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Abstract

The topic of acid-base reactions is a regular camapb of many chemistry curricula that
requires integrated understanding of various aoéastroductory chemistry. Many students
have considerable difficulties understanding thecepts and processes involved. It has been
suggested and confirmed by research that studesgsbm benefit from computer-supported
activities such as data logging, simulation and etiad. In this paper we review the different
methods of using computer acquisition and moddingxamine acid-base titration and we
discuss how a versatile, integrated computer lagranvironment can be successfully applied
to this end. The environment integrates, amond®trathings, measurement, a control tool,
and a modeling tool: using an inexpensive step-mbtwet, automated pH measurement in
acid-base titration can be realized and measurtiedoda then be compared graphically and in
tabular form with data computed via the (text-bagedraphical) system dynamics modeling
tool. In this paper we discuss concrete exampédgern from an in-service teacher training
course and culminating in the student practica¢gtigation of analysis of acid in soft drinks.
We also show how computer algebra can assist tbtfiea mathematical formulas needed for
computing a titration curve. We discuss the designstructional materials and the didactical
approach of integrating data logging and modelmagdid-base chemistry education.

Introduction

The topic of acid-base reactions is a regular camapb of many chemistry curricula. This
topic requires integrated understanding of variagsas of introductory chemistry. Many stu-
dents have considerable difficulties understandiagcepts and processes involved in this
topic. For example, students often have difficsliie understanding

o and distinguishing between different acid-base riso phenomenological level as prop-
erties of substances, at phenomenological andcpkte level by the Arrhenius model,
and at particulate level via the Brgnsted-Lowry elodnd the more advanced Lewis
model}*!, models which may be treated in the chemistrybioks for grade 12 and
university chemistry students in an incoherent fvyhat leads the teacher’s pedagogical
content knowledge in the wrong directibh;

amphoteric substances and in particular undersigngiater as an acid or a base depen-
ding on reaction conditiort¥;

the difference between acid strength and concémtr&t”

the pH scale, e.g., understanding the inversea@gatithmic nature of the pH scdfé;

the change of the value of pH during a titratfn;

the meaning of neutralization*"

the difference between ‘equivalence point’ and treypoint’ (pH = 7) in acid-base titra-
tion*3 Students assume that acid-base reactions alwsyi irea neutral solution;

o
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o the calculation of a single curve via separateutatons for different stages of titration,
using different sets of simplifying assumptidts-°!

o the acid-base terminology and distinguishing betwsmgentific and everyday languad®;

o chemical change and equilibridft?*”

Many of the referred research papers about theestsddifficulties in understanding of ti-
tration and related acid-base phenomena contailsubgestion that students can benefit, at
secondary school level and beyond, from computppstded activities ranging from
computer-assisted instructid®, data logging (MBL & CBL) °?¥ and spreadsheet
calculation§>2% to simulations and computer modeffi§*. Sheppard stated it explicitly
as follows: “This research suggest that MBLs, with their reahe display of results and
almost immediate feedback, when used with predictimbservation — explanation (POE)
techniques can provide a powerful tool for probistgdent conceptual understanding of a
variety of topics. Student understanding of othezaa of chemistry could be similarly
investigated.” Nakhleh and Krajik?3® investigated how different levels of information,
presented by various technologies, affected thasfaf high school students’ observations
during the process of titration and how they infloed the students’ understanding of acid-
base and pH concepts. They found that studentgy MBL focused primarily on the pH
titration graph, whereas other groups exhibited tiplel foci, and that the order of the
influence of technology on understanding was MBLchkemical indicator > pH meter.
However, Suits, Kunze and Didtk found that even successful chemistry studentsessss
misconceptions regarding the particulate leveltration experiments and they noted that use
of MBL technology does not automatically conjure iogages of interactions of ions at the
particulate level. They identified the need to céenpent MBL technology with interactive
multimedia simulations that represent the phenomédiging studied with MBL in the labora-
tory. Thomaset al® reported that students from a typical secondanpaicin Hong Kong
who studied acid-base equilibrium via MBL identifisimilar benefits for their learning as
MBL advocates. But they also identified issuestesldo (a) lack of technical familiarity with
the MBL, (b) differences between using computersame and the MBL, and (c) the nature
of learning occurring through the use of MBL. Wisatlear from this and other studies is that
it should not be assumed that students would itlgthe competent and confident in the use
of MBL and have a nice range of understandingsobénefits. What strikes us is that in these
studies, the possibility of using system dynamicsutation and modeling software like
STELLA or Powersim for the calculation of titratimurves and for the comparison of real
data with modeling results seems to have beenaertl or not promoted. In this paper we
pay attention this.

Another point of discussion is that we think trdgspite the continuous growth of ICT use
in chemistry education, still insufficient light f&een shed on the several layers of complex-
ity of scientific instrumentation and software whiecomes to real use by secondary school
teachers and students in the classroom. Compusexdddaboratory experiments can only be
realized when students and teachers get ample topgiges to acquaint themselves with
equipment and software. But time is a limited reseun education, especially at secondary
school level. Here every subject taught competés @thers that may come from completely
different fields. One better spends time and eféoriearning to work with tools that can be
re-used over and over again in a variety of teaglind learning circumstances, including
many science fields. This could also contributéhtorealization of transfer of knowledge and
skills between the sciences.

With this in mind, the use of graphical calculai@sgmented with measurement tools, and
the use of spreadsheets combined with data callegrograms on a computer have been

" MBL (Microcomputer-Based Laboratory) and CBL (Galtor-Based Laboratory) are devices that colletad
with various probes and then store the data imtonaputer or calculator for data representationaralysis.



advocated. But from our point of view, these tdolsn more or less a grab bag of equipment
and software that do only part of the job, do notkmvell together, are still limited in scope,
cannot be easily adjusted to the appropriate lef¢he students, and provide students an
inadequate picture of what is in reality used om shop floor of laboratories. What is more
beneficial is an affordable suite of adjustabldgdbat match well with one another, or even
better an integrated computer workplace that camudea in all mathematics and science
disciplines at various levels of education — frormary school up to university — so that a
growth path for students can be realized. Sucleswf tools and more complete learning
environments exist at preseft.

In this paper we discuss what can be realized sSingle computer learning environment
that integrates many tools. We will use Co&&hwhich is widely used at secondary schools
in the Netherlands and in other countries, witheegions towards primary education and
higher education. It has been developed for edutaltipurposes, offering students genuine
scientific experiences, but as we will see it hlteng resemblance with present-day pro-
fessional tools. Coach can be briefly described asrsatile learning and authoring environ-
ment for mathematics, science, and technology ewunctnat integrates tools for
0 Measurement — online and offline with interfacestadoggers, and sensors;

o Control of devices (e.g., motors) and processes, @utomated titration);

o Data video — measurement on digital video clipgpii@ang of own movies included) and
digital images;

Processing and analysis of data (e.g., data srmapttiifferentiation, regression analysis);
Modeling (text-based, equation-based, and graphjgaitoach to system dynamics;
Simulation and animation of modeled phenomena;

Representation of measured data and computedségtdphs, tables, meters, etc.);
Authoring by instructors and students (formattedsemultimedia components, hyperlinks
to external resources, etc.).

