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Chapter 14: Focusing on Chemical Reactivity

Hydrogen peroxide, which is used as a topicgihflectant, decomposes to give gas in a
highly exothermic reaction. This reaction is oftesed as a rather spectacular chemical
demonstration:

2 H,0; (ag) - 2 HO (I) + O: (9)

Hydrogen peroxide is also important in redox reaxgiin the environment and in biologica
processes. During this reaction many things cangdiav, P, S, T, U, H, and the mole

amounts of the reactants and products. Keeping traall these variables can be daunting.
How can we simplify the definition of our systemfé@us on chemical changes?

The main goal of physical chemistry is to untsard chemical reactivity. Up to this point we
have discussed entropy changes in closed systaihsyatems that don’t involve chemical
reactions. Now that we have introduced entropycareadd the effects of chemical reactions.
We first need to discuss open systems and theammgstvhere mole amounts change through
chemical processes. We then need to discuss hagetoonstraints to focus specifically on
chemical reactivity.

14.1 Chemical Potentials Express the Change in Ergy for Open Systems

The combined First and Second Laws of thermoayes Eq. 12.1.5, can be extended for
open systems. For a system with two components:

dU = TdS — PdV 411 dry + i drp 14.1.1

where dais the change in the moles of component }%,islthe change in the number of moles of
component 2}, is thechemical potentialof component 1, ang, is the chemical potential of
component 2. For example, to make a sugar solatarponent 1 is water and component 2 is
sugar. The independent variables implied by treseguation are now U(S,\,,iy). For
comparison we can also write the total differentiidl as:

du :@—g) ds +@—\L;j dv + (g—UJ dny + (g—uj drp 14.1.2
VN, ShuMy Ny sn, /v, sn,
Comparing Eq. 14.1.1 with Eq. 14.1.2 gives the dbehpotentials as:
OUJ (OUJ
=& === 14.1.3
Ha (an S,V,n, Hz on SAVAY

Notice that these equations are in the general @rthermodynamic forces. In general, work is
in the form w = F dx. Thep; dny is the chemical work for changes in the amourgoshponent
1. The chemical potential is the thermodynamicédor the change in the amount of the
component. For pure substances, the chemical paltésita component is simply the internal
energy per molg; = AtUm 1 andy, = AiUn 2. The chemical potential for a substance is the
driving force for chemical change. The chemicakpdtitil is central to our understanding of
spontaneity and equilibrium, and will be our prigméwol in the next several chapters.
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We should also consider the general case fotipteicomponents. Taking U as a function of
S, V, and all thergives the general form of the total differential a

c
du=TdS-PdV ) udn (open) 14.1.4
i=1
The sum is over all c components for the systemtli@derivatives of the entropy and volume,
all of the nmole amounts are held constant. Comparison ofstevith Eq. 14.1.2 shows that:

_ 0_Uj
W = (ani sy, 14.15

is the chemical potential with respect to compomefRor systems with chemical work, all the
potential energy functions in thermodynamics améved from Eq. 14.1.4.The restriction of the
sum in Eq. 14.1.4 to the components insures alpleeified independent variables are
independent of each other.

14.2 The Thermodynamic Components are the IndependéeSet of Chemical Constituents

For Eg. 14.1.4 to accurately determine the im@kenergy change for a system, the variables
used to give the changes for the process mustdepamndent of each other. Byependent we
mean that we can change a given variable withauesponding changes in the other variables.
For example, for an ideal gas in a closed systemameonly change two variables
independently. If we choose P and T for example vitilume is automatically specified as V =
NRT/P. For a closed system with no chemical reastiave can again only choose two of S, T, P,
and V as independent variables. For internal enexgye have seen, the combined First and
Second Laws lead to the choice of S and V as tepiendent variables. How do we specify the
state of an open system or a system with chengealtions? In thermodynamics, the
components for a system and the constituents ati@cti concepts. Ahemical constituentis
any chemical species found in the system. For el@rfgr a solution of ethanol in water,
ethanol and water are the two constituents. Fofwien of sodium chloride, the constituents are
H,O, Nd, and CI. The thermodynamicomponentsof a system are a set of independent
constituents. For the example of a solution of ph&n water, the components are the same as
the constituents. For a sodium chloride solutiberé are two components, because the
concentration of the Ndons must equal the concentration of ©h as required by charge
neutrality. The chemical components can then beemas the moles of,8 and the moles of
NaCl used to make up the solution. In other wolda;] and [CI] are dependent on each other
and cannot both be chosen as components. The naiht@mponents is also the minimum
number of substances that must be available itatiaratory to make up the system.

