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ABSTRACT

This paper summarizes the misrepresentation oftaeequilibrium constants in general
chemistry textbooks. It is reported that there israninology problem as many authors state that
practical equilibrium constants, viK, andK. are unit-less quantities. Also, in many chemistry
textbooksK, plays the role of the thermodynamic equilibriunmstant,K®. Thus, after reviewing
the proper definition of each of the terms analyzede problem is presented in order to
exemplify the correct treatment of the quantitiegived, which may help in the discussion and
clarification of the misleading conventions anduasgtions reported in this studjAfrican
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INTRODUCTION

The equilibrium constants are fundamental quastiiie the treatment of chemical
equilibrium reactions. This paper aims to exemplifg correct treatment of these quantities in
order to avoid current first-year university chetmigextbooks’ misrepresentations.
Equilibrium constants

Discussion concerning the terminology of equilibmiuconstants has received great
attention in different science education journalsere contributions of authors from several
countries can be found. This issue might seem ovetsial as in some articles it is stated that
the equilibrium constant is dimensionless [1-11f, ib others, authors advocate that practical (or
experimental) equilibrium constants, vig, andK., do have units [12-24But as it is discussed
below, this debate is essentially a terminologpgrablem and can be easily solved from a sound
didactic approach.
Textbook misrepresentations

The above referred arguments may have confusedrglechemistry textbook authors
when dealing with those quantities, as many of te&te that practical equilibrium constars,
and K., are dimensionless and very often do not expficitistinguish between the
thermodynamic constank?®, and practical equilibrium constants. Moreoveg thfferent ways
in which textbooks give information concerned whis topic embody an array of names for the
thermodynamic equilibrium constane.g, K, K° Kp, Keq Kin). Thus, authors seem to be
concerned with an accurate thermodynamic presentatieglecting the proper introduction of
practical equilibrium constantsK{ and K¢). The statements found in first-year university
chemistry textbooks do confuse students becaugeatigealways required to pay great attention

to units elsewhere and must know and differentiagéeproper meaning of these basic terms. A

73




AJCE, 2015, 5(2) ISSN 2227-5835

gualitative listof general chemistry textbooks’ misrepresentatmithe equilibrium constants is

the following:

1) Some textbooks do not explain why they omit units when reporting the calculation of
experimental equilibrium constants (Ze., K. and Kp).

2) Textbooks often do not explicitly distinguish between thermodynamic and practical equilibrium
constants.

3) K. and K, are dimensionless.

* Itis frequently stated that units are not given for equilibrium constants because there are
more accurate ways of treating these quantities.

* Ina few cases, it is expressed that it is customary to omit the units of the equilibrium
constant.

* Itis often usual to refer to activities after defining K,/ K., stating that the equilibtium
constant has no units because the values used for K,/K; are identical to those of partial
pressures/concentrations, but dimensionless.

4) There is usually no explicit distinction between both K° and K}, and K°® and K.
5) The mathematical relationships between both K’and K,, and K°and K. are normally not given.
6) K’often means K.

7) A,G°=-RTInK® is commonly writen as AG®==RTInK . In this case, some authors do

not report why K, in this equation must be dimensionless. Moreover, the different ways in
which textbooks give the information concerned with this equation embody an array of names
for the thermodynamic equilibrium constant (eg. K, K°, K;, Keq, Kin).

8) Some textbooks report the equilibrium constant with units when it is calculated from the
equation K = e *%RT,

9) Most of the textbooks still refer to the value 1 atm as the standard state pressure, thus few of
them use the current value, p°® =1 bar.

An initial study on the way equilibrium constante anisrepresented in those textbooks
was reported in a previous article [25]. A receapgr has provided a detailed discussion on this
topic as it has augmented and updated the indiapte and also has included in its analysis a
large sample of Grade-12 chemistry textbooks [E&kt-year chemistry textbooks consisted of
26 well-known textbooks that have gone through ssveditions, thereby showing their
acceptance by chemistry teachdworeover, various studies published in science education
journals have included those textbooks. It inclutextbooks whose authors are mainly from
USA and Great Britain, covering textbook editiomeni 1989 to 2011. Grade-12 chemistry

textbooks consisted of 35 textbooks edited througttze last 30 years.
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Most of the misrepresentations found in first-yeaiversity chemistry textbooks were
also present in this pre-university level. Thus6th% of first-year chemistry textbooks and
K. are calculated as unit-less quantities, but inyr@nthe cases analyzed, any explanation is
given. Similar results were obtained in the cas&idHde-12 chemistry textbooks. Moreover, in
91 % of first-year textbookK, was presented as the thermodynamic equilibriunsteon. In
addition, 96 % of these textbooks still refer te telue 1 atm as the standard state pressure.
Similar values concerning those misrepresentatioese obtained in the analysis of pre-
university textbooks.