The instructional module presented in this papéarsfactivities in which students mainly
use measurement, control, data processing, modelimtjauthoring tools to analyze acid-base
reactions and differences in behavior of strongwadk acids in solution. The work was de-
veloped during the Socrates Comenius project ‘ITU8 — Information Technology for Un-
derstanding Science’. This projé€ttook place between 2005 and 2008 and aimed tgmlesi
a modular in-service training course for scien@ehers and to create the supporting course-
ware materials. The distinctive feature of thisjgco was that it brought together teacher
trainers, science education researchers and clumcdevelopers with extensive experience
in innovations with information and communicatioectinology (ICT). The project was
founded on the belief that there is an unfulfillezkd for teacher training materials to promote
the implementation of ICT tools that serve for damsting new information and under-
standing. The ICT tools concerned are mainly thoselving data logging, simulation and
modeling. The purpose of this approach was explitd promote teachers' and students'
thinking about the meaning of data, employing thegiple of social constructivism.

O O O0OO0Oo

Data Logging with an Automated pH Titration System

Traditionally, in a laboratory experiment of acidde titration performed with a buret — pH

meter system, a student delivers small incremenbgwise at times, from a buret, records pH
as a function of titrant volume (perhaps CBL-basedhd constructs the pH versus volume
plot for further analysis to determine the unknoeoncentration of the sample and/or the
ionization constant of the substance in the sanifie. data analysis can be done by pencil-
and-paper, with the help of a graphing calculatoryia a spreadsheet. However, doing both
the data logging and data analysis on a computardimgle environment has the following

pedagogical advantages: it eliminates tedious apéititious operations, allowing the students



to concentrate on data analysis, on design of @rpets, and on comparison of measured
data with predictions from a chemical model. Initidd, use of an automated pH titration
system offers students the opportunity to work aiyewith high-quality data in much the
same way as is practiced in professional chemiabgratories. They learn then how a com-
puter is not only used to measure data via senbatslso can simultaneously control addi-
tion of reagents. Last but not least, in an inteEgtaomputer environment students can proc-
ess and analyze their collected data and repartfthéings. All this is not still in the future at
secondary school level, but already available.&s@mple, Witteck and EilKE! presented a
field tested lesson plan that follows a new andouative approach to learning acid-base
chemistry through an instructional model based midaalized company, Max Sour Ltd, in
which students learn besides chemistry how proseissa company occur. In this ‘learning
company’ approach students’ learning takes comlglgikace via simulations of practical,
profession-oriented tasks in business. This putsenemnphasis on student activity in the
planning, evaluating and reporting phases of exrpanmis. In this instructional setting it is
natural that students’ laboratory techniques woléd similar to professional laboratory
methods. The Coach learning environment would italsle for this approach.

Figure 1 is a screen shot of a Coach activity, imictv an inexpensive step-motor buret is
used to control accurately titration of a stronglagth a strong base. We show the activity in
the format as it was prepared for students’ usthbyauthor of the activity. This author could
have been a developer of curriculum materialsaatter, or even a student. This screen shot
shows several multimedia components: a picturdnefequipment and the experimental set-
up, text frames for explanations and instructi@nBame with the initial computer program to
control the step-motor buret, a table window, amgtagoh window.
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Activity description % [ E] | pH versus volume L% OB
A titration is an analytical method commonly used in chemistry laboratories for
determining the quantity or concentration of an acid or a basic solution. L pH

In this experiment the solution containing the analyte {an acid of unknown 12
concentration) is placed into a beaker, and the titrant (a2 base of known
concentration) drips from a burette into the acid solution at a constant rate.
The pH sensor placed in the base solution records the pH change.

8

In this experiment you need the following materials: @
CoachLab I 4
pH sensor - (default CMA 030i, input 1) 2
%

0.1 mol/dm? (M) sodium hydroxide NaOH (strong base) Volume

hydrochlaric acid HCI of unknown concentration e T R A 0
distilled water
25-mL burette, several 100-mL beakers and magnetic stirrer or stirring bar. pH versus volume w 8
Perform experiment, follow instructions in Experiment procedure Waluie pH
Experimental setup % [ ] |The step-motor burette connections® | [£] | Programming - Main Program ¥ 8
The four wires of the step-motor burette steps / nL] = 660 e
(061) are connected to outputs of the ht,‘gte(s;rgst) gmmants
CoachLab II/1I* in the following way Titrate({4:Slow)
(different than shown on the left photo): Titrate(3;Fast) Titrate
HotorBack(15)
Color CoachLab Il/lI+
HotorBack
Yellow Al
Black A2
Red B1
Green B2
: I

Figure 1. Screen shot of a Coach activity on titration withsaitomated pH titration system.



Modeling

We discuss in this section both the mathematicalating of acid-base titration and the com-
puter modeling with a system dynamics simulatiod arodeling tool.

Mathematical Modeling

Typically, an acid-base titration curve is dissdcieto two segments, namely, before and

after the equivalence point has been reached. ditiawl, separate calculations are done for

the different segments in one of the following thveays:

1. Via approximate formulas that hold at certain stagjetitration;

2. Via exact or approximate methods to compute thégotd given titrant volume. This leads
to the problem of solving a polynomial equatior{k»SIv’], where the solvent is denoted
by HSIv and its autoionization is 2HSt® H,SIV' + SIV;

3. As the inverse of the progress curve, that is, gheph showing the titrant volume as
function of pH, determined with or without makingpsoximations. In this case we com-
pute for a given pH what the corresponding titkaitime should be.

In the first method, which is still the common texbk treatment, separate approximate for-

mulas are used for the starting point of the tfracurve, for the equivalence point, and for

points in between. Autoionization of the solveninisnmost cases ignored. For acid-base titra-
tion in water, within a maximum error of 1%, autaimation may be ignored for pH less than

6 and greater than 8. Other approximations are pdssible under certain conditiofis*!

For example, for titration of a monoprotic weakdawiith a strong base one commonly uses

the following equations to calculate pH at sevetagies of titration:

1. At the starting pointpH =%pKa——; logC,, whereC, is the initial acid concentration and
pK, is the negative logarithm (base 10) of the acmiziation constark,.

2. After addition of the base, but before the equinede point is reached, one uses the

[acid]

[base

point, when the current molar concentrations ofl and the salt formed by the reaction
(acting as a base) are equalt = pK, .

Henderson-Hasselbalch equatiop = pKa—Iog( J Halfway to the equivalence

3. At the equivalence poinpH :% PK, +% |d<S|V+—; logS, where g\ is the negative loga-

rithm of the solvent autoionization const&i, andSis the molar concentration of the salt
that is present after the reaction of the acid wiltoichiometrically equal amount of base.
4. Beyond the equivalence pointH = pK,, + logB, whereB is the concentration of the ex-

cess base present in the solution.
The only thing to take carefully into account immqautations of the molar concentrations used
in the above expressions is that during titratiolume changes and therefore dilution takes
place. The effect of dilution on the computed pHisnsall, but cannot be neglected if titrations
are used to find the ionization constalf

A drawback of the above method is that many a siugets confused by all those mathe-
matical formulas and has no clear idea why onetdh@®nsider these distinct stages in titra-
tion and under what simplifying assumptions thernfolas can be applied safely. For example,
when the above formula for the starting point iplegal with a very small acid concentration,
one gets a much too high pH value, which may emditate a basic solution instead of acidic
solution. When the Henderson-Hasselbalch equasaapplied with very small titrant vol-
umes to compute the very first part of the titmataurve, addition of the base leads first to a
smaller pH before it rises again, which is of cewsry strange. These problems can only be



solved by more robust mathematical methods. Butethmethods may be beyond the alge-
braic skills of many a student. In that case, asmilesee, a computer algebra system could
give a helping hand.

