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Abstract

Theearliestreportsof integratedchemicalsensor–actuatordevicestoperformcoulometricacid–basetitrationsdatebackalmost20years.
Recentlya first commercialinstrumentappearedthatallows to performvery rapid,accurateacid–basedeterminationswith a solid-state
probeandnoneedfor liquid titrants.Thispaperreviewssomeof theearlydevelopmentsandshows theeffort thathasbeenundertakento
bring this technologyto routineusein theanalyticallaboratoryandbeyond.
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1. Introduction

Theareaof solid-statetransducersbeganits development
about40 yearsago,moreor lessasa logical consequence
of the emergenceof planarphotolithographicprocessesfor
microelectronicdevices.At thebeginningof theeightiesthe
field really startedto eruptwith therealizationthat in order
to take advantageof the rapid progressin microcomputers
andmicroprocessors,peripheraldevices,i.e.,sensorsandac-
tuators,neededto follow suit.Theinterfacingof electronics
to a non-electronicworld [1] becamea growing topic that
by its very natureattractedscientistfrom many disciplines
and to this day remainsan exciting area.The conversion
of signalsinto the electricaldomainwas nicely illustrated
on the cover of the Transducers’83 AbstractBook shown
in Fig. 1. The diagram,that shows conversionin only one
direction and thus symbolizessensors,was madeinto the
official flag for theconferenceseries.

With the emergence of “transducerscience” the idea
that sensorsand actuatorscould be regardedas electronic
devices[2] andcould be integratedinto electronicsystems
slowly took hold. (It was not until theearlyninetiesthatthe
term microsystem technology startedto comeinto vogue.)
In oneof thepioneeringpapersby MiddelhoekandNoorlag
[3], solid-statetransducersarecategorizedaccordingto the
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signal conversionfrom a physical (in the widest sense)to
theelectricaldomainandvice versa,asillustratedin Fig. 2.
It wasPietBergveldwhogot inspiredearlyonto exploit this
reciprocitybetweensensorsandactuatorsin orderto create
chemicalsystemsto modulatepH [4]. Otherthanaunidirec-
tional flow of informationasillustratedin Fig. 3a, Bergveld
proposedto integrateachemicalactuatorwith thesensorand
usea closedloop controlconfigurationasshown in Fig. 3b.

By feedingback information into the chemicaldomain,
theintegratedsensor–actuatorsystemallows themonitoring
of chemicalreactionsandthusnot only changesthe nature
of, but alsodrasticallyincreasestheamountof information
that canbe obtained.The first reportedapplicationwas an
acid–basetitrationsystemintegratedin aflow-throughchan-
nel [5].

Following thatinitial work, chemicalsensor–actuatorsys-
temshave beenutilized for a numberof differentapplica-
tions,many of themin Bergveld’s groupassummarizedin
a 1995 review [6] but also by others[7,8]. Only recently
the original ideasreappearedin a commercialproductby
ThermoElectron,theOrion FLASH TitratorTM (patentsap-
plied).Thesuccessof thecommercialproductdevelopment
cancertainlybeattributedto thecreationof a largeknowl-
edgebaseand the possibility to programspecificanalysis
methodsin the instrument.Acceptanceof a groundbreak-
ing new analyticaltechniqueis only possiblewhentheuser
doesnothave to becomeanexpertbeforehecanoperatethe
instrument,a statementthatcanbeheldtruefor many other
applicationsof advancedmicrosystemtechnology.

Published in Sensors and Actuators B: Chemical 105, issue 1, 89-89, 2005
which should be used for any reference to this work
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Fig. 1. Signal transduction in solid-state sensors.

This paper will reflect on a number of the developments
in the chemical sensor–actuator field and describe some of
the features of the Orion FLASH TitratorTM.

2. Coulometric titration

Direct measurement of the pH of a sample with a po-
tentiometric sensor such as a glass electrode or an ISFET
only gives limited information about the composition of this
sample. The actual pH depends on the nature of the pro-
tolytes present and also on the sample matrix. Moreover, the

Fig. 2. General representation of the measurement and control-systems field (from[3]).

