sequentiol infection veltammetric {SIV)
SV ELETH

The components of the SIV system (&8 shown in
Fig 1(b)) were similar to that of the above
described FIV system except for the pump and
valve. An autotitrator (Dosimat 765, Metrohm,
Switzerland) was used as a syringe pump. A 10-
port sclection walve (Valco Instruments Co.,
Texas) was used. The pump and valve were
controlled by a computer via an in-house written
software based on LabVIEW® program (National

L U¥-C Lamp 1]

(a)

Instruments Co., USA). The SIV fow conditions
were set to be similar to the FIV system. Operation
sequences were as followed: (1) 130 ul of standard/
sample was aspiraied into a holding coil; (2) the
standard/sample zone was propelled through a
mixing coil to a flow cell; (3) when the zone
reached the flow cell, a potential of —1.1 V vs Ag/
AgCl electrode was applied 1o the WE in order 1o
deposit metals on the MFE; (4) the Mlow was
stopped while a buffer was in the flow cell and
siripping of the metals out of MFE was carried
out; (5) finally, & potential of 0 V was applied for
20 8 with the solution flowing to clean the MFE.

2.4. MF preparation

Mercury(Il) 500 mg 17" in 0.1 M HNO,
solution was aspirated al o flow iz of 0.5 mi
min~' through the electrochemical Mow-cell. A
potential of —0.8 V vs Ag/AgC! RE was applied to
the GCE for 10 min. The MF was then obtained
on the GCE. Only 5 ml of the mercury solution
was used for this purpase. The mercury solution
from the waste out-let was collected for recycling.

2.5. A home-made U'V-digestion unit

A home-made UV digester consists of two UV-
C (180-280 nm) lamps, |5 W each, as depicted in
Fig. 2. Aluminium foil, covered inside the digester
house, was used for preventing the UV radiation
Sample trays were made by cutting a brown-
coloured glass bottle into halves, which would
increase the area of irradiation to sample in the
tray. The trays were stored in nitric acid and rinsed
with Milli-Q} water before use. Hydrogen peroxide
solution (30% v v~=', 10 pl), as an oxidant, was

Sample tray

Fig. 2. A bome-made UV-ligestson anii- (a) side view: and (b} top view.
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added 10 10 mi of sample in the tray. The sample
trays were then put in the UV digester,

3. Resuliz and discossion

1.1 Study of MF preparation

Mnuur[[[}mmmiuﬁm,dupn&ﬂunpumﬂﬂ
and deposition time were considered for MF
preparation. Mercury(Il) concentrations of 500
and 1000 mg 1" were tested. MF was obtained
fully on the GCE by using 500 mg 1" Hg(Il),
whereas using 1000 mg 1~" Hg(ll} gave the film
only on some area of the GCE. Deposition
potentials of —08, =09 and —1.0 V were
studied. It was found that mercury was adsorbed
on the GCE at a potential of —0.8 V vs Ag/ApgCl
RE. On the other hand, at the potential of —0.9
and —1.0 V, mercury could not be coated on the
GCE because H* in the solution could be reduced
more at the GCE, at higher negative potentials.
Higher peak currents (for the metals) were ob-
tained when using the MF plated with a deposition
tme of 10 min compared with that obtained by
using & 5 min deposition time. However, MF
deterioration was observed. This should be due to
that mercury did not adhere strongly to the glassy
carbon and resulted in rapid decrease in sensitivity.
Tl'ﬁ:fm-:,theMFmdﬂmddmhud:mhur
at a potential of 0 V for 20 s before performing the
next run. The proposed MF has been experimen-
tally proven for reusing for more than 50 deposi-
tion-stripping cycles (as shown in Fig 3), in

Peak corrunt

ud)

i RED = §d % fnesd)

i o

aa s

(&

LR

i P P T

] 1o n E & 9 L]

Humber of cpoles

Fig. 3, Stnbility of the MF wming electrochemicnl cleaning (50
analysis cycles of 10 g 1~ CA{IT,

comparison to the other reports that the MF was
used only for one determination [10-12].

1.2, Optimization of FIV system
121 FI parameters

d.2.L1. Acetate buffer concenirarion. Electrolyte
concentration affects the ionic strength of the
solution and hence the peak currents of metals.
Concentrations of acetate buffer (0.1, 0.2, 0.3, 0.5,
0.7 and 1.0 M) were varied while the flow rate, the
sample volume and the length of mixing coil were
fixed at 0.5 ml min ', 30 pl and 50 cm, respec-
tively. It was found that the pesk currents were
fluctuated at an acetate buffer concentration less
than 0.5 M. This could be due to that jomic
strength of & lower concentration was not suffi-
cient. A concentration of 0.6 M acetate bulfer was
chosen.

3.2.4.2. Flow rate. As expected, less dispersion was
obscrved at higher flow rate, Peak currents of
metals increased when the flow rate increased.
However, at & higher flow rate than 0.5 ml min~',
the deteripration of the MFE was obtained.
Therefore, the flow rate of 0.5 ml min~' was
used in this FIV system,

3.2.1.3. Sample volume. A sample volume is re-
lated to the deposition time. At a deposition time
of 20 s and a flow rate of 0.5 ml min—"',
approximately 167 pl of sample should be re-
quired. Injection volumes of 30, 30 and 130 pl were
tested. It was found that the sensitivity obtained
by using = volume of 30 ul were not different from
t‘uunhuinndhjruﬂnglmhmanDuLHnw-
ever, using an injection volume of 130 pl yiclded
the worse precision. The precision of the currents
obtained by using 30 pl injection volume was
found to be the best, This could probably because
less sample volume would provide better mixing
pattern of sample and reagent and thus beter
reproducibility for the current observed. Using 2
sample volume of 30 pl also resulted in satisfactory
current. Therefore, an injection volume of 30 jl
was chosen.
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The walwmmeti: pacasmeters wsd for the FTV and STV systam
Faramnater Condition

Dieponition posenilal —Liv

Deposidion lime M

Sweep poiendisl =l l=+0.25Y

Swmp mode Squam wave

Swesp rate Tmve!