As stated above, the main conclusion from thosepgrewious studies [25, 26] was that
the quantitiek® andK, are confused or represented by the same symbos, The aim of this
article is to both differentiate these quantitiaes @stablish their relationships. This analysi$ wil
be mainly focused on their units.

Gas-phase equilibrium

As there is a great confusion in the terminologgdiby textbooks, it is necessary to

review briefly the definition for each term.
Equilibrium constantK, and K. are usually defined before thermodynamics is taugbr
example, in the case of the following gas-phasdibgum
aA(g) + b B(g)= rR(g) +s S(9) 1)
K, is defined as an experimental quantity as follows

|Or |pS
® ea ( )
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where pis the partial pressure of each of the gases wedolThey are usually measured in atm.
Still, a few textbooks have recently changed tlaisecreporting partial pressures of gases in bar
[25, 26].

Similarly, K is defined as follows

“ :([[51];[[3113%

where the concentrations are usually measured In_iho

3)

That is, it seems that the units I§§ must be (atm)®, whereas those df. must be
(mol L@, where,An(g) = (r + s) — (a + b). Indeed, the IUPAC [27]oais the use o, and
K¢ having units. As it has been stated before, it feamd [25, 26] that 40% of first-year
university chemistry textbooks agreed with thosevemtions. Consequently, many authors
treated bothK, and K. as dimensionless quantities (60 %). Thus, studerag get surprised
when a great number of authors leave units whenrtiag the calculation of experimental
equilibrium constants. For example, in some textlso@7%), authors simply omit units in the
calculation ofK,/K, without explaining why they do this.

In other cases, the explanations provided in s@xtooks really may amaze students.
For example, three textbook authors [28-30] justinceéd that the units of the equilibrium
constant can always be figured out from the equuifh constant expression. In addition, some
authors [31-33] stated that it is customary to amits in expressing the equilibrium constant as
there is a more rigorous thermodynamic foundati@nthe equilibrium constant. Thus, they
explained that each partial pressure/concentrati@m equilibrium constant expression has been
divided by the standard value of pressure/conceoir&l atm for gases, 1 mol*lfor solutes) to

makeK,/K. dimensionless.
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Indeed, the IUPAC [27] defines a third equilibriwvontant term: the thermodynamic
constant,K® which is dimensionless. The thermodynamic equilib constant is defined as

follows (ideal behaviour)

[p(A)qua(p(B)qub
p° p° @

Knowing the value of one of these three constanis easy to find out the corresponding

values of the other two. Then, we are able to shetdollowing relationship

- An(g)
Kp - KO(pO) (5)

As p° = 1 bar, if the units ¢€, are (bari"?, its value equals that &P. But, as (atnf)’@
are usually the units &€, then the values of both constants are different.
Other relationships are

= An(g)
Kp - KC(RT) (6)

ﬂjﬂﬂ(g)

Ko= Kc( _
p

(7)

The reader is reminded that the above equation®rdsevalid for homogeneous gas-
phase reactions whek& contains dimensionless ratios of pressure/stanoi@ssure for gaseous
species. Rather, the thermodynamic equilibrium t@nscontains dimensionless ratios of
concentration/standard concentration for aqueoasiap (as it will be examined in a subsequent
section). Those mathematical relationships may beldents in the differentiation between the

practical equilibrium constants and the thermodyicaronstant. However, the aforementioned
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recent study [26] has reported that equations i(d) (&) are usually not discussed in first-year

chemistry textbooks.
A glossary of chemical equilibrium constants isegivn Table 1.

Table 1.Glossary of equilibrium constant terms for a givdemical equilibrium

represented asa A(g) + b B(g)=—= r R(g) + s S(9).

Practical equilibrium constants, andK¢:
K,= (%j ; its units are (unit of pressuf&y)
PaPs /g
y ( RIS
c a b
[AJ"[g]

Thermodynamic equilibrium constai (unitless quantity):

( p(R)qur(p(S)eqT
Ko= p° : p° i p° = 1 bar
{p(A)eq] [p(B)qu
p° p°

Mathematical equation relating, andK®e :
K = KO(pO)An(g)
p

] : its units are (unit of concentratiéffy’
eq

In Example 1we outline the calculation d{°, K, andK corresponding to a gas-phase
equilibrium at a given temperature. In this probleme calculate the equilibrium constaKg,

with the help of the following equation

0— _ o

where4,G° is the standard free energy of reaction [34]. EqQua(8) can be written for

our purpose as follows

0 — A-AG/RT
K =e™

(9)
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It must be stressed th&t° is dimensionless. However, two university textbsloR®
presented the equilibrium constant with units witewas calculated from the above equation.
This finding was also reported concerning someeturiGrade-12 chemistry textbooks [26].
Other related misrepresentations arise when somethomu assume that
K° =K, [25, 26], and thus they write equation (8) asoial