Fig. 3. Unidirectional information flow in a chemical sensor (a) and mod-
ulation of the chemical environment with an integrated sensor–actuator
system (b).

accuracy of a direct measurement is limited since a 1 mV
measurement error already represents an error of 4% in con-
centration for a mono-valent ion and potentiometric sensors
therefore require a regular calibration. In many practical
applications, the acid or base content of samples is there-
fore usually determined by titration with known standards,
which results in a much better accuracy. In automated titra-
tion equipment, potentiometric sensors are often used as a
convenient means to monitor pH changes as a function of
reagent addition so that the end-point of the reaction can be
accurately determined. In that case, only relative changes in
pH are relevant so that calibration of the sensor becomes
superfluous.

In a typical volumetric titration the volume of liquid titrant
required to neutralize the acid or base in a sample, or to ad-
just its pH to a specified value, is measured. In a coulomet-
ric titration the titrant is generated electrochemically and the
quantity of electric charge is measured.

Basic or acidic titrant is generated according to the fol-
lowing reactions:

Reaction 1 : Electrochemical generation of base

2H2O → 2OH− + H2 − 2e−

Reaction 2 : Electrochemical generation of acid

H2O → 2H+ + 1
2O2 + 2e−
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In aclassicalvolumetricor coulometrictitrationall of the
samplesolutionreactswith the titrant andthe end-pointof
the titration is reachedwhenthe reactionis complete.The
titrant hasthereforeto behomogeneouslymixedby stirring
thesamplesolutionanda typical titration takesin theorder
of a numberof minutes.On sucha time scale,theresponse
time of theend-point-detectingsensorcanbein theorderof
seconds.It wasrecognizedearlyonthatarapidlyresponding
pH-ISFETcanbe advantageouslyusedin placeof a glass
electrode[9] andin thatcase,mixingof thesolutionbecomes
the limiting factor.

Whentheanalysisvolumeis sufficiently scaleddown,dif-
fusion can be usedas the principal way of mixing, which
hastwo advantages.First of all it is very simple as it re-
quiresno mechanicalmeansto agitatethesolutionbut most
importantly, underagivensetof conditions,it is very repro-
ducible.

The first coulometricmicro titration experimentsas de-
scribedin Ref. [5] were performedin a constrainedvol-
umedefinedby theareaof thegeneratingelectrodeandthe
heightof aflow channel.A numberof definedcurrentpulses
were injectedand the resultingpH changeswere recorded
after someseconds.The magnitudeof the pH changescor-
respondedto aperfectlymixedvolumeasdefinedby thege-
ometricalconstraintsso that in principleno calibrationwas
required.Thedisadvantageof this “static” methodwas that
the measurementof eachpoint of the titration curve took
several secondsso that the total analysistime was still in
theorderof minutes.

A fastertitrationmethodis to dynamicallyobservethepH
changein thesampleduringtheinjectionof a currentpulse

Fig. 5. FLASH Titration chip layout. The dotted line delineates the section of the chip shown inFig. 6a–d.

Fig. 4. Dynamic coulometrictitration aceticacid (0.005M) in a 30-�m
high flow channel(from [5]).

as was demonstratedin the samepaper[5] and illustrated
in Fig. 4. With this so-calleddynamicmeasurement,mix-
ing is taking placeduring the recordingof the pH change
and while the titration times dependlinearly on the acid
concentration,the injectedcharge at the equivalencepoint
no longercorrespondsstoichiometricallyto theacidpresent
in the constrainedvolume. The time to reachthe equiva-
lencepoint is now determinedby diffusion of the reacting
species.Whenthis is thecase,a furtherstepto simplify the
titration set-upis to eliminate the flow channeland place
the sensor–actuatorchip in free solution so that the mass
transfernow becomescompletelydefinedby semi-infinite
diffusion [10]. The volume in which the titration takes
placeis no longerfixed but expandswith the lengthof the
titration time. However, sincediffusion in a given solution
matrix at a given temperatureis perfectly reproducible,
the accuracy of this titration methodis excellent.Recently,
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the “titration-on-a-chip” has becomeavailable as a com-
mercial product,the Orion FLASH TitratorTM by Thermo
Electron. In the next sectiona numberof the featuresof
this instrumentwill be described,someof the following
figures and descriptionsappearedpreviously in reference
[11].

