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ABSTRACT

The paper is devoted to two main issues of catalyem the viewpoint of teaching and
learning activities. The first part deals with go& catalysis which treats the general features of
catalytic processes and textbook imperfections. $b&eond part focuses on decelerating or
stopping-down chemical processes. It is shown toattrary to the “positive” catalysis,e.
enhancement of the rate of chemical reactions, lwisia regular part of chemical education at
secondary/high schools and universities, the itibibiof the chemical reactions is frequently
missing in educational curricula. The importanceirdifibition is explained, its mechanism

presented and examples offerefAfrican Journal of Chemical Education—AJCE 5(2ulyd
2015]
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INTRODUCTION

The word “catalysis” was introduced into chemigbgythe Swedish chemist J6ns Jacob
Berzelius in 1835 [1] who realized that there arestances which increase the rate of a reaction
without being themselves consumed.

A catalyst which enhances the rate of a reactigmoyiding an alternative, less energy
demanding pathway is called a ,positive catalyst‘#me process “positive catalysis® or usually
simply“catalysis“. A substance which retards theéeraf a reaction is called a “negative
catalyst“or “inhibitor* and the process “negativatalysis” or “inhibition®.

It is estimated that more than 90 % of the proadwctf chemical industry is based on
catalysis [1] and in living organisms the proparmtiof enzymes-catalyzed processes is even
higher [2-5]. According to a study from The FreedoGroup, a Cleveland-based market
research firm, world demand for catalysts will ris8 percent per year to $19.5 billion in 2016
[6]. As aresult, the lesson catalysis is frequenitluded in chemistry education curricula at
secondary/high schools and university levels irtchgathat catalysis is very important. The field
of catalysis is included in the majority of textlkgocovering, in particular, general chemistry,
industrial processes and technologies, biochemastdybiotechnology[7-16].

Catalysis understood as an acceleration of a claénmgaction in approaching the
equilibrium state is extremely important at thegstaf obtaining the final product. However,
once the product is prepared, there is a requirdm@neserve its utility properties or, in other
words, to suppress any changes leading to the prodeterioration[17, 18]. Cosmetics,
foodstuffs, beveriges, medicinal drugs, textiled @tastic materials can be used as illustrative
examples where such stability is required. To pmewendesirable processes from occurring,

substances known as antioxidants, preservers/isgabior conserving agents are applied[18-
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20]. Their function can be, in a broader sensecrde=d as negative catalysis or inhibition.
Suprisingly, the phenomenon of inhibition and gsence is usually not mentioned or correctly,
from the viewpoints of kinetics, explained in ediimaal materials and activities. This statement
can be exemplified by textbooks [8, 11-14].

The progress of a reaction with time progressiagawith reactantsR,continuing to their
transformation to final product(s) P and subseduentlesired change of P to degradation

product(s)D may be illustrated as follows

desired acceleration at preparing unwanted process(es) deceleration
final product(s) using a positive to suppress P degradation applying
catalyst - positive catalysis  uSable product jnnipitors - negative catalysis
> P > D
> time

This contribution is aimed at
i) introducing catalysis in a general mode;
i) providing examples of the most common textbook irfgmtions in this field, and,
iii) explaining and exemplifying the importance of decaling or stoppingdown chemical

processes.

POSITIVE CATALYSIS
Introduction

It is worth beginning with catalysis in its usuataming,i.e. a process of acceleration in
the rate of a reaction caused by the presencesobstance — catalyst — that does not appear in
the chemical equation among the reactants and pi®dioes not change thermodynamics of the
overall process, and acts also when being in sigdhgbonetric amount in the reaction system. A

catalyst thus does not changethe energetic chasdicte of the reactants, products and the
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reaction (U,AH, A,G) and the barriers between th&h@AH”, AG")[7, 15]. It instead finds an
alternative reaction pathway (with a faster reactate) that bridges reactants and products with
lower energy barriers. It implies that in a revielsireaction the catalyst acceleratesthe forward
and reverse reaction equally. Therefore, althotighartens the time required to approach the
equilibrium,acatalyst does not affect the final ipos of equilibrium and,
consequently,percentage yield of the products[21].

In spite of its involvement in the reaction meclsami the catalyst is not consumed in the
overall reaction process,however, it is a constitwé some intermediates[7, 15, 21].