The number of components for a system is giwethé number of chemical constituentg, n
minus the number of distinct chemical reactions amtus any chemical constraints:

Cc = ny— no. of reactions — no. of chemical constraints 14.2.1

Chemical constraintsinclude charge balance and any conditions placeti® preparation of
the system. For example, consider the reactiog P@ICk + ChL. There are three constituents,
PCE, PCE, and C}, giving n, =3. If a system is prepared by mixing arbitraryoamts of these
three constituents there are two components. Awrydfithe constituents may be chosen as
components and then the third can be calculated fhe equilibrium expression:
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_ Ppcg Pei

Kp=""po 14.2.2

Conversely, if the system is prepared from dP@§k, there is one chemical constraint. Then ¢ =
3 species — 1 reaction — 1 chemical constrainttieg in only one component. In other words,
if the system is prepared from only B@len from the stoichiometry of the reactioaclP= Pcy..

Example 14.2.1
Consider a solution of solid NaFQ, in water. The two dissociation equilibria are:

Ka2

HPQ; = HPQ” + H'
KaS

HPQ> - PQ¥+H'

Determine the constituents, the chemical componantsa possible set of chemical contraints.

Answer: The constituents are: NaH*, H,PO,, HPQ?*, PQ®, and HO. There are two
components, NayPO, and water. With two components, there must bedemical
constraints: ¢ =6 — 2 — 2 = 2. The charge bal@oee chemical constraint:

[Na'] + [H'] = [HoPQy] +2 [HPOS] + 3 [POP]

The remaining chemical constraint can be expressseveral forms. The Naon concentration
is unchanged by the chemical reactions. The mdasd®s are, then:

[Na'] = [Na'o [HoPOy o = [HoPOR] + [HPOS] + [POS°]

Since NaHPQ; is the only source of both Nand phosphate, [Nk = [H.POy]o, and the second
chemical constraint can be expressed as:

[Na'] = [HPO;] +[HPO,”] + [PO,°]
The reaction has six constituents, but ongothponents.

Example 14.2.2
Determine the number of constituents and chemmalponents in a solution made from
NaH,PO, and NaHPQ, in water.

Answer: The constituents are the same as the previamge: N4, H", H,PO,, HPQZ, PQ,
and HO. But there are now 3 components, NMa&,, Na;HPO,, and HO. The extra component
results because there are now two independentesoaf@hosphate, which introduces an
additional variable into the mass balances:

[HoPOs]o + [HPO o = [HoPOy] +[HPOL] + [POLY]
[Na'] = [HoPOsTo + 2 [HPO® T,
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14.3 Constraints Provide Focus on Chemical Reactiyi

The world is complex. Figuring out how to anayz complex system is often difficult. One of
the most powerful contributions of thermodynamg$oi provide a way to simplify a system so
that the underlying chemical relationships cantbdied. The specification of the system and its
constraints is a critical part of a thermodynanmalgsis. As in any other area of science, you
want to keep as many variables constant as possgible still allowing the chemically important
variables to change. Constraints are used to keepalues of variables fixed. Constraints are
useful for simplifying systems so that we can foous attention on chemically significant
processes without undue complexity. There are ®veeral types of constraints placed on
systems. Physical constraints act as constrainextensive variables and reservoirs act as
constraints for intensive variables. Chemical c@sts are one type of physical constraint;
physical barriers also act as constraints.

Physical Barriers Act as Constraints for Extensive Variables:. The most commonly constrained
extensive variables are the volume, the amountemiponents, and the internal energy.
Constant volume conditions are maintained by ngadls of a container, which is one example
of a physical barrier. For closed systems, massale amounts of components are also
constrained by physical barriers. For a simple garof a closed system, we often use a
perfectly sealing piston. Internal energy is caaisid in an isolated system, where the physical
barriers are thermal insulation and rigid wallsy$tbal constraints have an important effect on
the variables for the system. We start by discgsgolume, since volume is easiest to visualize.