3. The Orion FLASH Titrator

Fig. 5 shows thelayoutof theFLASH Titration chip with
key titration featuresidentified. The two critical elements
arethe pH-sensitive ISFET gateandthe adjacentplatinum
generatingelectrode.The reactionschemeshown is a total
acidity titration with Reaction 1, generationof basictitrant,
occurringat theelectrodeadjacentto the ISFET, andReac-
tion 2 occurringat the remotecounterelectrode.The chip
is mountedat theendof 12-mmprobethat is dippedin so-
lution like a conventionalpH electrode.Thesolutionis then
allowed to becomequiescent.The titration processis illus-
tratedin Fig. 6a–d. At 1, 2, 3, and 4s into the titration, a
zone of neutralization can be seenspreadingby diffusion
from thegeneratingelectrode.This zonespreadsinto more
andmoreof thenano-volume elementsensedby theISFET.
Below eachillustration is a developing titration curve—a
plot of pH versustime—andits first derivative. At 3s, the
end-pointhas just beenpassed—thetitration is complete.
Thepeakon thefirst-derivative curve indicatesthetime co-
ordinateof the inflection.The rateat which the pH change
radiatesdependsin a predictableway on the sampletotal
acidity (or alkalinity). Fig. 7 shows FLASH Titration curves
and first derivatives for three concentrationsof the weak

Fig. 6. DynamicFLASH titration process. The upper four frames show the section of chip surrounded by the dotted line inFig. 5. As the titration
proceeds, the “zone of neutralization” spreads by diffusion into the volume element contacting the ISFET. An inflection time in the pH vs. time curve
is proportional to total total acidity.

Fig. 7. FLASH Titration curvesandfirst derivatives for 2, 10, and20mM
HIBA (backgroundelectrolyte,0.1M KNO3; current,20�A).

acidhydroxyisobutyric acid(HIBA). End-pointtime (EP)is
plottedversusconcentrationin Fig. 8. Reasonablelinearity
is seenover the rangeof 2–20mM HIBA with a titration
currentof 20�. Dependingon thecompositionof thesam-
ple solution,parameterssuchasviscosityandionic strength
may vary and have someinfluenceon the end-pointtime.
Therefore,for particularapplicationsa matrix factoradjust-
mentis utilized aswill beexplainedin moredetail in a later
section.

Unlike a coulometric titration, there is no attempt in
FLASH Titration to equatea quantity of electric charge
with a chemicalquantityor concentration—itis time that is
measured,not charge. So long ascalibrationis carriedout,
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Fig. 8. Calibration curve with matrix factor adjustment.

FLASH Titration does not require 100% current efficiency.
And because products generated at the counter electrode
do not have time to diffuse to the ISFET during the titra-
tion, there is no need to provide an ion barrier such as a
salt bridge or membrane as is required in a conventional
coulometric titration.

4. Practical application of FLASH Titration

Fig. 9 is a depiction of theFLASH Titration apparatus.
The basic elements are a probe and a meter—as simple as
the equipment used to measure pH. A probe stand and stirrer
are included and will be discussed below. Autosampler and

Fig. 9. Orion FLASH Titration equipment by Thermo Electron.

computer/printer interface accessories are shown but are not
necessary to performFLASH Titration. In addition to titra-
tion, the system can be used to measure pH, conductivity,
and temperature.

A typical FLASH Titration run using the described appa-
ratus takes about 30–10 s of stirring to disperse carryover
from the previous sample, 15 s waiting to allow the solu-
tion to become quiescent, and 5 s for the titration. A unique
aspect ofFLASH Titration is that it is non-destructive, un-
like volumetric or coulometric titrations where the acid (or
base) in the sample is neutralized after the titration. In this
case only some tens of nanoliters are converted in a total
sample volume of several milliliters, which allows a user to
repeat the titration in the same beaker when the solution at
the surface of the probe is replaced by stirring. Although not
exactly equivalent to running a duplicate sample where er-
rors in sample preparation or dilution might be uncovered,
repeating the titration does give an improvement in preci-
sion. Precision improves in proportion to

√
n, wheren is the

number of runs. A typical precision forFLASH Titration is
less than 1%. If a 1% titration is repeated three times (n =
4), a precision of 0.5% can be expected. In other words,
by allowing the time per sample to increase from 30 s to
2 min, precision can be improved by a factor of two. As
discussed further below, theFLASH Titration apparatus is
autosampler-compatible. In automated titrations, the disad-
vantage of longer analysis times per sample is mitigated by
the advantage of unattended operation.