0— _
AG°=-RTInK, (10)

Specifically, 80% of first-year chemistry textbooggsesented the above equation and
among those Grade-12 chemistry textbooks thateiethis topic, in 80% of them equation (10)
was also introduced. But it must be emphasizeddgaation (10) embodies two terminological
misrepresentations: i) it is assumed thaplays the role oKS; ii) 4G°is stated instead of,G°.
This last confusion has been reported in two reeentles [34-37]. However, although one of
these last papers [37] correctly states that iragopi (10) the units oAG® are not the same as
the units onRT becauseAG° is an extensive quantity with units of energy, velasRT is
intensive with units of energy md) it still commits the first aforementioned termiogical
misrepresentation keepitg, instead of usingl®. This case exemplifies how deep the confusion
on the equilibrium constant terminology is rootednat only does it broadly appear in first-year
chemistry textbooks, but also it is present in dncational article dealing specifically with the
incorrrect use and units of thermodynamic relategingjties.

Note thatK® is dimensionless, buf, has the dimensions of pressure raised to the power
of An(g). In Example 1we have reported one value #ft (p° = 1 bar) but three different values
for Ky, depending on the units of pressure used. Theeafll, equals that oK° only when the
partial pressures are reported in bar units. Th&ti= 771 (p° = 1 bar) ankl, = 771 bar; K, =

781 atm'; K, = 7.71 x 10 Pa’. At this point it is worthily to note that befo®82 it used to be
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that p® = 1 atm, and thus both valuekéfandK, were the same when partial pressures were
measured in atm units (in our exam{é = 781 before 1982, and thus the valu&pfvas equal
to that ofK° when the units of pressure were atm; that igséd to be that, = K° (atm)*"9).
That year, the IUPAC Commission on Thermodynamec®mmended use of 1 bar, rather than
the traditional 1 atm, as the standard-state predsu tabulating themodynamic data [38].The
effect of this modification had a slight variatiom the values of thermodynamic equilibrium
constantsK® [5, 24, 39]. This change did not affect the valokK, as they depend on the units
of pressure used [21], as it has been exemplifi&kample 1

While these last two statements are true, it ie &lge that equilibrium calculations are
almost never more accurate than about 5% becaudevidtions from ideal behavior, so the
difference in the values &, is not important in practical terms when the uarts atm instead of
bar. However, this is not the case when other preasits are used as Pa. FinallyExample 1
we have also reported the valuekgf It should be noted that this quantity has theedligions of

concentration raised to the power/of(g).
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Example 1

CalculateK?, K, andK at 298.15 K for the ammonia synthesis equilibrium:
Y2 Na(g) + 3/2 H(9) = NHs(9)

Thermodynamic data at 298.15 K (p°® = 1 ba)H O[NH3(g)] =-461kJ/mol;

SIN2(g)] = 191.6 J Rmol™; S{H4(g)] = 130.7 J K'mol™; S{NH3(g)] = 192.5 J Rmol™;
SOLUTION

K° can be calculated using the following equatioh= e "?" . So, the value of,G° is
needed. It can be obtained from the equafip® =A H° -TA S°.

A H° =-461kJ mol*
AS° = S°[NH3(g)]-§S°[N2(g)]-§S°[H2<g>] =-994 J K'mor*

A.G°=AH°-TA, S’ =-165 kJ mol*;

KO =g &@/RT 771

K, andK. are calculated as follows,

K, =K°(p°)*"® =771bar"; as 1 atm = 1.01325 bar, it should be noticed that
K, = 781 atril; also, as 1 bar = ¥®a,K,=7.71 x 10 Pa".

K, (781 atm™) . 1
e ol — — = 191x10"(mol/L)
(RT)2"®  (0.08206 atm L mol™K *x 29815 K)
Summary:
KO (p° = 1 bar) Kp K
771 771bar | 78latmi | 7.71x10°Pa’ | 1.91x10° (mol/L)™

Hence, we must remark that only when the valuggre$sure are measured in bar does
K, = K° (barf™. Conversely, if it is not that case, we find the,far as numerical values are
concernedK, # K° That is, the thermodynamic equilibrium constaas lonly one value (of
course, the standard state must be stated as e¢acbasl state has its corresponding
thermodynamic equilibrium constant value; in ouamyple, p° = 1 bar, which corresponds to the
IUPAC recommendation), big, has many, depending in each case on the pressitseused to
measure the partial pressures of the species iegtalv the gaseous mixture. These facts are

usually not examined in general chemistry textbdaks.