Constant volume: Consider a closed system with PV work as a sirapiemple. Assume that the
system has one thermodynamic component, for exaom@enole of a gas, and one phase. The
combined First and Second Laws give the internafgnas:

dU =TdS - PdVv (closed) 14.3.1

Constraining the volume sets dV = 0 and the systew has one fewer degree of freedom. This
constrained system is now ideal for helping us wstdad entropy-temperature relationships. In
other words, constraints simplify the system arlg hie focus on the issue at hand.

Now consider a system with two compartments rsdpd by a movable barrier, Figure 14.3.1a.
Such a system is calleccamposite

constant total volume, ¢, =C
VB! FB! TB

constant total volume, ¢, =C

VA VB
Pa <> Ps
TA TB

AN

stop movable barrie

(a) (b)

Figure 14.3.1 (a). A two-compartment system at taridotal volume: dy = — d\;. (b). A
two-compartment system can also be drawn with sygteonfined in a piston. The barrier
must be fixed by a stop, otherwise the systematiiin equilibrium with R = Ps.




517

For this two-compartment system, the total volus&; = Va + Vg with dViet = dVa + dVg . If
the two-compartment system is constrained to lwerdtant volume, then gy= 0 as before.
However, a PV process can still occur. If the puess of the two compartments are not equal,
Pa% Ps, the barrier can move and work can be done. Howy&eeause the total volume is
constrained:

dViet = 0 =dVa + dVs (cst. o) 14.3.2
The volumes of the subsystems are now dependeiatbles with
dVa = —d\k (cst.\oy) 14.3.3

No generality is lost if we construct the comfowiith system A confined in a piston and
system B as occupying the remainder of the clogsdel, Figure 14.3.1b. The position of the
movable barrier must be fixed with a stop to keg@iRd B different. When the stop is removed,
the barrier moves until the system attains equulibrwith Py = Ps. The barrier with the stop is
called a temporarinternal constraint. The result of removal of the temporary internal
constraint is an irreversible, spontaneous proifélse forces are imbalanced.

Irreversible Processes Can Be Sudied Using Thermodynamics: We want to use
thermodynamics to determine the spontaneous dretr the process in Figure 14.3.1.
However, thermodynamics only applies to equilibrisystems. How can equilibrium
thermodynamics be used to predict the outcome afewersible process? Let the internal
energy of the system before the temporary intezaastraint is removed be;ldnd the internal
energy after the system reaches equilibrium p€rbbe change in the internal energy for the
process iU = U, — U;. Before the removal of the constraint, the systeat equilibrium with

Pa and B constrained andBPg. After the process, the system is at equilibriuitin\Wa = Ps,

so both endpoints for the calculationd are equilibrium systems. Not until the removatiod
constraint is the irreversible process possibléfhenAU is a state function and is independent
of the path. The same arguments apply to the chiargey state function for the process.
Temporary internal constraints allow the enthagtropy, and as we shall soon see the Gibbs
energy to be calculated before and after an irgghier process, as long as the initial and final
states are at equilibrium.

Constraints on composite systems have the stiew as on simple systems; the constraints
simplify the system by decreasing the number oépethdent thermodynamic variables. This
effect of constraints is particularly important fdosed systems with chemical reactions, which
we explore next.

Closed Systems Have Constant Mole Amounts of Components. Consider a one-component open
system. For an open, one-thermodynamic-componsigrsywith PV and chemical work:

dU = TdS - PdV+; dm 14.3.4

For a closed system, ga 0, and dU = TdS — PdV. A barrier of some typestrie used that will
not allow substances to pass, for example, an im@aiole membrane or just a sealed flask. The
physical barrier decreases the number of indeperk@nsive variables. Closed systems are
particularly important for understanding chemiocgidéibria.
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Chemical Reactionsin Closed Systems are Expressed in Terms of the Extent: Now assume that a
chemical reaction occurs in the system. To keemthsimple for now, assume that the reaction
has the stoichiometry:

