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» Describe the scientific and economic obstacles to more
widespread recycling of plastics.

» Explain the concept of entropy in your own words.

» Deduce the sign of AS for many chemical reactions by
examining the physical state of the reactants and products.

+ State the second law of thermodynamics in words and
equations and use it to predict spontaneity.

+ State the third law of thermodynamics.

+ Use tabulated data to calculate the entropy change in a chemical
reaction.

» Derive the relationship between the free energy change of a system
and the entropy change of the universe.

+ Use tabulated data to calculate the free energy change in a
chemical reaction.

» Explain the role of temperature in determining whether a reaction is
spontaneous.

» Use tabulated data to determine the temperature range for which a
reaction will be spontaneous.

« Standard plastic soft drink bottles are made from
poly(ethylene terephthalate) or PET/PETE.
« PET is manufactured in a two step process starting with
ethylene glycol and dimethyl terephthalate.
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« Soft drink bottles manufactured from PET can be recycled.

« The PET plastic bottles are separated from other plastic
types and crushed.

» The crushed PET is washed, dried, and cut into small
flakes.

« The PET flakes are melted and extruded into spaghetti-
like strands that are cut into smaller pellets, which are sold
to manufacturers to make items such as fiberfill for
sleeping bags and coats, fleece fabrics for outdoor wear,
carpeting, and industrial strapping.

« Recycled PET is not used in the manufacture of new soda bottles
for economic and legal restrictions.

« Cheaper to manufacture virgin PET than to use recycled PET.

» Recycled PET not allowed into food and beverage containers
due to possible contamination fears.

« During the recycling process, PET polymer degrades.
« The length of the polymer chain decreases.

« If PET were recycled into soda bottles, the resulting bottles
would be thicker and heavier than bottles manufactured from
virgin PET.
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» Some processes or reactions proceed in only one direction. » Some spontaneous reactions only occur once they are
+ Gasoline reacts spontaneously with oxygen to form carbon initiated.
dioxide and water, but water and carbon dioxide never
spontaneously react to reform gasoline. « The combustion of gasoline is a spontaneous reaction but

only occurs when the reaction is initiated with a spark.
» A spontaneous process takes place without continuous

intervention, according to thermodynamics. + Nonspontaneous reactions only occur with a continual input of
» Spontaneous processes are not necessarily rapid energy.
processes.

» The combustion of diamond is thermodynamically
spontaneous, but diamonds are considered to last forever.

» Exothermic reactions are generally preferred over

N/ endothermic reactions.
n c=c -[—/c—(:\—},,
H C=0 — H C=0
3 4 » Melting ice is an endothermic process but occurs
oHs Ntis spontaneously.
Methyl methacrylate Paly(methyl methacrylaze)

fonomer « Enthalpy is not the exclusive determinant of spontaneity.

+ Once initiated, the spontaneous reaction between methyl
methacrylate monomer to produce poly(methyl methacrylate),
PMMA, polymer occurs rapidly.

» The reverse reaction, production of methyl methacrylate
monomer, only occurs with a continual input of heat energy.

« Entropy is a state function and was first introduced in

considering the efficiency of steam engines. - Forthe Camot cycle, the

B sum of g/T around the

+ The Carnot cycle uses a combination of adiabatic S closed path is equal to zero
processes ({10 heat |ts exphangetd) ?nd isothermal _4‘"7’” and therefore defines the
processes (temperature is constant). \ b state function.
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« As the number of dice increases, the probabilities of a set of
fours increases.

1 N
Probability = (gj

+ Nis the number of dice being thrown.

+ The chance of a highly specified arrangement in a collection
of molecules with ~1023 particles is phenomenally small.

« Entropy can be tentatively defined as a measurement of the
randomness, or disorder, of a system.

» For large numbers of particles, probability favors random
arrangements.

« Statistical mechanics or statistical thermodynamics
provides a quantitative basis and molecular perspective to
entropy using probability.

» For entropy, the probability for the number of ways in which
particles can achieve the same energy is used.