81




AJCE, 2015, 5(2) ISSN 2227-5835

Aqueous equilibrium solutions
Although this paper deals mainly with equilibriavaving gaseous mixtures, it may be
necessary to make a brief discussion on aqueousibeigm solutions. In these cases the
thermodynamic equilibrium constant is defined agalesly, but now the standard-state of an
aqueous substance may be either c°® = 1 riabric® = 1 mol kg [27]. For example, in a weak
acid solution, HA(aq),
HA(aq) + HO()) == A’ (aq) + HO'(aq) (11)

the thermodynamic equilibrium constant is as fodow

[[Aco]eq[ lgl; S]J
") "

Once againK® is a dimensionless quantity, and its value dep@mdthe standard state

Ko=

used. Thus, in aqueous equilibria the standarce staist be given when the value of the
equilibrium constant is reported.

For equation (11K, is expressed as

_Iallnsorl,

KC
[HAL,

(13)

and its value must be reported using concentratiots. Notice that in aqueous solutidf&and

K. are different quantities although they may have game values. In our example,

Kc = K ¢ That is, the values &€° andK; are the same when there is coincidence in the ofit

both the concentrations of the substances invadwelthe concentration standard-state used.
Thus, if c© = 1 mol ! and the values of concentration, @are expressed in

mol L* units, the values df. andK® are the same. But, if there is not such coincidanche
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concentration units, then those quantities haviergifnt values. For example, at 25 °C, if we use
c© = 1 mol L' we have for the acetic acidk. = 1,751 x 10 mol L* and

Ko = 1,751 x 10, but if the units of concentration used are mol™kgthen

Ke = 1,756 x 10 mol kg* [13]. Similarly, when c® = 1 mol K the values oK. andK® are the
same if the values of are expressed in mol kginits. This discussion may help to avoid current
misrepresentations as in aqueous equilibrium gwistit is normally assumed thigt plays the
role of K° [26]. Once again (analogously to the case ofplese equilibrium reactions), this
confusion is also present in a recent article [B¥ling with the correct use and units of related
guantities, which reinforces the view that termagdtal misrepresentations of the equilibrium

constants are firmly anchored in current educatiapproaches associated to this topic.

CONCLUSIONS

When reporting the value of the thermodynamic @guilm constantK®, the standard
state must be specified. For gaseous reactiont&J#&C recommendp® = 1 bar; in addition, for
aqueous solution reaction3= 1 mol ! or c® = 1 mol kg'". For each standard state there is only
one value ofK° Conversely,K, and K. have many values depending on the units of
pressure/concentration chosen. That is, K° is #lessiquantity; on the contrarg, has units of
pressuredg.bar, atm, Pa, etc.) am@ has units of concentratiord mol L™, mol kg").

Many first-year university chemistry textbooks assu that K° = K, (and also
K° = K¢) and confusion on units is also widespread. Themsgepresetations are also broadly
present in pre-university chemistry textbooks.

The analysis of the example outlined in this &tibas helped in discussing the

differentiation of practical equilibrium constartis. K, andK.) and the thermodynamic constant,
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K°. Thus, the treatment performed in this study tmayseful for both textbook authors and their
users (ie. general chemistry teachers and studentslder to avoid current misrepresentations
[25, 26]. That is, this examination may help textbauthors when dealing with the proper
definition of both the practical equilibrium consts and the thermodynamic equilibrium contant
as well as when both performing their calculatiowl @eporting their relationships. Still, given
the discussion of the confusion amadfy) K,, andK., some teachers would argue to deflitte
only, which might pose a challenging didactic issie this suggestion might seem appropriate,
for it would give rise to less confusion, sincerth€’ would be the only relevant parameter, it
would need the use of activities of reactant amdipect species. However, we could presume this
concept too difficult as it is both unnecessary andesirable for an introductory course. Hence,
the introduction of concepts such as activities Manean to advance what has traditionally been
carefully treated in later years of the undergraelgarriculum and thus to add needless strains to
beginners. This argument does also apply to preeusity chemistry textbooks as it seems
neither essential nor beneficial to introduce trexmodynamic equilibrium constant at this level.
Still, practical equilibrium constants should befined properly and reported with the
corresponding units.

Hence, similar problems to the example discussethim study can be presented to
students when dealing with equilibrium constants first-year chemistry courses. This
examination allows to apply the different equatigmevided in table 1, which may help in
avoiding current terminological misrepresentatiofbat is, authors must always warn their
readers that focusing on reporting quantities whth correct units is a basic activity that should
not be overlooked. In addition, each term shouldpbaperly defined, allowing students to

establish the mathematical relationships among them
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