Explicit expressions for the shape of several agsexid-base titration curves have been
published before by Gord¥ and de Levié***® We show how the Grobner basis tech-
niquel*®*” which is implemented in computer algebra systekes Maple orMathematica
can be used to derive the required polynomial éopan [HzO']. In order to make formulas
more readable we write henceforth'THhstead of [HO']. The Grébner basis technique can
also be applied to derive an explicit expressiothefprogress curve (graph of titrant volume
against pH). In our example we treat only the tittra of one monoprotic weak acid with an
aqueous strong monoprotic base and we ignore ctigefficients, i.e., we use ‘apparent’
equilibrium constants. It is possible to derivefigd titration formulas that embrace several
types of titratiof®!. Generalizations to titration of mixtures of acaishases, to the polyprotic
case, to general solvents, and to titration of $agéh acids are not too complicated, and the
same computer algebra supported approach can bedext to complexation, precipitation,
and redox equilibri&’.,

To introduce the use of the Grobner basis packagée derivation of the relationship
between pH and titrant volume, we consider thattdn of a volumé/, of a weak monoprotic
acid HA of concentratio, with the volumeV, of an aqueous strong monoprotic base MOH
of concentrationCy. In this case, the equilibrium HA +,8=2Hs0" + A™ is constantly

disturbed by adding a strong base: HA + MOHH,O + M* + A", The exact formula for
[H™] at any moment during the titration can be derigsdollows from three conditions:

1. Charge balance[H']+[M ] JOH 1 A T .
2. Mass balance: [HA] HA ] =C, G\/V+—av (partial ionization of weak acid).
a b

[M*]=C, [—I\/\/+—"V (complete ionization of strong base).
b

[AT[HT
[HA]
[H']OH] =K, (autoionization of water)

To make upcoming formulas more readable and corbfeaveth formulas found in the litera-
ture we introduce the following ‘apparent initimircentrations’ of acid and base:

3.Equilibrium: =K, (chemical equilibrium of weak acid).

V V
=C 3—— and =C F—2—.
aHA a Va+Vb aMOH Cb Va +Vb

These are the acid and base concentrations ditriaoin when no reaction would have taken
place, but only dilution is taken into account.dddition, it turns out to be convenient to

introduce the concentration fractiar). as[A] =a, [&,, . It can be shown that
g o AT K,
AO[HATHAT [H ] +K,
All we have to do now is to rewrite the above systef equations as a system of polynomial
equations. The defining polynomials are shown eliblow snapshot of a Maple session. The
Grébner basis package of Maple contains the praedshivariatePolynomial that returns for
a system of polynomial equations under some s@tabsumptions a univariate polynomial in

one of the variables. In our case, we ask for grmohial in [H] and write the computer-
generated answer in its simplest form: a univar@ilynomial of degree 3 is obtained. The




assumption that autoionization of water can be rigdas realized by substitutirtg, = 0 in
the univariate polynomial. This leads to a simplelynomial of degree 2.
> WeakAci dSt rongBaseSystem : = < H pl us+M pl us-A nmin-OH nin,
(HA _+A mn)*(Va+Vb) - Ca*Va, M pl us*( Va+Vb) - Cb* Vb,
A m n*H plus-Ka*HA , H plus*OH m n-Kw, a HA*(Va+Vb) - Ca*Va,
a_MoH* (Va+Vb) - Cb*Vb, (HA +A m n)*al pha A mn-A mn >;
WeakAcidStrongBaseSystend[A] [H"] - K_[HA], [H"] [OH] -K ,

[M*] (Vo V) =GV &, (V,+ V) —C V80, (V + V) -GV,
([HA] +[A])a —[AT,([HA] +[A]) (V,+V,)-CV,,
A
[H]+[M"] -[A]-[OHT)
> Uni vari at ePol ynom al (H_pl us, WakAci dStrongBaseSyst em
{Ca, Cb,OH min, A mn,Mplus, HA , al pha_A nmn, H plus});
2 2 3

_Kw Ka+[H+] aMOH Ka+[H+] Ka+[H+] a'MOH_Kaa"-|A[H+:I _[H+] Kw-'-[HJr:I

> polynomial := collect(% [H plus,Ka], factor);
3 2
polynomial:=[H"] +(K_+a, ) [H'] +((a,,, ~a,) K —K)[H]T-K K
> approximation := collect(eval (% Kw=0)/H plus, H plus, factor);

2
approximation=[H"] +(K_+a, )[H"]-(-a,.,, +a,)K,
The positive root of this polynomial of degree & ¢ found by standard methods:

2
_(aMOH + Ka)+\/(aMOH + Ka) +4Ka[anA_ aMOH)
2
Using this formula for the various stages in acdd titration, a student can derive simpler
formulas, sometimes under additional assumptions. éxample, prior to the equivalence

point, if K, [{a, — ayon) << (o + K,)°, the above formula can be approximated by com-

[H]=

puting a low-order Taylor series m,, — ;o :

(aHA _a\/lOH)EI(d

(aMOH + Ka)
In other words, wheK, is small compared to the added amount of baseawdake
pH= pK, - Iog(—aHA Buon J
OH
So, the Henderson-Hasselbalch equation is fourtd thvé help of a computer algebra system
as a special case of a more general formula.

In summary, the Grébner package of a modern complgebra system can support the
derivation of general mathematical formulas requifer acid-base reactions. We think that
this approach is feasible for chemistry studentsiraversity level. For secondary school
students however, it focuses in our opinion too mwn mathematical concepts and
techniques instead of on chemical concepts. Atlévsl, students will learn more when they
first determine experimentally in laboratory seasigome titration curves to get a feeling for
what a titration curve is, how it is created, wigits shape in general, and how it can be
interpreted. After this practical experience studecan use computer models to explore
titration curves in more detail without having tiheed to calculate themselves pH by
mathematical formulas that are actually meaningieseem. With the computer models they

[H]=




can compare, for example, experimental titratiorvesi with theoretical curves, determine
ionization constants from real data, or explorddyuolutions.

The same computer algebra supported approach cappbed to find the defining poly-
nomial equation of the progress curve. The beloapshot of a Maple session shows the
computation of a third degree polynomial in‘THhe result is equal to Formula (8) in refer-
ence [20] and it is equivalent to the formula poergly found in this paper. The titrant volume
Vy is linear in this mathematical formula and thishis reason that it is so easy to compute the
titrant volume as a rational function in'H
> WeakAci dSt rongBaseSystem : = < H pl us+M plus-A mn-OH mn,

(HA_+A min)*(Va+W) - Ca*Va, M pl us*(Va+Vb) - Cb* Vb,
A mn*H plus-Ka*HA , H pl us*COH nm n- Kw >;
WeakAcidStrongBaseSysteni[ Al [H'] - K_[HA], [H"] [OH] -K ,

[M*] (V,+V,) - C, V,, ([HA] +[AT) (V, +V,)-C, V.,
[H]+[M*] -[A]-[OHT)

> Uni vari at ePol ynomi al (H_pl us, WakAci dStrongBaseSyst em
{OH min, A mn,Mplus, HA , H plus});

3 2 3
[H TV, K, ~[H 1K C V_ +V [H'] +V_ K [H] -V K K +[H]V,
2 2
+[H'1C,V, K —[H TV, K —K K V. +[H] KV, +[H"] C,V,

> polynomi al := collect(% (Va+Vb), [H plus, Ka], factor);
polynomia :=

42 G Vs 412 (C, V.~ C VL) K, +
[HT] +[Ka+va+vb][H ] +[— v+, -K, [[H1-K K,
>Vb = collect(sol ve(polynonial,Vb), H plus, factor);
3 2
(—[H ] —Ka[H ] +(CaKa+KW)[H ]+KaKW)Va1