Calibration of theFLASH Titration probe consists of
running two or more known total acidity (or alkalinity)
solutions, and allowing the meter to calculate the slope
and intercept values of a calibration curve. In simple cases,
probe calibration is all that is necessary before moving on
to sample analysis. For example, the curve inFig. 8 could
obviously serve as calibration for the determination of the
total acidity of HIBA solutions.
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Analysis of complex samples requires an additional
step.FLASH Titration is a diffusion-regulatedprocess.The
rate at which the zoneof neutralizationspreadsfrom the
generatingelectrodedependsuponthediffusioncoefficients
of the electrolysisproductsthat are diffusing outward as
well asthediffusioncoefficientsof thesampleacidsor bases
thatarediffusing into thezoneof neutralization.Therefore,
the end-pointtimesfor the sameconcentrationof different
acidsor basescandiffer slightly. Also, moregeneralsam-
ple matrix effects can occur. For example,diffusion rates
areaffectedby viscosity, so viscoussamplesmay readdif-
ferently from non-viscoussampleseven if the total acidity
(or basicity)is thesame.Temperaturealsoaffectsdiffusion
ratesandalthoughthis effect is not large, it is best,just as
in anISE measurement,to calibrateandmeasureat approx-
imatelythesametemperature.Finally, thetitrant generation
currentefficiency maybe lessthan100%in somesamples.

All of theabove effectsaretakencareof by a procedure
known asmatrix factor adjustment. Matrix factoradjustment
is acalibrationstepthatis specificto aparticularapplication.
It consistsof runninga sampleof the productto be tested
that hasbeentitrated volumetrically and labeledwith the
correcttotal acidity or alkalinity value.In Fig. 7 thematrix
adjustmentfactorcanbeseengraphicallyasa shift or offset
in thecalibrationcurve thatbringsFLASH Titration results
into closecorrelationwith volumetrictitration resultsfor a
particulartypeof sample.

Probecalibrationandmatrixadjustmentcanoftenbecom-
binedinto asingleprocedure.Oneusercontrolstheblending
of a soft drink syrupconcentratewith waterby determining
the total acidity of the product. Insteadof calibrating the
FLASH Titration systemwith threeknown standards,such
asHIBA solutions,andthenadjustingthematrix factorwith
a volumetrically titrated soft drink, shekeepsa sampleof
properly diluted syrup, one that is 50% of the target, and
onethatis 200%.Shelabelsthem50,100,and200anddoes
a three-pointcalibrationinputting thosevalues.The instru-
mentthenreadsout her unknown samplesdirectly in units
of percentof target value.Any samplewith a readingbe-
tween95 and105 is OK.

In the FLASH Titration systemthe titration currentcan
be manipulatedin threeways. It’s sign or polarity can be
changed,its magnitude canbe increasedor decreased,and
theusercanchoosebetweena constant current andcurrent
ramp.

Thedesiredpolarity of the titration currentdependssim-
ply on whetheroneis titrating anacidicor basicsample.A
cathodiccurrentis chosenfor titrating acidssincebasewill
begeneratedaccordingto Reaction 1. An anodiccurrentis
chosenfor titratingbaseswith acidsgeneratedin Reaction 2.

The magnitudeof the titration current dependson the
rangeof acidor baseconcentrationsin thesamplesto bean-
alyzed.It hasbeenfoundthatbestresultsareobtainedwhen
theend-pointtimesrangebetweenabout0.5and10s.At less
than0.5s theaccuracy suffersbecausethetime measuredis
soshort.At greaterthan10s,thediffusionzonein whichthe

titration takesplacepenetratesmoreandmoreinto thesam-
ple solutionandat somepoint the resultbecomessensitive
to uncontrolledconvectionandthereforelessaccurate.The
FLASH Titrationsystemallowstheusertochoosebetween3,
20,and100�A constantcurrentand4, 8, or 12�A/s current
rampin orderto encompassa wide rangeof concentrations.