« The way by which a collection of particles can assume a
given energy is a microstate.

» The number of possible microstates is designated by Q.

» The number of microstates increases as the “randomness”
of the system increases.

* The Maxwell-Boltzmann
distribution indicates the
overall collection of
molecular speeds but not
the speed of individual
particles.

Vdiity

+ Energy is exchanged during
molecular collisions, without
disrupting the overall
distribution of speeds.

The Ightcratammnan has s low
veloity but the sveral distrision
ety tha same

» As the number of microstates for a system increases, the
entropy of the system increases. This relationship is defined
by the equation:

S =k, InQ
+ Sis entropy
* k, is the Boltzmann constant.

* Qs the number of microstates.
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« Certain types of changes will result in increased entropy.
« Certain phase changes.
* Anincrease in the number of particles present.

« Anincrease in the temperature of a substance.

* When a solid melts to form a liquid, entropy increases.

 In solids, the particles are held in place rigidly, limiting the
number of ways a specific energy can be obtained.

+ Inliquids, the particles move past each other, increasing
the number of ways a specific energy can be obtained.

» The number of microstates increases during melting.

20

» A chemical reaction that generates two moles of gas when only one
mole of gas was initially present will increase the entropy of a
sample.

» The number of possible microstates increases as the number of
particles increases.

« When a sample is heated, the temperature of the sample
increases.

» As temperature increases, the number of possible velocities
increases.

» The number of ways to distribute the kinetic energy of the
sample increases, resulting in an increase in the number of
microstates. 2

+ Whenever energy is converted from one form to another,
some energy is “lost” or “wasted”.

+ Not all of the energy available is directed into the desired
process.

» Entropy provides the key to understanding that “loss” of
useful energy is inevitable.
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« The second law of thermodynamics: in any spontaneous
process, the total entropy of the universe is positive

. (AS,>0).

AS, =AS +AS,,,

* AS, = entropy of the universe
* AS = entropy of the system
* AS,, = entropy of the surroundings

« Itis impossible to convert heat completely to work, since
work is a process that involves moving random motions
into more ordered ones.
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Methyl methacrylate
monomer

Poly(methyl methacrylate)

+ The formation of poly(methyl methacrylate), PMMA, is a
spontaneous process.
+ The formation of PMMA is exothermic, which favors
spontaneity.
+ The entropy change for the formation of PMMA is negative,

which does not favor spontaneity. »
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» The entropy change for the surroundings can be calculated
from the heat flow from the system, which is equal to —AH.

« For an exothermic reaction, the entropy of the
surroundings increases.
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+ For the formation of PMMA, AS, is greater than zero only if
the AS,, is greater than the absolute value of AS.

AS, =AS+AS,. >0

» Above some temperature T, the AS,, is less than zero, and
the formation of PMMA becomes nonspontaneous.

« The reverse reaction, the thermolysis of PMMA back
into monomer, will be spontaneous.

* The thermolysis of PMMA is one method to recycle
PMMA.
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« The third law of thermodynamics states that the entropy of a
perfect crystal of any pure substance approaches zero as the
temperature approaches absolute zero.

« The entropy of one mole of a chemical substance under
standard conditions is the standard molar entropy, S°.

« The entropy change for a reaction can be calculated from the
standard molar entropies of the reactants and products. This
law allows for the quantification of entropy.

AS° =Z v,AS° (products), — Z v;AS° (reactants),
i j
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Table I 101

Surdard molar enwopies (S°) for selected substances. A much larger listing appears in
Appendis E. Values for many compounds can also be found online in the NIST Chemis-
try WehBook ar hripe/Awebhook nist. gov/chemistry.

Compuund (Jm ::‘ Ky Compound 1] rmj'! K
Hyle) 130.6 COg) 2136
Os(g) 205.0 CHyulg) 310.03
1L,O®) 9.1 CHyg) 136.2
H,0(z) 188.7 C,H(g) 219.5
NH;(g) 1923 CHNCE) 178.91

« Standard molar entropies for selected substances.
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The entropy change for a reaction may
not be easy to determine directly.