A-B 14.3.5

Such reactions include all isomerizations. In thietsthermodynamic sense, such a system still
has only one component, but it now has two corestifsithat can interconvert through the
chemical reaction. The total amount of the comporgegiven by the mole balance equation,

n; = na + ng, and since this is a closed system:

dy=0=dn+dns (closed) 14.3.6

The composition variables are now dependaetit dns = — dr . In other words, at first you

might suppose that closed systems are uninterefstinga chemical perspective. Instead, closed
systems help us to simplify a system to allow utois on the chemical reactions. In fact, when
we want to study a chemical reaction in the lalmgatwe normally mix fixed amounts of
reactants and then watch the reaction proceedr thigereactants are mixed we effectively close
the system by not adding any more of the reactanpsoducts. In other words, the system is
closed after we prepare the system. So working @gbed systems is quite natural from a
laboratory perspective.

Consider the general equation for the changet@mnal energy for a process with PV work and
chemical work as given by Eq. 14.1.4. For a claseslem, the amounts of the various
components are fixed and are no longer indepenaeiables. Instead, the constituents are
interrelated by the mole balance equations. Thagdsare given by das before, but now the i
indexes all the constituents. These changes ateddo the extent of the reacti@nusing the
stoichiometric coefficients);. For the general reaction:

aA+bB-cC+dD 14.3.7
following Eq. 3.1.4, the changes are related by:
dn =v; d¢ 14.3.8

Remember that; is negative for a reactant and positive for a poddFor a closed system then:

Ns
dU =TdS — PdV £ v; ; d€ (closed, PV & chemical work) 14.3.9
i=1
where the sum is over all constituents,Trhe stoichiometric coefficients are unitless, winés
of & are moles, ang is an extensive quantity. Alternatively, Eq. 19.8an be written as

Ns
dU =TdS - PdV ©_ u dn (closed, PV & chemical work) 14.3.10
i=1
if it is remembered that the sum is over all constsjeand the constitutents are all dependent
variables according to Eq 14.3.8. If you are regdilong in another text, which is a good idea,
you will notice that the difference between Eq.114.and Eq. 14.3.10 is often a point of
confusion.
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Example 14.3.1
Determine the change in internal energy for thio¥ahg reaction in terms of the change in
extent of the reactiondfor the reaction in a closed system:

PCk (g) - PCk (g) + Ch (9) 14.3.11

Answer: dU = TdS — PdV tipcg d€ + pcr, d€ — Hpck A€ 14.3.12

Example 14.3.2
The disproportionation of hydrogen peroxide is:

2 H,0; (ag) ~ 2 HO (9) + Q (9) 14.3.13

Determine the change in internal energy for thetrea in terms of the change in extent of the
reaction, d, for a closed system.

Answer:
dU =TdS — PdV + 21H20 dz + Uoz dE - 2“}-1202 dz 14.3.14

Internal Constraints for Chemical Reactions. Consider a typical chemical reaction:
A+B-C+D 14.3.15

The temporary internal constraint for this react@pends on the process that you want to study.
The simplest case is just a barrier between twopewtments, one containing pure A and the
other containing pure B. Often, however, we wisBttaly the reaction beginning right after the
reagents have mixed. The commonly applied rulbasequilibrium thermodynamics applies as
long as the measurements are made at times |dmgefive times the characteristic relaxation
times for the system. This rule suggests that afiging the reactants, the system can be
considered as at equilibrium with respect to terage, pressure, and concentration gradients,
but not at equilibrium with respect to the overalrse of the chemical reaction. The time
interval between attainment of the initial equilim after mixing but before any appreciable
reaction has taken place may be quite short fores@actions. But during this interval it is
allowable to treat the initial mixture of reactantsa metastable, non-reacting mixture for the
purposes of calculating the reaction internal epeggtropy, and Gibbs energy chandé&ar the
prediction of spontaneity, it is not necessarydable to physically realize this initial state, as
long as it is theoretically possible from a therymamic perspective. In other wordsgat O the
initial state is just the mixture of reactants. @efthe removal of the constraint, the system is at
equilibrium with& constrained at zero. The internal energy, entrapg, Gibbs energy of this
initial state are easy to calculate from standabdifations. After the process, the system attains
the equilibrium value of. So both endpoints are equilibrium systems.
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Phase Transitions are Equivalent to Chemical Reactions: Eq. 14.3.5-10 can also be used to
describe phase transitions. For example, for tippnzation of water in a closed system:

H.O () — H,O(g) 14.3.16

where A applies to the liquid and B applies totbpor: dn, = — drg becomes

dn,ap = — dnyg. To establish the closed system, we can thinkefituid and vapor as enclosed in
a piston or even by an imaginary soap bubble, Eig4dr3.2. The physical barrier can be
replaced by a physical boundary like an imaginagpsbubble, as long as the boundary
encompasses the total moles of all constituentsntal reactions can also be thought of as
closed by an imaginary soap bubble.