3214 Mixing coll length For the low flow rate
employed (0.5 ml min—"), a length of 50 cm was
used so that sample throughput and reproduci-
bility of sipnal could be compromised.

1.2.2. Voltammelric parameters

The electrochemical parameters are represented
in Tabde 1. Deposition times of 10, 20 and 30 =
were tesied. It was found that the longer deposi-
tion time, the higher peak current obtained, as
expected. However, the deposition time of 20 5 was
chosen because it was faster and yielded enough
sensitivity.

3.2.3. Characterirtics of the developed FIV systom

Voltammograms of metal standards obtained by
the FIY system are depicted in Fig. 4. Calibration
data, detection limits and precisions for the metal
tons (Cd(Il), Cu(ll), PB(IT) and Zn(Il)) are sum-
marized inm Table 2. The results illusirate that
simultaneous determination of Cd{I), CufIl),
Pb{Il) and Zn{IT) can be performed by using the
developed FIV system with a sample throughput
of 20 b~ and with better sensitivities than in other
previous reports [6,10-13).

124 Applications to real samples

Six drinking water samples were analyzed by
injecting them into the system. The metals in those
samples were found to be below the detection
limits. It indicated that the metal concentrations in
the drinking water samples were below the values
of maximum allowanee of 0.010 mg |~ 1.0 mg
1=", 0.1 pg 1" and 500 mg 1~ for Cd(II), Cu(m),
P{Il) and Zn{ll), respectively, which &5 an-
nounced by the of Environment
Quality Standard, Ministry of Science, Technology
and Environment of Thailand [14]. Wastewater

Current,uf

o

cufty |

o)

41 08 @07 -08 .03 03 04 3

Poiential

Fig. 4. ¥

of metal sisndands obiamed from the proposed FTV syscem. (Concentrations of ZafIT), PH{IT), CullT): 10, 30,
50, §O0 and 200 pg 1, snd CA(IN: 5, 10, 15, 20 and 30 g I~
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Chamecieratics of the FIV pysiem
Motal  Dynamic rmge (g 17" Eguatson 3 Dhesnction limil (pg 1% W RSO, =l
cd =30 o 66T 40,0205 09w | 36 (m 10 pg 1Y)
Cu  20-200 =156 —00860 09962 1% 44 (ur 75 g 17"y
Pt - L0e o S+ 00171 DT 2 1B (i BO pg 17"}
In B ] o 4 30y 00407 s 1N 43 (ut 100 pg1-"
=200
“2A0 -
‘5. =180 L
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E ] 5
o 1R i
0 : © }
50~ (@)
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-1.1 de o7 05 83 g1  +0.4 +0a

Potential Vv

Fig. 3, Voliammogrems of wassewater sample (a) wathout; (b)) with UV -digestion; and {c) & standerd sobation,

samples were also analyzed. The samples were
digested for 2 h by using the home-made UV
digester. UV-digestion can reduce some interfer-
ences in such & sample as illustrated in Fig. 5.
Well-defined voltammetric peaks of metals were

obtained for & sample with UV-digestion. Results
are summarized in Table 3. The samples were also
anafyzed by ET-AAS [15). The results obtained
from the FIV method agreed with that by ETAAS.
Zn and Cu may lorm an intermetallic Cu-Zn

Tahbl= 3
Exampies of anabyns of wamewsicr ssmples by the developed FTV sysiem
Sample Comantration found (ug 17"
Ca Ca 5] Ia
v ETAAS Y ETAAS FIv ETAAS FIv ETAAS
| A5 3 &0 TS 92 95 154 142
1 4 Lo 5] 153 1546 204 L] 155
X i T I n | M a5 5
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Fig. & Vollammograms nrmummurmmmmv-{m. {Conoenlrations of Znill); 100, 700 and J000
[=*; CofIT), P{II): 10, 70 and 100 pg 1™ and CufIT): 50, (30 and 200 ug 17"}, ™

phase in MF which may cause variation in FIV-
resulls of these metals [12],

3.3. Preliminary study of SIV

The Sl system with scetate buffer 0.6 M as
carrier, was carried out for testing the performance
of the system. By applying the experiences in the
FIV system, similar conditions as employed in the
F1V system were applied in the SIV system. Due to
that the minimum pipette volume of the autoti-
trator used is 100 pl, 3 sample volume of 130 pl
was aspirated into the SIV system. Dispensing
to start the deposition step. Starting the deposition
step ut & volume of 0.30 ml or at & time of 36 s

Tabls 4
Charsstenstics of the preliminary 31Y system

after starting dispensing the sample zone to the
detector, the highest peak current was observed.
Simultaneous determination of Cd{Il), Cufll),
Pb{II) and Za(ll) can be performed by using the
SIV system. The voltammograms of the metal ions
are illustrated in Fig. 6. The results in Table 4
showed that the SIV system provided good preci-
for the metals, except the detection limit for Zn
was high because of its low sensitivity and less
reducibility. Due to the discontinuons nature of 51
operation, reagent consumption and waste gencra-
tion can be minimized and become advantageous.
Further investigation on incorporation of on-line
sample pre-treatment to the 51V system is in
progress.