\ Products
//

Reactants __—

This portion of the path
corresponds to the tabulated
5° values of the products.

Entropy

This portion of the \\
path corresponds to :
the oppaosite of the Elements in
tabulated 5° values perfect erystals
of the reactants. atO K

 Because entropy is a state function the
value of AS for the two paths is the same.

+ Entropy is a state function, so the value of AS must be
independent of the path taken from reactants to products.

29

» Use data from Table 10.1 to calculate AS for this reaction.

2C,H,(g)+ H,(g)— C,H,,(2)

30
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* The Gibbs free energy function, G, is defined as: » For a spontaneous reaction, the Gibbs free energy change

must be negative.
G=H-T15 AG = AH —TAS

« Changes in this function can predict whether or not a process

is spontaneous under conditions of constant pressure and + For a negative AH and a positive AS, the AG will always be
temperature. negative and the reaction spontaneous.

AG =AH —TAS + For a positive AH and a negative AS, the AG will always be
positive and the reaction nonspontaneous.

AG =-TAS,

31 32

Table N 10.2

« For a positive AH and a positive AS, the value for AG depends

on the temperature. The four possible combinations for the signs of Alf and AS

» For a negative AH and a negative AS, the value for AG Sign of AH Sign of AS Implications for Spontaneity

depends on the temperature.

- + Spontaneous at all temperatures
* The temperature at which a reaction changes from + - Never spontancous
spontaneous to nonspontaneous can be calculated.
= = Spontancous on]y at low temperatures
T = AH + + Spontancous only at high temperatures
AS

» The four possible combinations for the signs of AH and AS
used to determine spontaneity for a chemical reaction.

33 34

« For a spontaneous reaction with a negative AH and a
negative AS, the reaction only occurs at low temperature.
» These reactions are referred to as enthalpy driven
because the negative value for the enthalpy is responsible
for the negative value of the Gibbs free energy change.

« For a spontaneous reaction with a positive AH and a positive
AS, the reaction only occurs at high temperature.

« These reactions are referred to as entropy driven because
the product of the positive entropy change and the
absolute temperature is responsible for the negative value
of the Gibbs free energy change.

35

+ Use the signs of AH and AS to explain why ice spontaneously
melts at room temperature but not outside on a freezing
winter day.

36
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» The heat of fusion of polyethylene is approximately 7.7 « It can be shown that the Gibbs free energy change is equal to
kJ/mol, and the corresponding entropy is 19 J/mol K. Use the maximum useful work done by the system.
these data to estimate the melting point of polyethylene.

AG =-w,_,

X

* Work s not a state function.

« Maximum work realized only if the reaction or process is
carried out along a very specific path.
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« Avreversible path is the specific path required for maximum + The Gibbs free energy change establishes the upper bound to
useful work. the amount of work obtained from a given process.

» Actual work produced in any real application may be

» For systems with a reversible path, the system is near ¥
considerably less.

equilibrium and a small incremental change in a variable

will bring the system back to its initial state. . .
+ Reactant mixtures are generally very far from equilibrium.

« Inanirreversible change, a small incremental change in any I .
variable does not restore the initial state. . System_s that are far from equ!llbrlum pften change rapidly,
and rapid changes tend to be irreversible.

* The amount of work available is always less than
maximum for an irreversible change.

39 40

X Table I 10.3
« The standard Gibbs free energy change, AG®°, can be

calculated from Gibbs free energies of formation, AG°. Values of the free energy change of formation, AG¢, for selected
t ay ge
compounds. A much larger list appears in Appendix E.

