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We showed some inconsistencies in the teachindn@miStry of Solution in universities by
proposing that historical development of researtRloemistry of Solutions occurred with the
formation of two distinct concepts, the XIX centuoypcept, and the XX century concept. XIX
century concept was created before the Arrhenilegteolytic theory and it did not consider
the real chemical species in solution. The diffeemnbetween these concepts can seem subtle
at a glance, but some examples are shown to cldréyn, as well as the problems with use
the XIX century concept nowadays. The exampledvimdifferences in chemical equations
writing, Henderson-Hasselbach Equation, Arrheniushization degree, Acid-base and
solubility equilibria.

RESUMO/RESUMEN

NOs apresentamos algumas inconsisténcias no endmoQuimica de Solugdes nas
universidades, propondo que o desenvolvimentorfdetda pesquisa em solu¢des quimicas
ocorreu com a formacao de dois conceitos distirdasynceito do século XIX e o conceito do
século XX. O conceito do século XIX foi criado amta teoria eletrolitica de Arrhenius e nao
considerou as espécies quimicas reais em solugadiférencas entre esses conceitos podem
parecer sutis a primeira vista, mas alguns exemp#ms mostrados para esclarecé-las, bem
como os problemas com o uso do conceito do sédXon¥s dias atuais. Os exemplos
envolvem diferencas na escrita de equacdes quimiaadsquacao de Henderson-Hasselbach,
no grau de lonizag&o de Arrhenius e nos equilibéioslo-base e de solubilidade.
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1. INTRODUCTION

When studying chemical equilibrium in solutionisit
very common to observe subtle inconsistences inesom
conceptions presents in some textbooks. The déiseripf
conceptions like Arrhenius and @rsted Acids and Bases,
degree of ionization or dissociation, analyticatoentration,
among others, are frequently confusing and may p@ose
problem for educators and students. We believepthstof
this confusion is related to the use of two digtihistoric
conceptions about description of chemical speciesjueous
solution, which we called “XIX Century Conceptioaiid the
other “XX Century Conception”.

The XIX Century Conception (and those before that)
did not consider the importance of the solvenseen in the
works done independent by Van't Hoff and Raoul abou
colligative properties. In such works, the solutiovas
considered a medium like a gas and, therefore, dvolbky
the ldeal Gas Law although with some modifications/
corrections (BAUER, 1933).

Another important aspect of this conception is that
description of a solution is focused only on thenponents
added to it. The solvent in which these componerase
added to be completely ignored, as if there werehamges
in solution compared to initial composition. It Ipemed
because it was necessary separation and purificatie
products (distillation, dryness, etc.) (FREUND, 490
LEICESTER,1956). In other words, they only hadesscto
solid compound and not chemical species in solutior
example, we can regard the old “double replacement
reaction” (“metathesis”) where a mixture of a silvétrate
solution with a sodium chloride solution causesfthienation
of solid of silver chloride. In this conception,ettsodium
nitrate was formed, too (Eq.1).

AgNO; + NaCl — AgCl+ NaNO, ¢))

Even, some more recent edition textbooks (BROWN
et al.2011; KOTZet al, 2012) reinforce that XIX Century
Conception. It means, they consider that the comgauided
or removed from solution (by filtration and evapara, by
example) really exist in solution, once they pu& slubscript
“aq” in the compounds, as AgNgy, NaClag) or NaNQag)
And it is wrong, due complete dissociation of theatts in
aqueous solutions

AgN03(aq) + NaCl(aq) — AgCl) + NaN03(aq) 2

This misconception is due a historical lack, it mga
the experimental conditions was forgotten, which
informations about what have happened to a soluidg
would be obtained just after the removal and sejosraf
the solids formed in it. Thus, the wrong conclusieas that
there was a compound sodium nitrate in solutiorabse it
was recovery after the solvent evaporation.

It is interesting remember that Berthollet (in
beginning of XIX century) observed inconsistencethis
procedure with his initial idea about equilibriubut he was

an only voice in his time, when everyone was foduse
compound add to solutions and solid compounds oédai
from solution (SZABADRARY, 1996, PARTINGTON,
1961, FREUND, 1904).

This cited misconception was also observed in usual
expressions like: “The initial concentration of &cecid in
aqueous solution is equal to and it was partially
dissociated in ions.” The term “initial” is actuallother
meaning.