Metsl  Dymamic cangs (jig 171 Equatios Deatection limir {pg 1~") % RSD, A=
cd 10— p=314Tc =005 099Te 6 B (an 10 g 1"
Cu 50200 p= 292200537 09989 3 1.0 {at 30 pg 1%
Pt o100 o= 62.90x —0,191 00946 1D 26 (an A0 pg ™
Zn A0~ 700 = 0. D6z — 00006 0500 470 0.5 {ud OO jug 1
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4. Conclusion

F1 and 51 systems with anodic stripping voltam-
metric detection for determination of some metal
jons have been enploited. Employing the proposed
conditions for making s pre-plated MFE as a
working electrode, which can be ubilized for
severnl analysis oycles (a1 least 50 cycles), the
mercury consumption cean be minimized. The
mercury waste solution was collected for recycling.
The systems, therefore, produced less mercury
waste, Detection limits of & few pg 1~ of the
metal bons can be achieved. The proposed single-
line Fl voltammetric system is cost-efTective, very
simple and easy to handle but achieves & high
sensitivity simultaneous determination of CA{II),
Culil), Pb{Il) and Zn(II). The proposed 51 vol-
tammetric system, using an autotitrator as a
syringe pump and a PC with an in-house software
program, is an alternative for cost-cffective higher
degree of automation.
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Determination of trace iron in beer using flow injection systems
with in-valve column and bead injection™
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Absrract

Three flow injection (FT) systems were imvestigaied for the determination of trace iron in beer: an Fl-in-valve column-
flame atomic absorption spectrophodemetry (FI-FAAS) sysiem, a spectropholometric FT aystem with & colomn placed
at ihe defection point, and an Fl-specirophotometric system with bead injestion (FI-Bl). Cationic exchangs resin
Dowex 50W XE and mmodiacetate chelating resin, Chelex-100, were employed for the Fl-spectrophotometric and F1-
FAAS sysiems, reapectively. The Fl-in-valve column, packed with the resin, enhances the FAAS performance. The
spectrophotometric F system with a column (packed with Chelex-100) placed at the detection point (in o eell holder of
& spectrophotometer) is based on the formation of iron (I -1, 10-phenanthroline compler sorbed onto the resin. Mo
eluent has been found to be suitabls. The FI-BI for renewable microcolumn has been proven 1o be an alternative. The
FI-FAAS and FI-Bl procedures provide online sample prescparation and preconcentration for the detormination of
iron in beer. Both are simple, mpsd, and sconomizal. The procedures also involve sample prepamtion (decarbonation
and suppression of tannkn inlerference by adding ascorbic acid) and standard addition. The results obtained by Fl-
FAAS and FI-Bl agres with those of ADAC spectrophotometric method,
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and for chemical assays: irom, copper, calcium,
carbon dioxide, sulfur dioxide, alcohol, ethanol,

glyceral, protein, starch, and proteclytic chill-

trace element to be aszayed.
A standard method l'crr the determmation of

found to be the drawbacks of the method.

Although using electrothermal atomic absorp-
tion spectrometry will improve sensitivity in terms
of limit of detection (3], disadvantages of this
mﬂndhduﬁerﬂunwlymmmhm
mentation, skill of opersior required, matrix
chemical modifiers needed, and complicated tem-
peTature Programming.

Using & flow injection (FI) in-valve column-
flame atomic absorption spectrometry (FI-FAAS)
[2), Name interference by the matrix can be
reduced by introducing low quantities of sample
(200 pl of sample injection), and the problem of
burner clogging could be overcome. Iron and some
other elements such as Ag, Cd, Cu, In, Mn, Ph, T1,
and Zn were determined using an integrated-atom-
lrap system mounted on & standard atomic
absorption air-acetylenc flame burner [5]. Based
on ion-exchange separation and sire exclusion
chromatography, copper, iron, and manganese in
beer were investigated using electrothermal atomic
absorption spectrometry [3].

Column technigques have been extensively uti-
Imdrurmﬂprmmﬂmlm
tional cation exchange resin used for online
preconcentration of iron with
detection was described [6]. An iminodiscetate
chelate resin such as Chelex-100 and Muromac
A-1 played the role of high efficient solid-phase
extractant for transition metals [7-9]. In addition,
other packing materials in a sorption mechanism
have been used for iron preconcentration; for

instance, resin-immobilized 8-hydroxyquinoline
(10}, & cationic exchanger paper [11], C,-bonded
silica with 5,7-dichlorooxine [12], and Amberlite
XAD-4 functionalized by N-hydroxyethylethyle-
nediamine [13].

An in-valve column exhibited practical and
convenient use for loading and eluting for metal
preconcentrations [14-16]. Flow-based analysis
with bead injection (BI) described as a renewable
microcolumn has been applied for many detection
systems such as amperometry [17], fluorescence
[18-20], and UV- vlnhhihmmmw[ﬂl BI
spectroscopy exhibited outstanding usefulness in
terms of a renewable, small, and disposable
sensing layer [22]. A simple Fl-spectrophotometric
system with bead m,in:lmn (F1-BI} has recently
been achieved for trace iron determination in
water samples [23].

In this study, an FI-FAAS system with in-valve
column, a spectrophotometric F1 system with a
column placed at the detection point, and an F1-BI
system were investigated. The FI-FAAS and F1-BI
systems were found to be useful for online separa-
tion and preconcentration of iron in beer so that
the sensitivity and selectivity would be improved
with possibility for automation. The in-valve
column FI was coupled to flame stomic absorp-
lion spectrometry and & conventional catiomic
exchange resin was utilized, FI-BI was used for
absorptiometry using 1,10-phenanthroline in con-
junction with a renewable microcolumm packed
with chelating resin.