Contrary to the stoichiometric equation not invalyithe catalyst, it may be included in
the rate lawwith a partial order greater than Zgro[he rate law for a general reaction of the
reactants A and B in a system containing a cat&@ysonsists of two terms expressing the rate of
uncatalyzed and catalyzed reactiamd may be written generally in the form [7]

V = kuncalA] 1B]° + keaf AT [B]Y[C]*

wherek are the corresponding rate constants, a, b, xaye the partial orders. When the
catalyst is a solid (heterogeneouscatalysis),ateentration is constant and it does not appear as
an independent termin the rate law. Its effechcduded in the value ¢

The best kind of catalysts are enzymes. They pmdate enhancement (expressed as
kealkunca) ranging from 10 to 10[21].In addition to their efficiency, enzymes arsually

specific (one enzyme catalyses one reaction) ardaspecific.

Misinterpretations in teaching and perception of tdysis
In the area of positive catalysis, three mainkiofisnperfections appearing in textbooks

may be identified. A first one lies in the claimitigat “the catalyst decreases the activation
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energy of the reaction®. Reality is that the adima energy of the original reaction is not

changed by the catalyst[22, 23]. Suppose, you haweuntain between two valleys so that the
only way for people to get from one valley to thber is over the mountain. The tunel (analogy
with catalytic pathway) does not change the origmauntain pass, it just represents a new
route. The effect of catalysts arises from the faet in their presence a pathway with lower
activation energy becomesavailable to the reactamdst does not lower the activation energy of
the original reaction [22, 23].

A second imperfection relates to the expressiothefactivation energy for uncatalyzed
and catalyzed process. An effort to be as simpleassible may alter a simplification to an
incorrectness. Also in otherwise excellent textl®¢8-11] the potential energy curves for
catalyzed and uncatalyzed reactions are depictéld the same number of transition states
(usually a single state) without documenting thigoacof the catalyst and its involvement in the
reaction mechanisme. without intermediates (Fig. 1a).

The involvement of a catalyst should be illustrateoth by a higher number of
intermediates and a higher number of transitiotestéwith the activation energy lower than that
of uncatalyzed process) [12-16].A very simple dhdirative example (Fig. 1b) is the oxidation
of CO to CQ occurring in the gas phase by oxygen The mechanism of both uncatalyzed
reaction and that catalyzed by metal (Pt) surfaes wroposed by the Nobel-prize winner,
Gerhard Ertl [24].

In the absence of a catalyst, the activation energyven by bond energy in molecular
O,. In the presence of Pt-catalyst, both reactan@,abd Q are chemisorbed on the metal
surface and molecules of,@issociate to O atoms. Within these three prosese energy is

released £259kJmol™). In order the adsorbed CO molecules to react witborbed O atoms,




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

the activation energy of 105 [Rdol™* should be overcome, their conversion to adsorb@d C
molecules is an energy-releasing$ kJol™) process. The final step of the process, desarptio
of CO, molecules is an energy-consuming process (BiKJ"). The enthalpy change for the

both uncatalyzed and catalyzed overall reactiorC6f oxidation is, of course, equat283

kJmhol™).
ta # b # CO(g) +O(g)
Etﬁwat
CO(g)
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Q
=
Q
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o
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Fig. 1a: Over-simplified energy profile of a genkcatalyzed and uncatalyzed reaction
not involving the role of catalyst in the reactimechanism [8, 10, 11].

Fig. 1b:Energy profile for the uncatalyzed™@249kJmol™) and Pt-catalyzedoxidation
of CO by Q. Symbols“ad” and %" denote adsorbed molecules and transition states,
respectively. All the values are extracted from, [24] and expressed in kdol™.

While the energy profile in Fig. 1a might sufficehagh school level where the students
do not deal with reaction mechanisms, universitydshts of chemistry having the fair

7
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knowledge of physical chemistry and reaction meidmas should work only with the profiles as
depicted in Fig. 1b.

A third imperfection lies in the confusing use okegy quantities in graphical illustration
(energy profile) of both catalytic and uncatalytoute of the transformation of the reactants to
the productsand should be corrected at least aergity-level education. Frequently the energy
profile is shown as a dependence of energy oniogaptogress, without specifying what kind of
energy (internal energy, potential energy, totargy, Gibbs energy?) is in question, and what is
the meaning of “reaction progress”. Thermodynaroicthe overall reaction is usually expressed
as enthalpy change while kinetics as potentialgn#t, 26].