3 2
[H'] +(K,+C,) [H'] +(K,C,~K )[H]-K K
It can be shown that this formula is equivalenEeomula (13) published by de LeVré:

K K
~Da [ H 4w
ﬁz[HjJ’Ka a [ ]+[H+}
Va Cb+|:H+:|_ KW )

[+']

Thus, given pH and therefore given'Hone can use the above formula to compute a corre
sponding titrant volum¥}. The computed pair (pH4,) can be used either to plot the progress
curve (graph oW, as function of pH) or the titration curve (graphpél as function o). It

is true that the titration curve is the inversehef progress curve, but the understanding of this
kind of relationship between graphs is at secondelyol level, in our point of view, more an
issue to be discussed in a mathematics lessonrtrohemistry lesson. Chemistry education
at secondary school better focuses on chemicalepts@nd contexts than on mathematical
applications in chemistry labs. Some may say thatabove type of mathematical analysis is
beyond the scope of freshmen level chemistry ad, \aall that it is only suitable for an
analytical chemistry course, in which use the nuwmplicated, albeit complete, mathemati-
cal formulas to estimate the error of approximagthuads. Anyway, computer models, which
are based on this mathematical analysis of acid-baation, do the job of allowing students



to compare measured titration curves with theoaétiurves and to further explore model
titration curves.

Computer Modeling

We think that the main reason for overlooking systgynamics simulation and modeling
software like STELLA or Powersim for the calculatiof titration curves is that when one
concentrates on mathematical formulas of titratsystem dynamics does not easily come in-
to mind because this mathematical field is linkeithvdifferential equations. Thus, use of
such software seems more appropriate for studyiregnacal kinetic$®>*! However, these
packages are nothing more, nor less than comptagrams that can also be used to specify
relationships between variables and to compute these relationships evolve. We illustrate
this by two computer models that compute the psgymirve and the titration curve. For this
we use the Coach 6 environment, but the work cem la¢ done with other system dynamics
modeling tools. The first model is a text-based sindws all details of the computer code for
titration of a monoprotic acid with a monoproticska The second one is a graphical model
for titration of a diprotic acid with an aqueousosig monoprotic base. The calculation of the
progress curves for a titration of a sample of w@Ws and concentratiols with a titrant
volumeV,; and titrant concentratio@; is based on Equation (8) of reference [49], statdtie
following general form with details hidden in fuians Fs andF; of [H'] and coefficientK:

H*]-[OH |+ FC,
Vi= V& - :
H"]-[OH ]+Y FC,
HereF =-F, = F, for each species participating in the titratiomd@éx “a” refers to acid and

“b” to base). The summation is only needed for omigs, where each component contributes
its ownF and its own concentratid.
In case of titration of a monoprotic acid with amoprotic base we have to take into ac-

count the following chemical equilibria 282 H:0" + OH, HA + H,O 2 H;0" + A~
and HO + B=2BH" + OH. We have

K K, _ M1

[OH-] = 18" (-pOH)

Fa = Ka 7 ([H+] + Ka)

Fb = Kb 7 ([OH-] + Kb}

Ub = —Va = ([H+] - [OH-] - FaxCa) /

o o o a o [ o
F=-F,=-a, =———*—andF, =F,=a_, =—— = .
[H']+K [OH]+K, [H]+K
a b a
Model window W [ |Titration curve L O R
B2 B
* calculating the pH curve + " paraneters - 110
pH = pH + dpH Ca = 08.108 pH
' at a certain pH: Ch = 8.188
POH = pKu - pH va = 18 1op
[H+] = 18" (-pH) pka = &.75
[0H-] = 18°(-pOH) Ka = 18~(-pKa) 9
Fa = Ka / ([H+] + Ka) pkb = 4.75
Fb = Kb / ([OH-] + Kb} Kb = 187 (-pKb) g
Ub = -Ua = ([H+] - [OH-] - FaxCa) / pKu = 14
([H+] - [OH-] + FbxCh) -
' stepsize
' stop condition dpH = pKu/1068
if Ub > 2xUa then g
Stop ' computation of starting value of pH
endif Ub=-1 5
pH = @
while Ub<a do s
pH = pH + dpH
* at a certain pH: N
POH = pKw - pH
[H+] = 18°(-pH) o
1
0

Vb (mL)
([H+] - [OH-] + FbxCb) T ; ;
enddo 2 4 B 8 0 1z 14 16 18 20

Figure 2. Computer model of weak acid - weak base titration

Figure 2 shows a screen shot of a text-based ce@nmadel that uses the above formulas to
compute the progress curvé @s function of pH). The corresponding titratiomweu(pH as
function of \}) is drawn in the diagram next to the computer rhofle make things more



concrete, we consider here the titration of acatid (K, = 4.75 at 25°C) with aqueous am-
monia (K, = 4.75 at 25°C), with concentratio@g = C, = 0.100 M.

You see in Figure 2 a model window that containgten left-hand side the core of the
text-based computer model and on the right-hanel ggslameters and initialization code. Text
after an apostrophe is meant for explanation ofpttogram and is not used during a simula-
tion. You can look at the computer model as a secpi®f instructions on the left-hand side
that are repeatedly carried out until some stogitimm is fulfilled or the maximum number
of iterations has been reached. The instructiontherright-hand side of the model window
are carried out only once: initial values of partareare set and we compute in a repetition
loop a starting value of pH that leads to a nontiegiditrant volumeV,. An alternative would

K, +{KZ+4K [T,
initial "~ 2 :

The text-based model reveals all details of theyanm and all formulas used, but it gives
students no visual clues of relationships betwesmiakles used in the model. This makes it
more difficult for students to understand the modedtl to let them develop the computer
model. A graphical modeling tool offers more supplmr a classroom discussion about
relationships of variables and it may help visuahented students to develop a computer
model. Figure 3 shows a screen shot of a grapmoalel of titration of a weak diprotic acid
with an aqueous strong monoprotic base. In this @&s have to take into account the equi-
libria 2H,O0= H30++ OH, HbA + H;O=HA™ + H;_:,C)+ and HA + H20<:>A2_ + H30+, and

the ionization MOH- M+ OH™. We use the following formula to compute the pesgr
curve {; as function of pH):

be to estimate the initial Htoncentration agH*]

H*]-[OH |+F.C,

R T E TR PR

where

K,[HT+2K_ K,
[H]PP+K HT+K K,
To make it more concrete we consider, as in reted@5], the titration of sulfurous acid
(pPKa1 = 1.91, K52 = 7.18 at 25°C) with a strong base (sodium hydtekiwith concentrations
C.=C,=0.100 M.

Model window % [ [ | Titration curve Lw 8

D=0 0N\ n|oeE B®

F=-a, —-2a,, =-

13p
12E
1E
10F

g_

pH

Ca [mal/L]

R e )
LR RAAA LAy LLLRs L AL |

[OH-] [rolfL)

Vb {miL)
i ]

-

hey S T A P i
Golved by Fuler  PEW (mol) =] &

Figure 3. Screen shot of a graphical model of diprotic aaionoprotic strong base titration.

The model window on the left-hand side of the abssreen shot illustrates what graphical
modeling is all about: an author (curriculum desigrteacher, or student) literally ‘draws’
variables representing physical quantities or nradieal entities and the relations between
them. An arrow explicitly indicates a dependenciween variables: for example, the arrow
from pKa; to Ka; means that the author of the model wanted to sgpiteatk,; depends on
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pKa1. By clicking on the icon oK, a dialog window appears in which the mathematical
formulapK , =10™ can be entered. An arrow ensures that connectéables are available

in the formula editor, but in Coach you may entey gariable. The reason for not having the
strong requirement that every connection must bbb is that the software designers wanted
to avoid an incomprehensible spaghetti structuraraiws in a graphical model; they wanted
to leave it up to the user to decide which relatiops between variables are considered so
crucial in the model that they must be shown viaws in the model window. In Figure 3 all
relationships are shown: for example, the arrowth wndpointV, come from all variables
that are present in the mathematical formulafpmentioned before.