» AGp =0 for elements in their free standard state. AGe AGe

Compound (K mel")  Compound (k) mel™)

o H{g) 0 CO, ) —394.4

AG’ = Z v,AG; (products), — ZVJ.AG}’ (reactants); “ o

i J O(g) 0 CH (g =15.71

1L,O() -2372 Cll,ig) —50.75

« This equation provides an alternative method to calculate H,0(g) -2286 CyH(® 68.12

AG, without entropy or enthalpy. NH,(g) _165 CiHy(g) 62.75

+ Values of the free energy change of formation, AG?°, for

selected compounds.
41 42
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« Confirm that the reaction below would be spontaneous by
calculating the standard free energy change using values
from Table 10.3.

2C,H,(g)+H,(g) > C,H, (2)
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» Gibbs free energy changes indicate the spontaneity of a
chemical reaction.

» For the formation of PMMA at 298 K, AH° = —56 kJ and
AS° =117 JIK.

* AG°=-21 kJ at 298K for the formation of PMMA.
* The negative value indicates that the formation of

PMMA is spontaneous at 298 K.

44

» The reverse reaction, the thermolysis of PMMA to form
methyl methacrylate monomer, has a AG°® = +21 kJ at
298 K.

» The positive value indicates that the thermolysis of
PMMA is nonspontaneous at 298 K.

» The temperature at which the thermolysis of PMMA
becomes spontaneous is 480 K.

» The thermolysis of PMMA above 480 K is an
entropy driven process.

AH -56 kJ

= _ 480K
AS  —0.117KIK
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» Almost 50% of all aluminum cans were recycled in 2001
compared to 22% of all PET bottles.

» The difference in recycling rates is based in economics.

* When an aluminum can is recycled, the paint and other
coatings are removed and the aluminum can melted down to
make new cans.

» The energy required to recycle 4 aluminum cans equals
the energy required to produce 1 can from aluminum ore.

46

« When plastic bottles are recycled, the different types of plastic
must be hand sorted.

» Hand sorting increases the cost of recycling plastics.
» The recycling process leads to a degraded polymer.

» Recycled plastics have shorter polymer chain lengths than
virgin materials and different physical properties.

» Recycled aluminum has the same physical properties as
aluminum extracted from ore.

47

» The cost of producing virgin plastics is lower than costs
associated with recycled plastics.

» Recycling of plastics are economically favored when the cost
of producing virgin plastics increases, the cost of recycling
plastics decreases, or both.

48




Table B 10.4
Syncbel, structurcs, sources, and s for various recyeled plastics
Symbol  Pelymer Repeat Urit Sources Recycld Procuats
FaY Pelyetiwlene —,_f_ Soda borles, Fiber, tot: tags, clothmg, Blm
A terephthahte \ conutbuer  and sheet, food a1d beverage
r_‘_\ —ao Brssegeible  concainers, earpet, fieece wear

Vs High-density
LZ’J pavehvlene
HDPE
A Polyvingd
chloride
LRI
ne
Low-density
povethylene

I
o

LDPE

Ak

d

A
A

oil betles

Milk snd vater

bleach botdes

atergent/

deanser bartkes,

pipes.

Six-pach rings,
bread begs,
sandvich fags

Boutes for lundy dere

shampoo. and motar ¢
es, fower pees,

nden edging, fimand sheer,

decting, paneling, gutrers, mul
tlaps, flir and sheet, o cles
and mats, resillert fouring.
eextrical bexes, cables, tafic
cones, gacden hose

Shippiagemeiopes, garbage
canliners, foar tile furniture,
film and sheet, compost bins,
pancling, trash czns kandscape
tauber, hmber

« Symbols, structures, sources, and uses for various recycled

plastics.
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Table §
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Symbols, struetures, sources, and uses for various recyeled plasties

Symbol Polymer Reoeat Unit Sources Recycled Products
2 N e s e el
Ls‘) ) /{,‘\/\( lids e
PP : .bms. pallets, stee

2"
(AR

o
(A

Other

Polystyrene L/j
;L L
« ~In
Miscellancous

and multikyer /A
plastics

Thermorreters, ight

egg cartons,

fom cups rulers, licence plare frames,
foaum pecking, four: placs
cups, utemils

Squeczable Boitles, plavic lumber

ketchup an

syrup bortles

switch

50