1. Experimental
2.1, Marterialy and reagents

Two types of packing materials, comventional
cationic exchanpe resin, Dowex S0W X8 50100
mesh {Fluka) and iminodiacetate ing resin,
Chelex-100, 50-100 dry mesh or 16-50 wet mesh
(Bio-Rad) were used. By sieving the chelating
resin, beads in the range 35-50 wet mesh were
employed. For the FI system with in-valve col-
umn, the former wes chosen in accordance with
commonly used and inexpensive resins. The latter
was used for both Fl with column al detection
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point and FI-BI due to jis transpareni characier-
istic;

Acetate buffer solution, 0.1 M, was prepared by
dissolving 3.85 g ammoninm acetate in water and
adjusting to pH 4.5 by adding 2 ml of glacial acetic
acid. Iron(111) stock solution, 1000 pg ml ™', was
prepared by dissolving 0.8634 g NH,Fe(SO,);-
6H;0 (Merck) in water and adding | ml 4.5 M
H,80, before making up to a volume of 100 ml
with water.

Iron(ll) stock solution, 1000 pg mi~', was
obtained by dissolving 0.7020 g (NH,):Fe{S0,):-
6H;0 (BDH) in water and adding | ml 4.5 M
Ha250y, then making up to volume of 100 ml with
walter.

Ascorbic acid 10% (w v™"), using L-ascorbic
acid (Merck) was freshly prepared. 1,10-Phenan-
throline, 0.3% (w v~'") in the acetate buffer
solution was prepared by using solid chemical
{Merck).

2.1, Sample preparations

Local commercial beer samples were taken for
analysis. A sample was transferred into & larger
container for decarbonation by stirring for 1 h. A
portion of ascorbic acid solution (10%, w v~ ') was
added to 4 known volume of the sample to give a
final concentration of 1000 pg mi ™' ascorbic acid.
A series of solutions for standard addition mes-
surements for a sample was made to contain 0, 0.1,
0.25, 0.5 and 1.0 pg ml™" Fe(ll) standard added.

2.3, FI-FAAS wirth in-palpe column

An acrylate column (0.3 mm id. and 40 mm
long) was used in place of an imjection loop in & 6-
port valve (V-431, Upchurch). The column was
packed with Dowex S0W X8 resins having Teflon
wool a5 frits at both the ends.

As depicted in Fig. 1, the FT system with in-
valve column consists of a peristaltic pump
{FlAlab, USA), a 6-port valve, and a flame atomic
ahsorption spectrometer (AA-6T0, Shimadzu, Js-
pan). The FAAS conditions followed those re-
commended by the manufacturer with some
adjusted parameters (burner height, ratio of fuel,
and oxidant). After pumping water for condition-

T =1

.
= ]

Fig. I. Mandfalds with in-valve column for FAAS: C = carrier
{wnter or peetaie belfer pH 4.5), 5 = standard or sample, E =

eluent, P = perisialtic pump, AAS = wiomic sbaorption spectro-
meter, Vi = three-way valve, ¥1 = f-pont wabve, W = wisie.

ing the column, the three-way valve (V1) was
fwitched to let standard/sample load onto the
column al a certain loading flow rate and for &
desired loading time. When reaching the duration
of loading, V1 was switched back to the position
that allowed water to flow in order to wash the
column. By switching the 6-port valve (V2), sorbed
iron will be released from the column by the
eluent, countercurrent to the loading step. Oppo-
site Mow direction of loading and elution avoids
problems due to tendency of dogging, which
would affect column performance, as well as
maximizes preconcentration [15], The series of
the standard addition set of solutions for a sample
prepared as described earlier was injected in the F1
ﬁ-.?lfdd{l-'lg. 1) by employing the conditions in
e 1.

2.4. Fl specirophotometric system with bead
Brfecition

The instrumental setup for F1-BI was similar 1o
that previousty described [23]. Modification was
mide by inserting a three-way valve (V1) (Fig. 2)
to get rid of pulsating and Muctusting signals
caused by back-pressure. The pesk-hold colori-

Table |
Froposed mathod for FI sysbem with im-vakve cobamn

Comistbona Btuded range  Suggested valss
Loaded solution (M HMO,) 0.05-100  005-003
Eluent (M HNOy) =& i

Elseat Aow rale {ml min~'y 3-8 i

Loading tEme {min) 15s—10min 15 s-00 min
Lasding flaw rute (md min ="} 2-8 i

o
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Fig. 2. Fl-BI system; C = carmer {acetate buffer pH 4.3), 5=
slandard or sanaple, Pl and F = perisialtic pumps | and 2, B =
bead suspension, R = |, 10-plenanthrolme, LED = light emii-
ling dipds, FT = maisbor, Wi, ¥3 amndd V4 = ihree-way
valves 1, % and 4, VI = 6-port valve, W = waite,

meter has also been miodified so that & longer
period (up to 5 min) for the maximum height of
the output signal could be held for reading. After
introducing the bead suspension at 16 ml min~'
for 15 s, acstate buffer as a carrier was propelled at
3 ml min~' for 30 s to place beads into the flow
cell. A standardfsample solution was pumped at 3
ml min~" for a certain time. The beads in the cell
were washed with the carmier, before 1, 10-phenan-
throline solution (0.3%, w v~} was injected via
the injection valve V2 [23]. Signal due to increase
in the color intensity of the Fe(ll)-1,10-phenan-
throline complex was monitored. Finally, the
beads were discarded out of the cell. The set of
standard addition solution: for a besr sample
(described above) was analyzed by using a loading
time of 30 & with a flow rate of 3 ml min—",

3. Respltz and discussion

1.1, Oprimization of FT system with in-valve cofumn
{FI-FAAS)

Using the manifold in Fig. | and the range of
conditions in Table 1, acidity of the loading
iron{IIL} solution and of the sloent were studied,
2s summarized in Figs. 3 and 4. Lower acidity was
suitable for loading, while higher acidity was
proper for eluting conditions. This agrees with
previous (mdings for the relationship of distribu-
tion ratio (D) and scidity [24]. The effect of eluent
flow rate was found to be similar to the previous
report [15] that a flow rate of eluent higher than an

A ___J

~ (b)
e ————a (c)
I""‘-----n_..-l—_._... {d}

|

o o Rl W o Y
]

pesai haght (volts)

0 0.05 [ 8 L] 02
HHG, (M)

Fig- 1. Effent of soidity of loading sobution for (a) 3 ug Pe, (b) 2
pg Fe, {c) | g Pe, mnd (d) 0.5 g Fe,

1:: (a)

Fig. 4. Effect of acidity of eluent for (5) 1.2 pg Pe, (b) 0.4 pg Fe,
{2} 0.08 pg Fe. and {d) blank.

bt (Vaits)

HNOy (M)

uptake rate of FAAS (3.5 ml min~"} would
provide better signals. An cluent flow rate of 4
ml min~' should be employed. Using the com-
bined set of conditions in Table 1, single standard
calibration could also be successfully applied (see
Fig. 5). The maximum volume for sample loading
was B0 ml, The detection limit was found to be 0.1
ug Fe (1.2 ng mi™"; 80 ml loading).