In any case, only one quantity should be used. ,Atsshould be clear that the “reaction
progress” does not represent time evolution. il igct “reaction coordinate®.

It is customary to use activation enthalpy andvatibn energy interchangeably[13, 26],
but there is, in fact, a difference between themmfthe viewpoint of both physical meaning and
value. Activation energf§” is an empirical parameter in Arrhenius equatiomahision theory
of chemical reactions[21].Activation enthalpyd*(as well as activation Gibbs energ@” and
activation entropyAS’) are parameters of Eyring relationship[21], oriding from transition
state theory. As for valueE! is lower by a few Kinol™ thanAH?[21].As for the quantity used,
preferablemight be Gibbs energy (including actmatGibbs energy) due to its direct relation to
equilibrium constant or enthalpy due to direct aection tothe heat effect of reaction and the
temperature dependence of equilibrium constant. Uibe of Gibbs energy was correctly

documented in [27].




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

NEGATIVE CATALYSIS

The concept of negative catalysis was evaluatestientific literature back in 1920s[28,
29]. Negative catalysis is useful to slow down ompletely stop an unwanted reaction[22, 30].
The student may ask whether any chemical reactam ke inhibited. The answer is “no“.
Generally speaking, only catalyzed, photochemiodl @nbranched chain radical processes may
be effectively decelerated[22]. In more detail, iloitron can thus be applied in processes
involving substances able to chemically transfopoigon) the catalyst, to trap or scavenge
intermediates in unbranched chain radical reacti@mnsto deactivate reactive molecules in
electronically excited states.A chemical processy rha stopped also due to deposition of
substances on the catalyst preventing thus itsicpetion in the catalytic process. It is
importantto stress within teaching the matter thattrary to the positive catalyst, the inhibitor
does not introduce a new reaction route with admgictivation energy. Due to its action just the
reaction continues to occur by the non-catalyzediero

In the next part the mechanism of negative catalysll be documented and selected

examples presented.

Poisoning a catalyst

A negative catalysis may be a consequence of irséalg poisoning the catalyst present
in the reaction mixture.For example, the tracedrafsition metal cations released from the
container catalyze decomposition of hydrogen peexH0O,. But the addition of a complex-
forming compoundd.g, derivatives of phosphoric acid, phosphonic acatjous organic acids
[31, 32])to solutions of FD,would bind the metal cations acting as catalysts complexes and

thus prevent decomposition. Aqueous solutions &:kontaining HPO, are called “stabilized".
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In case of transition metal containing enzymes rbgen sulphide and/or sulphide anions act as
catalytic poisons forming metal sulphides[33]. Ansequence for the involved chemical process
is transition from a fast catalytic route to a slomcatalytic one.

A huge amount of knowledge has been accumulatedratimhalized in the field of
enzyme catalysis and inhibition. Enzyme inhibitoesise a decrease in the reaction rate of an
enzyme-catalyzed reaction by binding to a spegifiction of an enzyme[4]. One of the oldest
and most widely used commercial enzyme inhibit@rsaspirin (acetylsalicylic acid), which
selectively inhibits an enzyme involved in the &w#is of molecules that trigger

inflammation[34].

Breaking an unbranched chain reaction

Unbranched chain reaction is a process in which tiuenber of chain carriers is equal
(usually 1) in each propagation step[35].In somsesanegative catalysts are believed to operate
by breaking the chain of reactions. For example,dbmbustion of KHand C} which is a chain
reaction is inhibited by oxygen{36]. The mechanism of the reaction can be expdekgehree

elementary reactions:

Cl, O ™ . CI' +CI'(photochemical initiation)
H, + CI—HCI + H'(propagation)

H® + Cb—HCI + CI' (propagation)

O, breaks the chain of reactions (decreases thej)imgtracting with atomHorming the
unreactive radical HO

0, + H— HO,

10
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It should be pointed out that branched chain reasti(chain reactions in which the
number of chain carriers increases in each propagattepe.g, explosions) cannot be

effectively inhibited by this mode[35].