From historical view, gradually though, new
techniques were developed to study chemical spdoisstly
in solutions. Those developments happened mostihén
second middle of the XIX century, thanks to innoxet
conceptions such as those presented in influenselafions
properties on polarized light, in Kohlrausch’s éfiec
conductivity, Hittorf's transport number, Petersrig
electric  potential, etc. (SZABADRARY, 1996,
PARTINGTON, 1961; MacINNES, 1939). It can be s#idtt
the introduction of Arrhenius electrolytic dissaga theory
(1884) was a millstone indicating the beginning thé
paradigm shift from solution of the XIX Century
Conceptions. Arrhenius presented important evideabeut
the presence of ions in solution when an elecietd fis
absent. As expected, in his writings Arrheniusized the
XIX Century Conceptions to explain the ions forroatand
to define and classify acid and base. Accordingd$dheory,
an acid-base behavior can be explained: an aaidibstance
that dissociateswhen add to solution/water producing
hydrogen ions or protons {H a base is a substance that
dissociatesvhen add tesolution/water producing hydroxide
ions (OH). Likewise, a salt may be acid or alkaline
depending on its ability to increase or decrease th
concentration of hydrogen or hydroxide ions whedeatto
solution. For example:

HAcaq) S Acqy + Higy PKa 3)

NaOH) — NaE'aq) + 0Hg,, 4)

Thus, according to this theory the acetic acid and
sodium hydroxide are acid and base of Arrheniusabse,
once they are added to solution, they releasedmsobr
hydroxide ion to it.

Conversely, the XX Century Conception concentrated
in the behavior of chemical species solution and the
description of chemical species in it and thera iiather less
concern about the compounds added to solutionhi t
conception, there was a need in explain why iongwtable
in solution, how solvents behaved (solvation phegaa), its
interactions with other chemical species, and ad dmsic
classification for species in solution. (HALL, 1940
FRANKLIN, 1924; GERMANN, 1925).

Thus, in the metathesis reaction previously shake,
most importanta priori, is the equilibrium between silver
and chloride ions and silver chloride solid. It dowt matter
if chloride ion was present in solution due dissolu and
dissociation of sodium chloride or potassium clderi

AgCliy S AGlagy + Cliag pKs 5)
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If the Theory of Dissociation of Arrhenius was a
milestone of the end of XIX Century Conception, the
Bronsted Acid-Base system is an appropriate mitestehen
the XX Century Conception was well established pBszd
in 1923 (HALL, 1940) nowadays the Bronsted system
defined an acid as any chemical species in soldkiahcan
donate a proton, and a base as any chemical spiecies
solution able to be linked to a proton. Of courfas
definition was mixed of BronsteBjerrum-Lowry acid base
system, with  Franklin-Germann Solvent  System
(FRANKLIN, 1924; GERMANN, 1925). Using acetic acid
as example, its release of proton just occurs bydtion of
bond between proton and the solvent molecules.

HAC(aq) + HZO(I) = AC(_aq) + H3O(J:1q) pKa (6)

However, there are subtle differences between the
theories proposed by Arrhenius and Bronsted. Beahst
system focus on behavior of the species in solptidrile in
the classification proposed by Arrhenius the imgoatrpart is
the chemical added to the solution. Besides, tipoitance
of solvent is due its important participation inladion
process, even in formation of hydronium (specieylated
according the described behavior of solution kndmvthat
time). An interesting example is NHg. (@mmonium ion) in
aqueous solution. It is classified as an acid aBpensted-
Lowry theory, while Arrhenius does not classify tba, but
its salt, ammonium chloride, as an acid salt.

2.CONSEQUENCES OF CONCEPTIONS
CONFUSION

These different perspectives  difficult  the
interpretation of some phenomena, since explarmtion
provided by both are contradictory in many cassesen in
the following examples.

2.1. Equivocation in the Description of Processesyb
Equations

Aqueous Solutions

acetic acid HAc s Ac + HY pKa
(solution A)
sodium acetate HAcs Ac” +HY pKa

(solution B)
NaAc + H,0 = HAc + NaOH

pKh

Acetic acid and
sodium acetate .
(Solution C)

Table 1. Acid-base equilibria represented by chemat equations by XIX and XX centuries concepts.
Chemical equations

The conception adopted to explain a chemical

reaction has great influence in the way equatioes\aitten
as, for instance, the reactions of double-rearnaege,
widespread in the nineteenth century. An examplstifating
this kind of reaction involves the formation ofaM water-
soluble salt, lead iodide, by the mixture of leatate and
potassium iodide. Some current texts present Egudtito
describe this process; (MCCUTCHEOMt al, 1939;
BROWNet al.2011; KOTZet al, 2012).