. am ¥ = L340 4+ YL

ﬁ Rl=messy

g 15

% 10 = 2 mi mint
& = i el malnT

i - & mi min®
0

Fe (ug)

Flg 3. Single standard calibeation for FI-FAAS by yobume-
based boading (vartous tnse, snd Aow re),
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1.2 Specirophotometric FI system with o column
placed ai detection point

A spectrophotometric F1 system should also be
an alternative for simple instrumental iron deter-
mination. Such & system was, therefore, investi-
gated. In order to decrease the degree of dispersion
of sorbed iron from elution, a resin was placed at
the detection point in the spectrophotometer
instead of at the injection valve as previously
described. A glass column (3 mm id, x40 mm
long) was inserted at the position of the cell holder
of a spectrophotometer (Spectronic 21, Spectronic
Instruments, USA). The column was packed with
the transparent chelating resin, Chelex-100. The
chelating resin was cxpected to retain the iron
complex. After passing a solution containing fron
through the column (loading), 1,10-phenanthro-
line solution was injected via the injection valve
into the flow, and the reagent formed a complex
with the iron. Intensity of the colored complex
(red) was continuously monitored at 505 nm.

Some eluents, namely solutions of MaCl (0.1
and | M), HNO; (2 M), EDTA {1 %1077, 1 x
1077, and 1x10~' M), and EDTA in 2 M
HNOy (1x107%, 1x107% and 1x10~'M)
were tried for eluting the complex from the
column. Mone of the eluents was found to be
suitable. The (sorbed) iron=-1,10-phenanthroline
complex retained very strongly on the column (see
Fig. 6). Although HNO; (2 M) could elute froe
iron ions sorbed on Chelex-100 as reported pre-
viously [¥], it is not an effective eluent to desorb
the iron- 1,10-phenanthroline complex. Even using
another eluent, EDTA, which forms a more stable
complex with iron{Il} (the overall stability con-
stant, log f =213 [25]) than iron(I[)}-1,10-phe-
nanthroline (having log K, =log § =14.33), the
complex cannot be removed from the column.

3.3 Flow iyection spectropholometric system with
bead imjection

To overcome problem in not having a suitable
cluent as described above, the FI-BI system (Fig.
2) with similar conditions for the determination of
iron in water samples [23] was sdopted for the

determination of iron in beer, Beads were loaded
into & cell for 15 5 with 1.5% bead (Chelex-100)
suspension at a fMlow rate of 16.0 ml min™",

Single standard calibrations were obtained by
volume-based sample loading at two fow rates (3
or 6 ml min ') with the period of time 5-20 min
or 150 s—10 min, respectively (Fig. 7). A detection
limit (3 [26] was found to be 0.01 pg or 0.2 ng
mil =" with 60 mi sample loading,

4. Interference sudy

It was found in preliminery studies wsing iron
spiked beer when applying without any sample
preparation, very low recoverics, 10 and 2%, wore
obtained by using FI-FAAS and FI-BI, respec-

interference from sample matrices,

Some metal ions (Na*, K*, Ca®*, Pbi+*,
Mn**, Co'*, Mg**) and some orgamic com-
pounds (sthanol, cysteine and gallic acid) were
studied for interference and found o have no
effect in the range of concentrations presented in
beer. Tannic acid was found to affect strongly the
sorption efficiency of iron onto cationic

recoveries of irom: 30-45 and 60-66% for Fl-
FAAS and FI-Bl, respectively. Using hydroxyla-
mine could also yield 65% recovery in the
F1-Bl procedure. Ascorbic acid could reduce
iron{Ill} andlor tannic acid. Also ascorbic acid
could possibly replace EDTA and form complex
with iron [29].

:
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Fig. 6, Absorption proflle of irou~ |, 10-phenanthroline (| ug Fe mi~").
4 @ 3.5 Determinations of iron in beer samples
~
1 - tion, five beer samples were analyzed by the
! - proposed FI-FAAS and FI-Bl methods, The
. AOAC standard method [1] was also performed,
e e R T All the methods were employed by using standard

o gl
Fig. 7. Smgle sandard oalibration for F1-BI wing iron{il)
standard salation, 5 g mi~": (2) &1 & ml min—! for varios
loading times (2 min 30 s, 5 min, and 10 mis); (&) a1 3 mimis
For variows loading times {3, 10, and 20 min).