There are three types of variables present in thphical model and they are represented
by different icons: (1) constantsKp, pKai, pPKw, Ca Coh, Va Vb), Which are parameters that
users can easily change in the user interface giedar bar or directly by entering a value,
(2) auxiliary variables\(,, Fo, [H'], [OH]), which depend on other variables via mathemati-
cal formulas, and (3) the independent variable (dHe presence of the independent variable
has to do with the kind of modeling language thaderpins the graphical model. To date,
modeling languages can be divided into three kirjls:so-called aggregate modeling lan-
guages (e.g. STELLA, Powersim, Model-it, Coach), aisferred to as system dynamics
modeling languages, (2) object-based modeling laggs (e.g., StarLogo), and (3) agent-
based modeling languages (e.g., NetLogo, AgentSheg@iggregate modeling tools use
accumulations (commonly called stocks or contajpéisws and other graphical descriptors
of changing dynamics to describe a system tham imathematical terms represented by a
(system of) differential equation(s) or finite difence equations. In most cases, time is the
independent variable, but it can be anything, éngogur model pH. The only thing that hap-
pens when you run the above model is that pH isaegaly incremented with a user-defined
step sizaedpH, as shown in the text-based model of Figure 2tHgyway, in Coach 6 you can
always show the text-based or equations-based ntbdelis equivalent to the graphical
model. It is actually a matter of choice whethere qrefers the text-based or graphical
modeling approach, although rese&fthindicates that graphical modeling tools support
novice modelers in constructing their own modelsl am understanding other people’s
models. Anyway, an important didactic point of dragal modeling is the active choice of
relations made by the modeler: the role of the ringengine is only to perform the calcu-
lation of the instructions received and to displagults in the form of graphs, tables, and/or
animations. The chemical relevance of the valygapdmeters in the titration model is rapidly
visualized: for example, a student can easily ingage the relation between the shape of the
titration curve and the values of ionization consdaf the acid and base involved.

The system dynamics approach is more apparent igréphical model shown in Figure 4.
It is a computer model of a titration of a weakdawith a strong base. In particular, it models
the process of adding an aqueous sodium hydroxiligien to an acetic acid solution. This
picture reveals more than the previous graphicadlehthat the system dynamics modeling
language builds on a simple metaphor that mainhsists of elements to control flow and
containers to accumulate flow. There are threeaipets, each represented by a rectangular
icon, present in the model: the variabfs\c andnNAOH represent the amount (in moles) of
weak acid and strong base present during titratespectively, and in the variabl®lume is
stored the volume of the solution during titratidine vertical double arrows represent rates
of flow to and from containers. Time is the indepemdvariable in the model, but in this case
it is not shown in the graphical window anymore. Toenputer model repeatedly calculates
at several times the flow rates and updates theegabf the containers. A rough sketch of the
calculations is as follows: As long as a sufficiantount of acetic acid is still present in the
solution, the inflow and outflow of sodium hydrogicare equal. The equilibrium restores
itself by dissociation of some acetic acid. At grment all the remaining acetic acid reacts to
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sodium acetate and hereafter there is an excessxlafm hydroxide that only gets bigger. The
computation of pH during titration is divided intwo parts, namely, before and after the
equivalence point. After the equivalence point basn reached pH is derived from the OH
concentration delivered by the strong base. Indhleulations are used the mathematical
formulas of de Levi&® simplified under the assumption that autoionizatid the solvent
may be ignored.

Model window ¥ 16 |pH s & 8
S NNEE

titration_speed [L/s)
>

- —— ——vHAC L)
e

e
cNalH {mol/L] S

5

addition_speed_NaDH {mal/s)

i

/

JeHAC (mal/L]

S

4 71emaval_speed_HAc (mol/L)

23 Volume (L
¥ ; ‘ (8]

(UF RTINS 0 S O U O A At
[OH-] (mol/L) 0010 0012 0014 0016 0018 0020 0022 0024 0028 0028 0030

Solved by Euler nAcmin (mal) S

Figure 4. Screen shot of a graphical model of titration adtacacid with sodium hydroxide.

The computed titration curve shows a region wheeeptd of the solution changes only a
little regardless of the addition of sodium hydi(pH stays between 4 and 5.5 while 8 mL
base is added). This is the buffer region. A studenld also discover via computer experi-
ments that halfway the titration the pH is alwagsa to K, and that buffering is best at that
point. A more advanced practical investigation $ardents would be to apply the modeling
tool and data analysis tools in Coach (e.g., tle@esltool or numerical differentiation) to
design an appropriate buffer solution at a particpH and with a requested buffer capacity.

Design of the Instructional Materials and the Didac  tical Approach

The developed lab module consists of three typgSoaith activities and is available on the
project websité”! The first type of activity concentrates on obsegvittration, recording pH
curves and interpreting the changes of pH (¢9'Hconcentrations) during the reactions. The
second type of activity applies the titration metho find an unknown concentration of an a-
cidic solution. Students determine titration curbbgsadding a titrant via a glass buret (a titra-
tion curve as function of time) and also via anoadted pH titration system consisting of a
step-motor buret (a titration curve as functioriwant volume). Optionally one could simul-
taneously record a video clip of the experimenisTould enable students to relate the color
change of an indicator with the striking pH chamgehe titration curve. This activity con-
cludes the data logging part of the module, whichststs of real-time titration of strong and
weak acids with a strong base. The third type diviag in the lab module offers graphical
models of titration. The sole purpose is to usentloelels via simulation. Students can change
the models and study the effects of changes byiradteralues of model parameters. In this
way they could also determine ionization constamtshe basis of real data that they have
measured before.

We envision that the developed lab module congjstihdata logging and modeling ac-
tivities is used as an application module in a REPRroach to titration. Students use in the
activities elementary acid-base concepts that lafready been introduced and apply them to
new situations, that is, to titration. The goalashiave students generalize the application of
their knowledge. This application of the principlesds to enhanced understanding of the
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theories and models. But this only works when thtadogging and modeling in classroom

activities can be implemented successfully. Re$Eart has shown that this is not

straightforward, but worth the effort. For exampiewton®®>% has identified via interviews
with secondary school science teachers in the UKo were experienced in data logging
methods, some of the interacting factors which nteetde addressed to manage successful
implementation of data logging in chemistry edumatand which explain why data logging
techniques appear to be underused. These factdigléncharacteristics of the innovation
itself, namely: goal clarity, complexity, and praelity of the innovation. Other features
including teacher roles, teachers’ beliefs on I@Teducation, and external factors such as
practical teachers’ support, choice of contextaugé, assessment, textbooks used, and the
current chemistry curriculum are also influentialsuccessful innovation. In our experience,
this means that for the developed activities tetbective for teaching and learning, it is help-
ful for teachers to consider two types of skillsiging the computer learning environment:

0 Operational skills which concern the manipulation of the computedhare and knowl-
edge of the features in the software;

o Proceduralskills, which concern the manner in which the softwamstare employed in
the lesson context for the purpose of achievingnieg benefits. A dominant aspect of
these skills is the development of an inquiry appltoto the analysis and interpretation of
data and to making links with previous knowledgederstanding the basis of ICT via
mathematical and computer programming is importanteachers who plan to use these
in their teaching. This eliminates the teachesating CBL/MBL and modeling tools as
black-boxes and helps them to provide directiodata analysis.