It can be seen in Equation (1) that the 'aquedas¢s
placed in parentheses for the ionic compounds,raady
cited, emphasize the conception of the XIX centthngt is,
it is as if these chemically bound compounds ediste
solution. In the conception of the XX century, thésaction
does not make sense from a chemical point of imwause
with the total dissociation of the ions in solutidhere is no
regrouping thereof creating a solvated compoundt i
potassium nitrate in solution. Per the twentietimtasy
approach, a better representation of the systemndwioe
made through distinct equations.

Pb(N03),(s) — Pbih) + 2N03 (4 8)
Ky = Kag) * I(ag) ©)

Pblysy S 2l + Pb** pKs (10)

(aq)

Therefore, the chemical Equations 2 and 3 describe
the complete dissociation and dissolution procesfémic
compounds. The last equation shown the solubility
equilibrium of lead (Il) iodide, which is indepentdef other
chemical equations.

HZO(I) = OH(_aq) + H(-th) pKW
HAcaq) S Acqy +Higy PKa
HZO(I) = OH(_aq) + H(-th) pKW

NaOHy — Najyg + OHgy

HAcq) 5 Aciyq) + H(J;q) pKa
NaAc(s) — Nagq) + Acag)
HAc(aq) 5 Aciyq) + H(J;q) pKa

*explained in text

2.2. Acid-Base Equilibria

Let us take the addition of acetic acid and/or wodi

acetate in water as an example to discuss the base-
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equilibria. The Table 1 presents the chemical egoatthat
describe different solutions from both of pointvagw, 19th and
20th centuries.

Considering the behavior of sodium acetate (Saiuiih
under the conception of the 19th century, the agnins that
the salt dissociates and the anion undergoes hgisoin
solution, suggesting implicitly that this procesdlistinct from
acetic acid equilibrium (solution A). In this cagéiich equation

ambiguity, the conjugated Bronsted acid formingdbejugated
Bronsted base, and so, it uses the right conskamt p

2.3. Dissociation Degree

To carry out the studies that lead to the theory of
electrolytic dissociation, Arrhenius defined thegome of
dissociation¢) of a chemical in a solution, it means, the fracti
of that chemical that would be ionized in the soklut For such,

(solution A or B) would describe the solution C? dAn Arrhenius used electrical conductivity measuremdataong
consequently, what is the constant? If the anssvégither one other types of measurements) and postulated teaottization
of them”, you could ask a new question: in solurcould the (or dissociation) of a chemical would be proporéibnby

equation of solution A be used instead?

example, to the conductivity of the solution andtthin very

Under the twentieth century concept, these samiute solutions, dissociation would be complete.

solutions always consider the complete dissociatiosodium
acetate and, considering Bronsted acid-base equitib this
will be the same for all solutions containing tpecies taking
part in the equilibrium. That is true even if "apgratly" only one
species exists, that is, if there is acetate icgolation (solution
B), so that acetic acid must exist, even thoughratatively low
concentration when the reaction is in equilibridrhe chemical
equation shown only the chemical species (andhi&sgs) and
the relationship between them, but it must no shemy
information about concentration of each specie. Dost note
that the equilibrium of auto ionization of watealsvays present.

It is interesting to note that use of constantsakid Kh
(base constant and hydrolysis constant, respegliegk also
consequences of the nineteenth-century concemtiutian. As
shown in Table 1, the Kh constant was just usedume that
equation (or similar) was used. Besides, in tma¢tiit was usual
to consider the acid or basic behavior of a neutrglanic
species.

In the twentieth century concept, for the sake
practicality and to avoid confusion with duplicatioof
constants, it was adopted the use of the acid datson
constant (or acidity) Ka (and its pKa, even moracfical)
instead of other constants (DEAN, 1999). Thus, -beise
Bronsted equations are always written as a Bronstad
forming its conjugated Bronsted base.

In relation to use of ED'@agq or Hfag, it must be
remembered that in the year 1957, Eigen tried twerthe
existence of hydronium using a method of relaxation
ultrasound. Instead, he proved the specie of wabeded to
proton was the eigen ion {84%). Until today there is a
discussion about the behavior and distributionhef several
proton hydrates (H#D).") (MARX et al, 1999; VENERet
al., 2009; OLIVEIRA, 2009). Strictly, the main protodrate
in solution and the classical Bronsted of acid-bagaation
system leaves to an impasse in written of chengqahtions.
For example:

HNOZ(aq) + H, 0(1) = NOZ‘(aq) + H30€‘—1q) (11)
HNOZ(aq) + 2H, 0(1) = NOz_(aq) + H502+(aq) (12)
HNOZ(aq) + 4H, 0(1) = NOz_(aq) + Hgo‘f(aq) (13)