The mathematicsof diffusion is complex but very effec-
tive in describingthe behavior of simple systemssuchas
FLASH Titration. Olthuis et al. [12] have shown that a rel-
atively simpleone-dimensionalmodelis perfectlyadequate
to predict end-pointtimes for different samples.The sim-
plestcasefor a FLASH Titration is wherea strongacid is
determined.Up to thepoint wheretheend-pointis reached,
the processis almostentirely governedby the diffusion of
free hydroniumions to the surfaceof the sensorchip and
the end-pointtime thereforevarieswith the squareof the
acid concentration.The reactionproductof the titration is
in this casewater, which hasno influenceon the evolution
of thepH-change.Whena weakacid is titrated,theprocess
is somewhatmorecomplex as it is determinedby diffusion
of theacidto thesurfacebut at thesametime alsoby diffu-
sionof thereactionproduct,theconjugatebaseof theacid,
into thesolution.

In practice,for thetitrationof aweakacidthedependence
of theend-pointtimeonconcentrationis verycloseto linear
as illustratedin Fig. 8. The methodof choicefor this type
of titration is thusto usea constantcurrent,the magnitude
of which can be selectedin relation to the expectedacid
concentrationin orderto assurea titration time in therange
of 0.5–10s.For thetitration of a strongacid,thepH change
is mainly determinedby diffusion of hydroniumions and
thus proportionalto the squareof the concentration.This
non-linearcalibration is inconvenient but also leads to a
lossin sensitivity andrange.Whenthegenerationcurrentis
variedwith the squareroot of time, the resultingend-point
timeswill dependlinearly on concentration[13]. Practical
experimentswith theOrionFLASH Titratorhaveshown that
the simpleapplicationof a linear currentrampis sufficient
to bring linearity andrangewithin acceptablelimits.

5. FLASH Titration methods

In orderto make FLASH Titration aseasyaspossibleto
apply to real sampleswithout having to worry about“con-
stantcurrents”or “currentramps”,30specificmethodshave
beenpre-programmedat the factory into the FLASH Titra-
tionmeter. Methodnumbers1 through12arecalledtemplate
methods.Thesearegenericandintendedto be usedasthe
first stepin the developmentof a methodfor a specificap-
plication.Methods13 through30 arespecificapplications.

The12 templatemethodsarelistedin Table1 alongwith
all of the specifiedparameters.The basic idea is for the
userto selectthe templatemethodthat looks most appro-
priate for his or her sample.Any or all of the parameters
canbechangedby going into theset-upmenuin themeter.
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Table 1
Templatemethodsand their parameters

Method
number

Method name Acid/base Concentration
range (mM)

Current Stir
time
(s)

Wait
time
(s)

Titrate
time
(s)

Number
of runs

End-point
range (s)

1 Weak acid low range HIBA 0.1–2 Cathodic constant 3�A 10 15 5 3 2–6
2 Weak acid mid range HIBA 2–20 Cathodic constant 20�A 10 15 5 3 0.5–4
3 Weak acid high range HIBA 10–100 Cathodic constant 100�A 10 15 5 3 0.5–4
4 Strong acid low range HCl 0.5–10 Cathodic ramp 4�A/s 10 15 5 3 1.5–7
5 Strong acid mid range HCl 2–20 Cathodic ramp 8�A/s 10 15 5 3 2–7
6 Strong acid high range HCl 10–50 Cathodic ramp 12�A/s 10 15 5 3 3–9
7 Weak base low range NaHCO3 0.1–2 Anodic constant 3�A 10 15 5 3 0.5–2.5
8 Weak base mid range NaHCO3 2–20 Anodic constant 20�A 10 15 5 3 0.5–2.5
9 Weak Base High Range NaHCO3 10–100 Anodic constant 100�A 10 15 5 3 0.5–2.5

10 Strong base low range NaOH 0.5–10 Anodic ramp 4�A/s 10 15 5 3 1–6
11 Strong base mid range NaOH 2–20 Anodic ramp 8�A/s 10 15 5 3 2–8
12 Strong base high range NaOH 10–50 Anodic ramp 12�A/s 10 15 5 3 2–8

Once a parameter has been changed, the user can save the
method under a new number. This way, methods specific to
a variety of samples can be stored in the meter and called
up when needed.