In the FI-FAAS system, both Fe{Ill} in 0.1 M
HNOy and Fe(ll) in acetate buffer resubied in
similar sorption efficiencies by the resin column.
Tannic acid affected both iron({I) and iron(I1)
similarly. Therefore iron(ll) can be used as sian-
dard iron for FI-FAAS method,

addition. Graphs of the standard addition method
were plotied, of peak height (mV) or absorbance
versus iron added (ug ml ™). Iron contents in beer
samples were calculated by extrapolating, The
resulis are summarized in Table 2. The results
obtained by the proposed FI-FAAS and FI-BI for
traces of iron agree reasonably well with those of
tho ADAC method, being within tolerances re-
quired for the beer analysis. The color of a stample
would affect the results obtained by the ADAC
method because the absorbunce measurerment was
performed using the whole solution while the resin
column in the FI-BI suppresses the contribution
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Table 2
ﬂqmuuﬁnanmmmsinhuruqhhyﬂm
ADAC standard methods fall using standard sddition)

Beer smmple Iron content {jag ml ~ ")
FI-Bl ADAC FI-FAAS
Singhe {Thalland) 0089  0UDET 0003
Heineken [Franee) Qi oges 0, ey
Ammitel (Holland) 02 boas {039
Beck's (Germumny) 013 00l LU E

Black Beer (Thalkund) 00T oM 0017

due to the sumple color. Both FI-FAAS and FI-B]
can serve a5 alternatives for the assay of the fron
content in beer. Although standard addition is still
to be performed, in comparison to the AQAC
spectrophotometric method [1], the procedures
mquimimu:hlmnﬂ:rwmufmm
indmgmumnpuntiuntiin:fmmu:lﬁnk
ilso reduced (24 and 30 injections h=' for Fl-
FAAS and FI-BL, respectively), Less glassware is
used. Both procedures offer a very cosi-effective
way to determine trace iron.

4. Conclusion

Three Fl systems for trace iron determination
were  investigated:  Fl-in-valve column-FAAS,
Epmtmphntmu*inﬂwiﬂ:umlmplmdu
the detection point, and FI-BI. FI-FAAS and FI-
munh:ahmlhrupmwdummmyhm
contents in beer, which are cost-effective, rapid,
and sensitive, especially in comparison with the
AQAC standard method. Interference due to
tannin is suppressed by adding ascorbic acid. The
procedures incorporate standard addition techni-
que.
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wmmmmmmmmm:

L. Introdection

Multidimensional dynamic surface tension de-
tection (DSTD) is based upon measuring drop
pressure with a pregsure sensor 88 & function of
time during the formation of repeating drops with
continuous flow [1 -5, Hence, DSTD measures the
pressure across the air-liquid interface of drops
that repeatedly grow and detach from the end of u
capillary tip. The pressure signal is dependant
DSTD was first used with flow injection analysis
(F1A) [1] for studying the characteristics of in-
dustrially relevant samples. A variety of useful
mformation on dynamic surface tension was
provided, such as the surface tension at the
liquid—air interface and adhesion at the solid—
liquid interface, for the rapid characterization of
complex samples. DSTD has been coupled with
hydrophobic interaction chromatography for de-
termination of surface-active species in protein
formulations [2]. A technique for calibration of
dynamic surface tension by application of the
Yum—umhanmﬁnnwumﬂyuﬂmdm
facilitating the ease of application to FIA and
HFLC. That work demonstrated that FIA/DSTD
hupmmh:u-nimrqﬁpﬁwmnltu:muuuly
of complex biological and industrial samples, The
calibration procedure has been subsequently im-
proved for rapid on-line calibration of DSTD [4],
The on-line calibration procedure is utilized in this
paper. The new calibration procedure enables the
measurement of a giver. surfactant solution in &
flowing system without the need for optical
messurements. These improvements to DSTD
increase its potential as a detector for flow-based
analytical techniques such as FIA and HPLC.

Because necarly all practical applications of
surfactants involve the use of surfactant mixtures,
the study of mixed surfactant solutions is of great
interest [6—12]. In previous work, DSTD was used
with FIA to study the interfacial properties of
various surface-active analytes in mixtures [5]. A
large volume of carrier (mobile phase) was needed

for these experiments due to the continuous flow
nature of the FIA technique. Also, individua)
concentrations of analytes were separately injected
and processed, which was time consuming. From
an analytical perspective it is desirable to further
improve the implementation of DSTD to provide
the carrier (mobile phase) consumption and redu-
cing analysis time. To this end, we report herein
the integration of sequential injection analysis
{mmn&mnsmmuuirmmm.lm,
ties of surface-active analytes in various concen-
trations of reagents. A concentration gradient of
reagent was gencrated using S1A. In concert, s
steady-state concentration of surface-active ana-
lyte was injecied to blend with the Teagent
concentration gradient. Hence, a single concentra-
tion of analyle in wvarious concentrations of
reagent was achicved, analogous to running sev-
cral reagent-to-analyte concentration blends in &
relatively shont period of time. Only a single
concentration of reagent and sample was prepared
instead of multiple concentrations as done with the
typical FIA approach. In this manner, time,
reagents, waste, and steps of data processing
were redoced,

Byrings Pumg

Fig. . The schematic dingram of SIA system wilh the dynamic
wurfnce tension dotector.
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To demonstrate the attributes of the SIA/DSTD
system (Fig. 1), the concentration gradient of
reagent was made using the SIA system, and the
steady-state concentration of surface-active sample
was injected to blend with the reagent gradient, A
concentration gradient in the range of zero to the
prepared concentration occurred by the SIA dihs-
tion phenomenon, After the blending of the
reagent and sample {(analyte) zones at a junction,
the on-line mixture was blended and dispensed to
DSTD to detect the surface pressure of the
mixture. In this work, four unique chemical
systems were selected and studied. A surface
lension addition effect will be seen with a sodinm
dodecyl sulfate (SDS) sample mined with a
Brij®35 reagent gradient. A competition surface
tension effect will be observed with a poly(ethylens
glycol) at 1470 g mol ' (PEG 1470) sumple and a
Brij®35 reagent gradient. A surface tension en-
hancement effect will be reported with an SDS
sample combined with a tetrabutylammonium
(TBA) bydroxide reagent gradient. Finally, a
binding effect is observed with the SDS sample
and & f-cyclodextrin (f-CD) reagent gradient. All
experiments consumed lesser reagent and gener-
ated less waste, while requiring i y less
analysis time than traditional FIA/DSTD.