The impasse was removed considering water
always omitted when possible, for simplicity. Indétn, the

solvated proton Hg) represents all its hydrates (hydroniun}

Zindel lon, Eigen ion, etc.) (OLIVEIRA, 2009). Thi
convention is very useful because simplified thesnaital
equation and it considers all hydrates of protostead of
wrongly choose one. Besides, it permits alwaystemjtwithout

Thus, when adding a chemical compound in solution,
its degree of ionization degrea ) at that specific concentration
is obtained by the ratio between measured condtyc{id) and
the limit conductivity {\o, or conductivity at infinite dilution),
which is the estimated molar conductivity for thallyf
dissociated (or ionized) chemical. The use of eleat
conductivity for study of solutions was well esiabkd at the
time, based on the results and laws of Kohlrau@¢hcINNES,
1939).

A;

C((l) = A_

(14)

Thus, when adding acetic acid in water to obtaih a
mmol/L solution, Arrhenius had a degree of dissiam of
13.3% at 2%C (MCCUTCHEON et al, 1939). For the
nineteenth-century interpretation, 13.3% of the eaddcetic
acid was dissociated as if in that prior situatibare was no
adissociation. Besides, the analytical concentratioas the
“initial” concentration of acetic acid, or the camtration
“before the dissociation”. On the other hand, for twentieth-
century concept presented in many modern textjeégece of
dissociation is defined as:

[i]

“W=H

(15)

Where [i] refers to the equilibrium concentratidrtte
species 'i' and 'c(i)', the analytical concentraid this species
(OLIVEIRA, 2009; HARRIS, 2010).

On the XX Century, the concept of analytical
concentration became clear, proposing that wherst@m is in
equilibrium, the real concentration of speciesloametermined
by some sort of chemical equilibrium. The analftica
concentration is the sum of the equilibrium concaidns of all
species belonging to a same system in equilibrikonexample,
the analytical concentration of acetate is equahéoanalytical
concentration of acetic acid, because they belondp¢ same
acid-base equilibrium system, and then, these curat®ons are
equal to sum of equilibrium concentrations of acettid and
acetate.
is c(HAc) = c(Ac™) = [HAc] + [Ac™] (16)

This concept allows a clearer and broader defimitbd
he system mentioned in the previous example, densig the

Sehaviour of a particular chemical species and ttiny

equilibria equilibrium that it participates in sthn. Again,
attention is no longer in the chemical compound:¢anpounds)
which were added to obtain that solution. In thés/wthe degree
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of dissociation of acetic acid as defined by thertiieth century 2.5. Solubility Equilibria

concept is 86.7% while the degree of dissociatibacetate is
equal to 13.3%. Thus, the term 'degree of dissocia{or
ionization) has two opposing meanings.

This definition is the same independent of changes

solution or addition of several other species.&@mple, if the
pH of the solution formed by the mixture of aceticid and
sodium acetate is adjusted to 3.93, the degreessdclation of
acetic acid will be 86.7%.

The very term "degree of dissociation" or "degrde
ionization" is also a result of the nineteenth-ceptconcept
because the terms "dissociation" and “ionizatiomfern,
implicitly, to the process that will occur with ahemical

The mixture of XIX and XX conceptions is usual in

several analytical textbooks in solubility equiléorof ionic
compounds. Using the addition of a sparingly saubilver
carbonate on water as example, the dissociatioimg is
complete and then, there is no a specie Ag&f@h solution, but
a complete dissociation of ions (Eq. 17).
492C035) S 2AG(aq) + CO3tag) pKs (19)
However, one of exercises in such textbooks
calculation of solubility of salt, as this specedgst in solution.

compound is added to a solution. In this senseesatrer terms This weird question is another example of nineteentury

have been proposed, such as "degree of assocCi@ii&iRRIS,
2010). Therefore, there are a semantic problem widse
names.

conception. The concentration of the salt addesbhation, as it
was not dissociated. The other usual term in thisl lof
equilibrium is the “common ion effect”, used to &ip the

Some names have been proposed for their replacemérﬂl@”ging of equilibrium concentration of an ion whthe

such as "molar fraction” or “mole fraction", bunese this is
already used to describe another type of concémrat cannot
be used. Compositional fraction was also propoakidough it
is used to describe food composition. The term ildxium
fraction" seems to be a reasonable name.

2.4. Henderson-Hasselbach Equation

concentration the other (contraion) is altered bglitton of a
soluble salt content the contraion.