Such skills are important for the preparation afdents for the activities, and the activity

sheets each contain indications of the skills néddethe particular activity. For the teacher,

there are furthepedagogical skillswhich contribute to the effectiveness of the\atés:

0 Making clear the learning objectives for each aigtjv

o0 Understanding of the special value of the ICT metand exploiting its full potential in
purposeful ways, i.e., integrating ICT-based atigi meaningfully in lesson plans;

0 Managing the activity in a way which promotes ‘aggmiate’ rather than ‘indiscriminate’
use of ICT,;

o Identifying of opportunities to exploit aspectsdzta logging and modeling for develop-
ing higher order interpretative skills in experirtedrscience;

0 Integrating the learning from each activity witlepious knowledge and skills to enhance
students’ understanding of the acid-base topictiwradion in particular.

The activities in the lab module have been specisdlected to illustrate how integration

might be achieved. Comparisons of the observatipresjictions, and results of each activity

form a central role in this integration processr Egample, use of results from acid-base
titration and/or from a computer model contributes discussion about reactions of an acid
with a strong base. Here, the graph is a key todhcilitating comparisons and interpreta-

tions. Skills with graphs generally provide a conmrtbread in data logging and modeling

activities. Teacher interventions in the classrocam prompt students’ interpretations of

computer generated graphical data. Skillful questig of students by the teacher and encour-
agement of interaction between students to talkiaflata can assist the students in exploring
data for scientific meaning’”

The management of the classroom setting also hasortant influence on the successful
integration of activities. When access to compeguipment is scarce it is likely that the
teacher will wish to present the activity as a daesti@tion in a didactic manner. In this mode,
the teacher can give strong guidance to studemtihg about the comparisons between the
activities. Alternatively, students could perforhetactivities in small groups of three or four
students, each group engaged on a different activitegration might then be achieved by
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having each group presenting their results to thelevclass. In chairing these presentations
the teacher can prompt discussion of the signifiiadings of each group.

It is worth considering that all the activities miag used in a variety of learning contexts.
Although the activities have been designed to gleviomplementary experiences, it is not
essential to use all of them; two or three acaegitinight be chosen according to how well they
suit the needs of teachers and students in a plarticontext. The lab module can also be ex-
tended, for example, to include titration of polype acids and bases. In varying conditions
between schools and within schools at differentetinef the year or different stages in the
curriculum, needs and appropriateness are likelghange; for example, data logging equip-
ment might not be available at the time of needndividual student might need a revision or
extension activity, an enrichment activity might kegjuired to occupy some spare time, a
quick activity might be needed if time is scarceToverlapping features, such as graphical
presentation, between the activities allow therbdaused to a certain extent as alternatives,
but their distinctive features also allow them &used as complements to each other. Table 1
summarizes the distinctive potential learning bi#seabf each. It is a useful guide to the
special value of each type of ICT-based activity.

Type of activity] Potential learning benefits, ‘ICT value’

Data logging | o Graph of pH versus volume is displayed real-timarauthe experi-
ment and it may be used as a starting point fatestuthinking or as
a bridge between formal presentation of titratiod éhe phenome
non investigated.

0 Shape of titration curve can be linked with thessgth of acid o
base, the use of polyprotic acids or base in inatand the concep
of buffer solution. In other word, it enhances s’ interpretatior
of data-related graphs in acid-base chemistry.

0 The difference between ‘equivalence point’ and ‘r&upoint’ is
undoubtedly revealed in titration of a weak acithvé strong base.

o Data processing and analysis tools facilitate aitbet investigatior

of the collected data and a discussion of the tyali the equi-

valence point determination.

Processing tools allow calculation o§® ions concentrations.

0 The automated pH titration system provides highitpalata and

illustrates genuine data acquisition with the cotapsimilar to pro-

fessional laboratory techniques.

The models calculate the JH[OH] and pH changes.

0 Models are used as simulations, allowing studeaiglorations

about the shape of the titration curve by changew@meter values

The modeling results can be compared with the exygarial data.

0 Modeling provides dynamic visuals to present alostcancepts of
acid-base chemistry and investigate “What if” qiges.

o Simulation combined with data processing and aimslgahance
the learning of concepts like buffer strength thauld otherwise
remain too abstract for many a student.

0 Students get an idea of the descriptive and pigdicjuality of
models.

0 Students get a better view on the use of modethémistry.

Table 1. Learning benefits of data logging and modelingtnation activities

—

@]

Modeling

(@)

@]

\*2J

14



A Practical Investigation: Analysis of Acid in Cola Drinks

As an example of a practical investigation for upleeel secondary school students we brief-
ly describe results of an analysis of acid in vasi€ola drinks. Phosphoric acid is a common
ingredient in cola drinks; it provides a taste tisaboth sweet and sour, but it does not com-
pete with other flavors. There is some variabilitybioth the amount and composition of the
acid in Cola drinks. The composition is affectedtbg following equilibrium of this weak
aqueous triprotic acid: 420, + H,O0 = HPO,” + H;0', HPQ + H,0=> HPQ* + HO',
and HPQ® + H,0z=2 PQ> + H;O", with equilibrium constanti,;, Kap, andKas respective-

ly. We investigate the acidic mixture of a sampldresh Coca-Cola Light (also known as
Diet Coke) through titration with a strong basel@.sodium hydroxide). Citric acid, which is
also triprotic, is another common ingredient oft sbfnks. It is certainly present in Coca-Cola
Light because the product specification of the lbattentions the presence of the nutritive
acid E330 (the indication E338 reveals the presafigghosphoric acid). Since our drink is
not de-carbonated, the diprotic carbonic acid ai#lo be present in our sample of 30 mL. In

addition to the previously mentioned formulas fFarin case of a weak monoprotic or diprotic
acid we need the following formula for a triprogicid®%

+12 +
Fa = —aHA_ —20!A2_ —gaA} =— Fgl[H ] +2§alKa£H ] +3K aK a£< a3

[H ] +KaJ[H1 +Ka1KaLHj +Kal< aK al
to be used in the unified titration formula

H*]-[OH |+ > FC,

V=V, - -

H*]-[OH |+ > FC,
In the model we have three unknown parameters, lyathe concentrations of carbonic acid,
phosphoric acid and citric acid. By trial-and-ereoreasonable 3-tuple of parameter values
can be found so that the titration curve computetth whe model matches the measured
titration curve. By the way, the measurement wasazhout with the step-motor buret adding
slowly the strong base to the sample while recgrdire pH of the solution. Figure 5 shows a
screen shot with the graphical model and a grapfdevi with the computed (blue line) and
measured (red line) titration curves. Thedel is very useful for understanding the titratad
complex solutions, with multiple polyprotic acidsdabases.
Model window v OB

=00 Al\n|o|/eR BB

C_cittic_acid (molfL)

Titration curve Le OO0

E pH (model)
E pH {measured)

Ka2
L C_phosporic_acid (molfL)

Sohed by Euler PR Vaml) Ch (ol @

Figure 5. Screen shot of a graphical model of titration ot&&ola Light with a strong base
and a comparison of the modeling results with agues titration curve.

Our experience with students in the last form efpniversity education (age 17-18 years)
is that they like this kind of practical investigats and get a good idea what the purpose of
titration is, how polyprotic acids and bases camdo®gnized, how one can deal with mixtures
of acids or bases in titration, and how titratismdone in a reality in a chemistry laboratory.
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The concepts of acid-base chemistry, pH, and titnatiome to life with this type of student
activities.