1. Theory

DSTD is @ growing drop method utilizing a
pressure sensor. The pressure signal measured is
dependent on the surface tension properties of a
sample solution drop that grows at the end of &
capillary tip. The pressure sensor measures the
internal pressure of a growing drop relative to
atmospheric pressure as described in previous
work [4]. Surface MEASUICMCNLS Were
related by the Young-Laplace equation. The
time-dependent Young-Laplace equation Bl &=
shown in Eqg. (1):

I

=" P, 1
i) o T e (h
where P is the pressure signal, y the surface
tension, » the drop radius, and P accounts for

viscous losses in the capillary tubing and the
relative position of the sensor from the capillary
tip. Notz that P, y, and r are all & function of time,
t. Pneumatic detachment is used 1o remove the
mnpi&nm:hnmnrupilhrrﬁphd"mmum
mmmmmm;mhmngnr
the Young-Laplace equation [4.5]. Drops are
detached in a sizo regime in which they are
essentially spherical so one radius of curvature is
sufficient to apply the Young—Laplace equation.
The pncumatic detachment method will be ex-
plained in Section 3. The calculation of the
dynamic surface pressure from the measured
pressure signals has also been described in pre-
vious work [4.5]. First, the dynamic surface
pressure of an analyte, w(r),, can be defined as
th:mfnmnfmmuﬁqr{:h.mhhm
&mth:mrfanetuﬂunufﬁ:mﬁm[mnhih
phase), y(fhy. Thus, by application of Eq. (1), the
dynamic surface pressure of an analyte in the
mobile phase can be shown 1o be

O = e i)y =AML

To calibrate DSTD, a standard solution with a
kmown surface tension is measured to collect the
F(t)q signal. So, an equation similar to Eq. (2) can
be written for a standard solution =(r)s. Fimally,
the dynamic surface pressure of an analyte and
standard solution can be related to the drop
pressure data as shown in Eq. (3):

o MOl Atk — P(0,)
i)y Py - P, | (3

By using Eq. (3), the dynamic surface pressure of
an analyte can be obtained from the drop pressure,
P(r) profile data from the mobile phase, M, the
analyte, A, and the standard solution, S, of known
mﬁumr[lhlhhi;hnpmmﬁhﬂltyuf
the experimentally determined surface pressure
plots obtained using DSTD, either with or without
growth is very reproducible and thus Eq. (3) can
be used to factor out the radivs dependence term,
rir). In previous work, we rigorously evaluated the
time dependence of r{r) for the mobile phase,
typical analyte solution, and standard solution,
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The resulte of the study indicated that rr) was
essentially & constant function under & broad
range of experimental conditions employed using
pocumatic drop detachment [5], In this regard, the
role of convection is also factored oul i the
mmpaﬁmnrprmnligmhurmnﬁlnphm_
standard, and sample drops. On the other hand,
convection is taking place with DSTD similar to
the dropping mercury electrode (DME) experi-
ment. While with DSTD convection of either
muljl:nrﬂm:lurdummfrmuwirhluthﬁm
ing drop and with the DME convection occurs
from cutside the growing drop, in both experi-
ments uselul diffusion and adsorption information
is obtained in the presence of convection, since the
convective process is reproducible.
anwuumdumnhﬂ:phmmdﬂiﬂl&ﬂ
acetic acid solution with surface pressure of 10.3
dyne em~' [13] was used as standard solution
ihmithuamnumumﬁmtuuimﬂuw;hnm
drop growth [4]. Fig. 2A shows the drop pressure
profile data of the mobile vhase, P(1)y, standard
solution, P(r)s, and analyte, P(r),. For this
cxample, 3 mM SDS was used as the analyte.
The three profiles shown in Fig. 2A were then used
to caleulate the dynamic surface pressure of 3 mM
SDS as shown in Fig. 2B by application of Eq, (3).
The resulting surface pressure plot in Fig. 2B for
SDS is constant over the drop growth, indicating
that the 5DS surface activity is a fast process with
no kinctic hindrance [5]. This rapid, on-line
calibration technique enables the measurement of
surfactant solutions in a flowing system without
the need of cumbersome optical measurements and

without the need for independently measuring the
pressure offsst, Pe.

3. Experimental
J.1. Materialy

SDS (98% purity) and Brij®35 were obtained
from Aldrich (Aldrich Chemical Co., Milwaukee,
WI). Freshly prepared SDS solutions were nsed
without further purification. 5DS  solutions
handled by this procedure were previously found
to produce DSTD surface pressure results that

» A
2
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5
a ber
E 5% Acellc poid
E midll 509
-
]
0 e 10 1.5 20 25

Drop Time, eeconds

Surface Pressure, dynicm
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[T 1.5 Fx
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Drop Time, seconds

Fig, :.Dmmﬁyummwmimﬂﬂ'h
calibration procedure. (A) Overlay plots af individual drop
pﬂdhnl'mtnuﬁhm:unh].!nhlﬂﬁm
Ilﬂht},llﬂﬂ{hh'}lndi:lﬁﬂmlﬂ]-ﬂ}mm
mﬁumﬂuﬁ]nﬂﬂdmﬂmmﬂ
Eq. (3) to the drop profils data in (A),

apudwithmuﬂlﬁthnu{q.l'ﬂﬂﬁﬂlmlmp
molar mass of 1470 g mol™' (M, = 1470, M,/
H,=l.ﬂ1’jmﬂhtlludﬁml"al}'mhhmn-
lories (Amberst, MA). Tetrabutylammonium hy-
droxide was obtained from Dionex (Dionex
Corporation, Sunnyvale, CA). Acetic acid (gla-
cial), of reagent grade quality, was obtained from
Baker (J.T. Baker, Inc., Phillipsburg, NI. All
:hmhhmuﬂumﬂuimimd[m]
water, demineralized to greater than 18 MO with a
Millipore system (Millipore, Bedford, MA), was
used in the preparation of all solutions, The water
was degassed by using an witrasonic bath (Cole-
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Parmer Insirument Company, Vermon Hills, TL)
for 15 min prior 10 use.