Deactivating excited states

The absorption of ultraviolet (UV), visible or neafrared radiation by a compound may
be a cause of its destruction[17]. Undesirable @ttemical processes may be inhibited via
deactivation of excited molecules. The substandaging the role of inhibitors are called
photostabilizers. The mode of their actions depesrd¢he nature and properties of the excited
molecules[17].

One of the deactivating modes is energy transfeplied, e.g in transforming
(quenching) reactive excited singlet oxydénto unreactive ground-state triplet oxyg@n The
process can be examplified by the quenching oflsiraxygen with the photostabilizer kis(
phenyldithiocarbamato)nickel(ll), abbreviated agfiDC),] in its ground singlet state[37, 38]

10, + [Ni(PDC);] —°0, + °[Ni(PDC),]

The rate constant of the reaction is ¥.1.0°° Lihol™S™. In general, photostabilizers
must comply with at least two conditions: the ratmstant of their reactions with excited
molecules must be as high as possible, and théedxaaction product (in the above example
3Ni(PDC),] in its excited triplet state) must be deactivasetely by a photophysical mode and
its excitation energy converted to heat[17].

Photodegradation of polymers is decelerated ajsasing UV absorbers which

are compounds absorbing UV radiation with a verghhimolar absorption coefficient

11
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(euv>10'LIhol ™ 8m ™) and thus preventing the absorption of UV radratiy the polymer or its

components[17, 39].

Scavenging reactive radicals

To inhibit undesirable radical decomposition reatd from occurring, radical
scavengers are used. Among the radicals initiatet processes, hydroxyl radic&lH may be
mentioned[40, 41]. Radical scavengers are aeédgdto foodstuff, beveriges, polymers, textiles
etc.Many of them form integral part of living orgems and inhibit reactions of radicals by
reacting with them. Well-known example represemgaymes superoxide dismutases, SOD,
inhibiting redox processes of the radical ‘@hrough its dismutation into dioxygen and hydrogen

peroxide molecules (the mechanism is not so simple)

20, +2H 0 - 1,0+ 0,

Sorbic acid,benzoic acid and their derivativesfaoglstuff and beverages preservatives
inhibiting usually redox processes of reactive @tygpecies such ‘@H, O, RO, by their
bonding to a double bond or their reduction[20,4d polymer chemistry highly effective radical
scavengers are 2,2,6,6-tetramethyl piperidine dgves, known as hindered amine light
stabilizers (HALS)[39]. Itis worth pointing out thascavengers are consumed in the
processwithout their regeneration, and do notrettiemically unchanged to the system.In spite
of this fact, they are very useful in protectingdgoreserving original, required properties of
products.

Depositing substances on the catalyst surface
When a liquid or solid substanceis deposited, gasaadsorbed on the solid catalyst,

itprevents contant of reacting species with thalgat and the process becomes slower[42]. Such

12
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a situation may happen in the heterogeneous cetatysvhich at least one of the reactants or
products is a highly viscous or solid substance.efample, residue hydrocraking process of
naphta pitch using the catalyst composed of aetatlumina, Ni and Mo is inhibited by
deactivation of the catalyst due to depositionaXecand high-molecular hydrocarbons (so called
coking or fouling effect) on its surface[40].

In heterogeneous gas-phase catalysis one of thenés may be adsorbed (chemisorbed)
on the solid catalyst surfacein such an extentith@atevents contact of the catalyst with another
gas reactantreducing or destroying thus the catlgdficiency. Together with economical
factors, this is whythe course of such reactiorgoigerned in a definite pressure and temperature

range,e.g ammonia is industrially synthesized at 400-45G~@ 200 bar.

CONCLUSIONS

Catalysis of one of the most important issues ienglal education, industry and life-
relating processes. This is why the correct tearhinall levels of chemical education should
result in correct understanding the matter. Thetrfreguently misinterpretationsappearing in
textbooks and scientific literature are presentatiraodes of their correction suggested. In the
literature and education curricula the issues tdlgtic acceleration and deceleration of chemical
processes is not sufficiently balanced. Inhibitioih chemical processes understood as their
deceleration or even totally bring to a stop isimportance equivalent to that of positive
catalysis. It deserves adue attention at secoftdghy school and university levels. Its
significance should be demonstrated by examplem freal industrial, environmental and
biological systems. When dealing with catalysig, thacher and textbooks should be careful not

to oversimplify the matter.

13
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