In addition to the 12 template methods, 18 specific ap-
plication methods for the food and beverage industry are
pre-programmed into the meter. These methods are listed in
Table 2.

Each method also has associated with it the default cali-
bration constants and matrix factor. Even if a user does not
change the operating parameters from the default values for
a pre-programmed method, the meter will force the user to
save the method under a new number if a calibration or ma-
trix factor adjustment has been carried out. That way, the
pre-programmed methods are never compromised.

In addition to developing his or her own specific appli-
cation methods, a user has an option of downloading new
methods from theFLASH Titration website[14].

Table 2
Pre-programmed, specific application methods

Method
number

Species Sample (ml (g))
per 100 ml of
solution

Species
type

Template
method
number

Standards Standard
concentration
used (mM)

13 Orange drink 10 Weak acid 2 HIBA 5, 10, 20
14 Apple juice 20 Weak acid 2 HIBA 5, 10, 20
15 Red wine 20 Weak acid 2 HIBA 5, 10, 20
16 Clear soft drink 50 Weak acid 2 HIBA 5, 10, 20
17 Cola 90 Weak acid 2 Phosphoric acid 8, 10, 15
18 Sports drink 25 Weak acid 2 HIBA 5, 10, 20
19 Tomato juice 25 Weak acid 2 HIBA 5, 10, 20
20 White grape juice 20 Weak acid 2 HIBA 2, 10, 20
21 Red grape juice 10 Weak acid 2 HIBA 5, 10, 20
22 Cranberry juice 10 Weak acid 2 HIBA 2, 10, 20
23 Iced tea 50 Weak acid 2 HIBA 5, 10, 20
24 Ginger ale 50 Weak acid 2 HIBA 5, 10, 20
25 Orange soda 50 Weak acid 2 HIBA 5, 10, 20
26 Ketchup 4 (g) Weak acid 2 HIBA 5, 10, 20
27 Cider vinegar 1 Weak acid 2 Acetic acid 2, 10, 20
28 Milk 75 Weak acid 2 HIBA 5, 10, 20
29 White wine 20 Weak acid 2 HIBA 5, 10, 20
30 Mayonnaise 10 (g) Weak acid 2 HIBA 5, 10, 20

5.1. High-throughput titration

BecauseFLASH Titration is so fast compared to conven-
tional titration, users will be able to move more samples
through their labs than ever before. TheFLASH Titration me-
ter is capable of interfacing to a versatile XY sample changer
allowing unattended analysis of samples. Even allowing for
the time it takes for the probe and stirrer to be transferred
between solutions, over 60 samples/h can be titrated.

5.2. Outlook

Integrated coulometric sensor–actuator devices have been
around for close to 20 years but it is only through a con-
siderable product development effort that these systems are
now coming to commercial bloom. TheFLASH Titration
instrument described in this article is the first of its kind
and only scratches the surface of what the technology is
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ultimatelycapableof. Thepresentsystemis limited to total
acidity/total alkalinity, equivalence-point(first derivative)
titrations.In the future look for multiple equivalence-point
andfixedend-pointacid–base,aswell asredox,argentomet-
ric, andconductimetricFLASH Titrations.Applicationswill
move out of the laboratoryas well. The absenceof liquid
titrant makesFLASH Titration ideal for on-lineprocessand
on-site field applications.In flow-through configurations
or with specializedsamplehandling equipmenttitrations
canbe madeeven faster. Adventuroususerswill find they
can titrate a single drop of liquid or the surfaceof a gel.
Rapid, non-destructive titrations in microtiter plates will
becomepossible.Clearly, microfabricatedsensorstructures
combinedwith electrochemicaltitrant generationcanbring
titration to new levels.
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