2.6. Presence of species that only exist in solids

Probably because the understanding of a solutioreca

from the understanding of the solids that wouldrémoved
from the solution, the ninetieth century conceptsiders that

Proposed to explain the blood buffering behavior [5plids are still present in solution. As an examptnsider the
Hasselbach in 1906 and generalized by Hendersb@lia (PO, €duation (VOGElet al, 1979)
2001; LEVIE, 2002)the equation of Henderson-Hasselbach

also brings discrepancy when interpreted by theuigws, i.e.
by XIX and XX Century Conceptions. The XIX concepti
presents the solution formed by the addition ofismdacetate

and acetic acid to the water as a solution witrdpfined by the aluminate (AlQ) in solution, since it is found only in a non-

equation (VOGELet al.1979):

"c(salt)"
pH = pKa + log -

c(acid)" a”n

From the point of view of the nineteenth centur

(chemical equations in Table 1), the concentratiacetic acid,
"c (acid)", has no direct correlation with the centration of
sodium acetate, "c (salt)". That is because, is tloincept, “c
(acid)” is the concentration of the acid acetic edldo the
solution (as if it is not partially converted ineaate) and “c

(salt)” is the concentration of acetate providedbgium acetate

(as if it also does not contribute to acid aceti@lgtical
concentration). It is difficult do not agree theusation is
confuse.

AT +40H (excess)—AlO;+2H,0 (20)

The ninetieth century concept considers the existerfi

hydrated medium, as in a solid phase. In the twéntentury
concept, aluminum hydroxocomplexes existing in oy and
aluminate, are anionic hydroxy complexes, like G¥{)4 aq)-
The behavior of hydrolysis of metal in solution dam
done considering the solvated metals (AH3* as example)

tudy the behavior of system as function of pHs important
to emphasize that formalism of complexation eqtidilis more
correct, because it includes polynuclear complekes less
usual). One possible chemical equation is

Al(H,0)3,,) S AL(H,0)s0HE,

Using the convention of omitting the water molesuie
chemical equation, all molecules can be omitteth wkception

Thus, it is difficulty to describe what type Ofihai |oses the proton. Then, all chemical equatidrout

concentration should be wused, since it is neithbe
concentration of equilibrium nor the analytical centration of
acetic acid. Besides, the nineteenth century cdnoefqts

important considerations about the behavior offlecies preset

in solution and also does not provide explanatimnsspecial
cases in which the equation can be used. In the say, it has
been seen that some books present the equatioeraferson
Hasselbach as logarithmic form of Law of Action Mhss.
However, there is still the problem of preparatibthe solution,
since the equilibrium concentration is directlyated to the
added amounts, i.e.:

"c(salt)"~[Ac™] e "c(Acid)" ~ [HAc] (18)

tmononuclear hydroxocomplexes can be shown, inctudtie

solubility equilibrium of neutral hydroxocomplex itw its
intrinsic solubility constant,.$

Alfgq) +H,00) S AlOH(Z,;U + Hgy

2+
AlOHZ,

pKa, = 4.99 (21)
+ H,04y = Al(OH)j g + Hag PKa, = 5.55 (22)
AL(OH)3(4q) + H200y = AL(OH) 3044 + Hag

pKa; = 5.6 (23)
Al(OH) 304y + H,0y S AL(OH)y(qq) + Hag
pKa, = 6.5 (24)

Al(OH)3(S) = AI(OH)3(aq) - lOgSO =77 (25)

in solution as Bronsted acitihis approach is very interesting to
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Accordingly, it is reasonable explain the preseate

anionic species Al(OH)aq) in solution, instead of improbable

AIOZ_(aq).

The difference in two described concepts sometimes

can lie subtles for those who already have morergapce in
chemistry and the transition between the two cotices has
become natural that almost never these discrepanaie
observed.

Nowadays, a methodology totally based in XX

concepts has been shown in Universidade Federaligesa
since 2010. Besides, a book also based in thisadetbgy has
been written. (OLIVEIRA, 2019)

3.CONCLUSION

These two antagonist concepts proposed permit iexpla

the inconsistence in several modern textbook. Thkeseepts,
when not properly explained, difficult the undergting of
chemical equilibrium and frequently impact the stod
education.

With the proper identification and understandinghafse
two concepts, it is possible can gradually elirenat, at least,
clarify its differences, facilitating the understiamg of the
process that happen in solution and, in speciabmital
equilibrium. A proposed methodology of chemistrysofutions
using only the newer concept are already appliathinersities
and a book describing it is in press, and it wdlghto improve
the knowledgement about chemical species in solsitio
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