These positive effects of practical work on studemtsierstanding of acid-base reactions
and titration do not occur as a matter of coursd, dre more or less orchestrated by the
teacher. To ensure that students not just do tlkperenents and report their results without
much reflection, it is wise to provide studentshaguidelines for the report and to emphasize
the expected/required quality of both experimeataind reporting. Figure 6 illustrates that
the quality of the titration experiment may indegitfer from one student team to another.
This is not a big issue, at least when studentsagtaytion to the quality of their experimental
results, can figure out what went wrong during éx@eriments, and can formulate or make
improvement.

EPH BEPH

10F
ok

O MW s @ =@
T T
O = KW s ;@ N o
(R W S L b L)

Yolume (ml)
T R R B I}

Yolume (mL)
1 PR L 11 L PRI L 1 1 L PRI PR L L PR PR PRI R R N S B AR |
7 1 & 8 10 1z 14 16 18 @0 ] ] B 8 10 12 14 16 18 20

(a) (b)
Figure 6. Titration curves obtained by two teams of studefht®e quality of diagram (a) is
good, but diagram (b) was obtained under weakeemxgntal conditions: the speed of the
step-motor buret was too fast and the rotationakdpof the magnetic stir bar in the beaker
was too slow.

In figure 7 are shown two fragments of the studeguigdelines for the report. They con-
cern (1) the theoretical background of the expeninaand (2) the discussion of the obtained
results and the conclusions drawn. These guidelieds to improve the quality of the stu-
dents’ learning and reporting process, and theyease the satisfaction with which both the
teacher and the students look back at the pradticastigation.

1. Theoretical Background

o Explain what is meant by a strong/weak acid, angffiweak base, a polyprotic acid, a polyprotic
base, acidity, pH, a pH-indicator, and by an ac@dédireaction.

o Explain the principle of an acid-base titration.

o Explain which acid-base reaction(s) (at least) @se) playing a role in the determination of
concentration of phosphoric acid present in Colakdr Write down your explanation in plain
words as well as in terms of chemical equilibria.

o Use these chemical equilibria to explain why thdaCdrink must be boiled at the start of the
experiment.

2. Conclusions and Discussion

o0 Explain why there are in the titration curves omlyo regions where the pH-curve is steeply
increasing, despite the fact that phosphoric acaltriprotic acid.

o0 Tryto explain differences between various type€ofa (for example, between Coca-Cola Regular
and Coca-Cola Light).

o Compare the concentrations of phosphoric acid yoat found in Cola with data found in the
literature and/or provided by the producer of tb# drinks.

o Discuss the reliability of the measured results

o Write down some options of further research andvate your choices.

o Write down the answer to your own research quesdioth possibly other conclusions that you
could draw from the series of experiments.

Figure 7. Two fragments of the guidelines for the report.

16



References

[1]
2]
[3]
[4]
[5]

[6]
[7]
[8]
[9]
[10]

[11]

[12]

[13]
[14]
[15]
[16]

[17]

[18]
[19]
[20]

[21]

Drechsler, M., and Schmidt, H.J. (2005). Textboaksd teachers’ understanding of acid-base
models used in chemistry teachim@hemistry Education Research and Pract&€l) 19-35.

Hawkes, S.J. (1992). Arrhenius confuses studdptisrnal of Chemical Educatio69 (7) 542-
543.

Demerouti, M., Kousathana, M., and Tsaparlis GO@0Acid-Base Equilibria, Part I: Upper
secondary students’ misconceptions and difficuliié® Chemical Educatp® (2) 122-131.

De Vos, W., and Pilot, A. (2001). Acids and basetayers: The stratal structure of an ancient
topic. Journal of Chemical Educatioi8 (4) 494-499.

Furi6-Mas, C., Calatayud, M.L., Guisasola, J., &ndi6-Gomez, C. (2005). How are the Con-
cepts and Theories of Acid-Base Reactions Presei@aemistry in Textbooks and as Presented
by Teacherdnternational Journal of Science Educatj@7 (11) 1337-1358.

Drechsler, M., and Van Driel, J. (2008) Experien@edchers’ Pedagogical Content Knowledge
of Teaching Acid-base Chemistigesearch in Science Educati@n press).

Schmidt, H.J., and Volke, D. (2003). Shift of mewniand students’ alternative concepts.
International Journal of Science Educatj@ (11) 1409-1424.

Sheppard, K. (2006). High school students’ undedinhg of titrations and related acid-base
phenomenaChemistry Education Research and Practi€€l) 32-45.

Hand, B.M., and Treagust, D.F. (1988). Applicatadra conceptual conflict teaching strategy to
enhance student learning of acids and bdsesearch in Science Educatid8 (1) 53-63.

Schmidt, H.J. (1991). A label as a hidden persuadbemists’ neutralization concept.
International Journal of Science Educatjds (4) 459-471.

Schmidt, H.J. (1995). Applying the concept of caajtion to the Brgnsted theory of acid-base
reactions by senior high school students from Gagmé#nternational Journal of Science
Education 17 (6) 733-741.

Kousathana, M., Demerouti, M., and Tsaparlis GOB)OInstructional Misconceptions in Acid-
Base Equilibria: An analysis from a history andipéophy of Science perspectivigcience and
Education 14 (2) 173-193.

Schmidt, H.J. (2000). Should Chemistry lessons beenmntellectually challenging€hemistry
Education: Research and Practice in Eurppél) 17-26.

Stairs, R.A. (1978). Unified Calculation of Titrati CurvesJournal of Chemical EducatioB5

(2) 99.

Willis, C.J. (1981). Another Approach to Titrati@urves.Journal of Chemical Educatiob8

(8) 659-663.

Barnum, D. (1999). Predicting Acid-Base Titratiomr@es without Calculationslournal of
Chemical Educationr6 (7) 938-942.

Van Driel, J.H., and Graber, W. (2002). The Teaghand Learning of Chemical Equilibrium.
In: J. K. Gilbert, O. De Jong, R. Justi, D. F. Tgest & J. H. Van Driel (Eds.)Chemical
Education: Towards Research-based Practi¢el. 17, 271-292). Dordrecht, The Netherlands:
Kluwer Academic Publishers.

Morgil, 1., Yavuz, S., Oskay, 0.0., and Arda, SO@3). Traditional and computer-assisted
learning in teaching acids and basélsemistry Education Research and Pract&€10) 52-63.
Nakhleh, M.B. (1994). A review of microcomputer-bddabs: How have they affected science
learning?Journal of Computers in Mathematics and Scienceflieg 13 (4) 367-381.

Eaker, C.W. (2000). Fitting and Analyzing pH Titcett Curves on a Graphing Calculatdhe
Chemical Educatqis (6) 329-334.

Kim, M.-H., Ly, S.-Y., and Hong, T.-K. (2002), Seaé Applications of Advanced Scientific

Calculators: Nonlinear Least-Squares Analysis aitthfion of a Weak AcidThe Chemical
Educator 7 (4) 233-237.

17



[22]

[23]

[24]

[25]
[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Marcum-Dietrich, N.I., and Ford, D.J. (2002). THade for the Computer is in the Laboratory:
An Investigation of the Effect of Computer Probesvasn Student Learninglournal of
Computer in Mathematics and Science Teacltd4), 361-379.

Suits, J., Kunze, S. and Diack, M. (2005). Use a€rbtomputer-Based Laboratory Experi-
ments to Integrate Multiple Representations of 18die Phenomena. In P. Kommers & G.
Richards (Eds.)Proceedings of World Conference on Educational hddia, Hypermedia
and Telecommunications 20Q3p. 1924-1931). Chesapeake, VA: AACE.