3.2, Instrumentation

A schematic diagram of the sequential injection
dynamic surface lengion detector (SIA/DSTD)
analyoer is shown m Fig. 1. The SIA/DSTD system
operalss with three major operational stages.
First, the SIA system produces the reagent con-
centration gradient and loads the sample solution
into the sample loop. Second, the sample intro-
duction system injects & plug of sample into the
reagent concentration gradient. Last, DSTD col-
lects dynamic surface tension information on each

The 81A system employed consisied of a syringe
pump (XP-3000 Syringe Pump with a valve;
Cavro, San Jose, CA) and a six-port Lab on valve
(F1A Lab Instrument, Bellevae, WA). For the flow
lines, PTFE tubing of 0.76 mm i.d. and 1.59 mm

mw.hlﬂﬁpﬂmmkwmpm
run &t | il 3~" unless otherwise stated.

In the DSTD portion of the system, the pressure
sensor (Validyne P30 SD-20-2369; Morthridge,

CA) was configured with a sensing membrane
{(Validyne diaphragm 3-36) that was optimized for
the measurements of interfacial kinetics ar 120 ul
min~"' total volumetric flow. The sensor

tip was made from a short piece of PEEK mubing,
457 pm id. and 635 pm o.d. Pneumatic drop
detachment was performed at a rate of 0.5 Hz,
corresponding to 2 s (e 4 pl) drops at a
volumetric flow rate of 120 i min - ' A skinner

both dome with a personmal computer (600 MHz
Pentium®; Intel Corporation, Santa Clars, CA)
equipped with & data scquisition card (AT-MI0-
16XE-50; National Instruments, Austin, TX), The
data were averaged down to 100 points + ™' prior
o u.vhg.l}lum[h:-unnudhmmml
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Imjection valve position  (Commestary

Table |

SIADSTD mathod operatsom

I = Valve in Aspirabe: 500

i 1 Valve oul Drmpense: 300 pl

i 3 Vislwe oat Ausprirate: T00 pl

x' 'E Valwe in Fill myrings

- SR | Valve oun Diespense 700 ul

g 1 Valwe oui Driapeensec 300 ul

T 4 Valve oul Aspirate

B - Valve im Filll myringe

2 Valve gul Deispeemes: 300 pl, Jplg ™!
1] - Valbve im Fill syrmpe

n o Valve oui Diispense: 1000 ud, | gila™"
iz i Valve im Fill syringe

11 Vilve out Dvispenie; |00 pl, 20 s~
i4

Fliaghes mmple loap

Loads sample {nio sample Inop
Fills pamp with water

Fills the sample into loop
Pushes sobution residus 15 wasis
Lomds reageil

Fills pump with waizs

Makes & reageni dibdison gradiend
Fillls purmp with waier
Drtezgs the surface presssne
Fills pump with water

Flushes systean

Repeais w times from sep |

FITERRERRRERR

'Hvﬂupﬂﬂnll}mmmhmwmum{ﬂmﬂ{ﬂ-ﬂﬂm

to DSTD for surface tension detection. A complete
SIA cycle is described in Table 1.

The solution flowed out the end of the tip at a
flow rate of 2 ul 5~ {each syringe pump was run
with a Mow rate of 1 ul 5~ "). The key steps of the
procedure are described in Table | and summar-
ized here. In steps 1-6, the sample solution is
loaded in the 500 ul sample loop by aspiration of
700 pl sample solution into the holding coil with
SIA syringe pump. Then, the aspirated sample
solution is dispensed to the sample loop. Thus,
sample solution in the loop is ready and waiting
for the injection step. In steps 7-10, the desired
aspiration volume of reagent is aspirated to the
holding coil and then the solution in the holding
coil is dispensed through the first mixing coil with
& flow rate of 20 ul s~ and stopped in front of the
Tee connector. Then, in step 11, mubtiple-drop
pressure measurement of the solution is obtained.
In this step, the SIA syringe pump with 1000 ul
gradient solution at flow rate of 1 pl s~ is started
and the injection valve is switched to the injection
position simultancously, to allow the sample
solution to overlap with the concentration gradi-
ent at the Tes connector. This mixture is then
passed through the second mixing coil and then
through DSTD. Finally, in steps 12 and 13,
flushing of the flow lines is done with 1000 pl of
deionized water used to flush the system.

4, Resultz god discossion

4.1. Kimetic surface presyure behavior of SDS with
a Brif®35 concentration gradient

The development of SLA/DSTD for studying the
interfacial properties of surface-active analytes
The developed method was initially applied for the
study of the interfacial propertics of a surfactant
mixture containing SDS and Brij®35. The signal
profile results of Brij®35 concentration gradient
mixed with an SDS sample are shown in Fig. 3. In
Fig. 3A, surface pressure plots at drop detachment
of water baseline, 2 mM SDS alone, 200 ppm
Brij®35 alone, SIA on-line blending of SDS and
Brij®35, and the signal addition of SDS and
Brij®15 are shown. In this experiment, SDS elutes
23 & sample plug and contains a steady-state region
in the center of the plug. Brig®15, on the other
hand, clutes a5 & concentration gradient that
begins after the SDS plug. Now, discussion of
Fig 3A is facilitated by dividing the plot into four
time periods. In the first period, 0200 s, the signal
shows the dynamic surface pressure of water only,
since neither the injection plug nor the concentra-
tion gradient has reached the detector. In the
second period, 200320 s, the initial SDS injection
plug zone passes through the capillary tip and the