Smejkal, P. and Urvalkova, E.S. (2007). A ComprehenApproach To the Experiments Using
the Multifunctional Data Logger Device. In: K. Nesmk (ed.), Proceedings of the "2
European Variety in Chemistry Educatia@07 (pp. 190-194) [Online]. Retrieved (February 21
2008): http://web.natur.cuni.cz/eurovariety/

Breneman, G.L. and Parker, O.J. (1991). Spreadshiation of Diprotic Acids and Bases.
Journal of Chemical Educatiog9 (1) 46-47.

Chesick, J.P. (1994). Spreadsheets in General Glrgmrlheir Introduction and Application to
Complex TitrationsJournal of Chemical Educatioil (11) 934-937.

De Levie, R. (1996). Titration vs. TraditiohheChemical Educatqrl (3) 1-18.

De Levie, R. (2001)How to Use Excel in Analytical Chemistry and in &mh Scientific Data
Analysis.Cambridge, UK: Cambridge University Press.

Burnett, J., and Burns, W.A. (2006). Using a Spsbaét To Fit Experimental pH Titration Data
to a Theoretical Expression: Estimation of Anal@encentration an&, Journal of Chemical
Education 83 (8) 1190-1193.

Fermann, J.T., Stamm, K.M., Maillet, A.L., Nels@, Codden, S.J., Spaziani, M.A., Ramirez,
M., and Vining, W.J. (2000). Discovery Learning kgiChemland Simulation Softwar€he
Chemical Educatqis (1) 31-37.

Clark, R.W., White, G.D., Bonicamp, J.M., WattsPE(1995). From Titration Data to Buffer
Capacities: A Computer Experiment for the Chemidtap or LectureJournal of Chemical
Education 72 (8) 746-750.

Nakhleh, M.B., and Krajcik, J.S. (1993). A protoewlalysis of the influence of technology on
students’ actions, verbal commentary, and thougbtgsses during the performance of acid-
base titrationsJournal of Research in Science TeachB®(9) 1149-1168.

Nakhleh, M.B., and Krajcik, J.S. (1994). Influenct levels of information as presented by
different technologies on students’ understandih@aid, base, and pH concepf&urnal of
Research in Science TeachiBg (10) 1077-1096.

Thomas, G.P., Man-Wai, P.F., and Po-Keung, E.T0420Students’ perceptions of early
microcomputer-based laboratories (MBByitish Journal of Educational Technolog$s (5)
669-671.

Some examples of tool suites and computer leamivgonments for mathematics, science and
technology are: Insight (www.logo.com), LoggerPravwgv.vernier.com), DataStudio
(www.pasco.com) and Coach (www.cma.science.uva.nl).

Heck, A., Kedzierska, E., & Ellermeijer, T. (2009). Design dntblementation of an Integrated
Computer Working Environmendournal of Computers in Mathematics and Sciencecfiieg

28 (2) 147-161.

Project website, retrieved (February 21, 2008): waitforus.oeiizk.waw.pl

Witteck, T., and Eilks, I. (2006). Max Sour Ltd.ibg the learning company approach to allow
students to investigate acids and baSehool Science Revie88 (323) 95-102.

Gordus, A.A. (1991). Chemical Equilibrium. 1ll. Aelv Math Tricks.Journal of Chemical
Education 68 (4) 291-293.

Gordus, A.A. (1991). Chemical Equilibrium. IV. Wedids and Baseslournal of Chemical
Education 68 (5) 397-399.

18



[41]
[42]
[43]
[44]
[45]
[46]
[47]

[48]
[49]

[50]
[51]
[52]
[53]
[54]
[55]

[56]

[57]

[58]

[59]

[60]

Gordus, A.A. (1991). Chemical Equilibrium. VI. Beff Solutions.Journal of Chemical
Education 68 (8) 656-658.

Heil, G., and Schéfer, H. (2002). Modeling and GiapPresentation of Acid-Base Titration
Curves. Presentation of an Alternative Methblde Chemical Educatpv (6) 339-346.

Gordus, A.A. (1991). Chemical Equilibrium. 1. Deng an Exact Equilibrium Equation.
Journal of Chemical Educatios8 (3) 215-217.

De Levie, R. (1993). Explicit Expressions of then@el Form of the Titration Curve in Terms
of ConcentrationJournal of Chemical Educatioi0 (3) 209-215.

De Levie, R. (1996). General Expression for Acicds8aritrations of Arbitrary Mixtures.
Analytical Chemistry68 (4) 585-590.

Heck, A. (1997). Bird's-eye view of Groebner badasclear Instruments & Methods in Physics
ResearchSection A389 (1) 16-21.

Heck, A. (2003)Introduction to Maple. "8 Edition. Chapter 20, A Bird's Eye View of Grébner
Bases. New York, USA: Springer-Verlag.

Glaister, P. (1999). A Unified Titration Formullournal of Chemical Educatioii6 (1) 132.

De Levie, R. (2001). The Formalism of Titration ©hg The Chemical Educatpb (5) 272-
276.

De Levie, R. (2001). Linear Graphs for Understagdicid-Base TitrationsThe Chemical
Educator 6 (4) 210-216.

Steffen, L.K., and Holt, P.L. (1993). Computer Siations of Chemical Kineticslournal of
Chemical Educationr0 (12) 191-193.

Ricci, R.W., and Van Doren, J.M. (1997). Using Dyma Simulation Software in the Physical
Chemistry LaboratoryJournal of Chemical Educatiofi4 (11) 1372-1374.

Toby, S. and Toby, F.S. (1999). The Simulation gh&mic SystemsJournal of Chemical
Education 76 (11) 1584-1590.

Léhner, S. (2005). Computer-based modeling taskse TWole of external representations.
Doctoral thesis, Amsterdam, The Netherlands: Usiteit van Amsterdam.

Rogers, L., and Wild, P. (1996). Data-logging: eféeon practical sciencé@ournal of Computer
Assisted Learnindl2 (3) 130-145.

Nakhleh, M.B., Polles, J. Malina, E. (2002). LeatniChemistry in a Laboratory Environment.
In: In: J. K. Gilbert, O. De Jong, R. Justi, D. TReagust & J. H. Van Driel (Eds.Fhemical
Education: Towards Research-based Practfg®l. 17, 69-94). Dordrecht, The Netherlands:
Kluwer Academic Publishers.

Novak, A.M., and Krajick, J.S. (2004). Using Teclogy to Support Inquiry in Middle School
Science. In: L.B. Flick & N.G. Lederman (EdsScientific Inquiry and Nature of Science
Implications for Teaching, Learning and Teacher &ation (pp. 77-101). Dordrecht, The
Netherlands: Kluwer Academic Publishers.

Newton, L.R. (1999). Data-Logging in the sciencasstoom: approaches to innovation. Paper
presentation at the Third International Conferemicthe European Science Education Research
Association (ESERA), Kiel, Germany [Online]. Reweel (February 21, 2008):
http://www.ipn.uni-kiel.de/projekte/esera/book/026w.pdf

Newton, L.R. (2000). Data-logging in practical swe: research and realitinternational
Journal of Science Educatip®? (12) 1247-1259.

Barton, R. (1997). Does data-logging change thareadf children’s thinking in experimental
work in science? In: B. Somekh & N. Davis (Edkl$ing Information Technology Effectively in
Teaching and Learnin{pp 63-72). Londen, UK: Routledge.

19