HO () -~ HO (9)

Figure 14.3.2: Phase transitions and chemicalicectan be considered as closed systems
and visualized as enclosed in a piston or evemaginary bubble. These particular systems
are at constant pressure with Pex B Pam

Intensive Variables are Constrained by Reservoirs. Intensive variables are constrained by
placing the system in contact with a correspond@sgrvoir. For example, a constant
temperature bath is commonly used as a constapetature reservoir in the laboratory, Figure
14.3.3a. Exchanges of energy between the systertharighth maintain the temperature of the
system as a constant, T g, f The system may also be held at constant prebgurentact with

a constant pressure reservoir, Figure 14.3.3birgjdlbe system in a piston is a convenient way
to allow contact with the constant pressure reserdmy process open to the atmosphere is at
constant pressure with the atmosphere acting asotistant pressure reservoir with Pz P

T =T surroundings  Pey
= R«
H| =
T,V
(a) Constant temperature reservoir (b) Consteeggure reservoir

Figure 14.3.3: (a) Constant temperature is maiathlyy placing the system in contact with a
constant temperature reservoir. A constant temypesdiiath is a constant temperature
reservoir, which can be considered part of thessumdings. (b) Constant pressure is
maintained by contact with a constant pressurevese
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The System and the Surroundings Form a Composite: Consider the composite in Figure 14.3.4a.
Assume that the part of the system that we wigiudy is in system A. For example, a chemical
reaction might occur in system A. If system B isamlarger in size than system A, then system
B can act as a constant temperature and consesgyse reservoir for system A. Under these
circumstances, it is convenient to call system gt fhe “system” and to call system B the
“surroundings,” Figurel4.3.4b, as we did in Figige5.1. If the composite is isolated, then we
can apply the Second Law of thermodynamics. It do@satter whether we use the “system
A—system B” designation or the “system—surroundirdgsignation, the interactions are the
same. We can also consider the universe as diwdedwo parts: the system and the
surroundings.

Isolated dg; =0, dVi: = 0 Isolated dg; = 0, dVi = 0
< o
Vg, Ps, Ts surroundings
‘i. Vsum Psum Tsurr
» < Z
system
V,P, T
“

(@ (b)

Figure 14.3.4: (a.) Isolated composites constitaértdtal volume, moles, and internal energy.
(b.) The surroundings are assumed to be largetanex

What makes up the surroundings? The surroundirggsomposed of everything not included
in the system. If the system is held in a consiamiperature bath, from the perspective of the
system, the constant temperature bath is partecdulroundings. If an explicit constant
temperature bath is not present, the surroundicigasaa constant temperature bath, assuming
sufficient time is allowed to establish thermal éiguium. The key point is that transfers of
energy to or from the surroundings do not changdadmperature of the surroundings, assuming
thermal equilibrium. The temperatures of the sysageh the surroundings are equalized by small
transfers of heat, with:

dq = —dQsurr 14.3.17

The contact of the system with the surroundingpg&dle system at constant temperature, which
decreases the number of independent intensiveblesiay one.

When the surroundings act as a constant pressseevoir, Figure 14.3.3b, the pressures of the
system and the surroundings are equalized by sinafiges in the volume of the system, with:

dV = — dVsurr 14.3.18

This contact is a constraint that decreases théauof intensive variables by one. If the
surroundings simultaneously act as a constant textype and a constant pressure reservoir, the
constraints are: T =g, P = Rur, dq = —dQsyr, dW = —dWsym, and

dV = — dVsur
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Isolated Systems Constrain the Internal Energy: The Second Law of thermodynamics applies
only to isolated systems. An isolated system istramed so that no energy in the form of heat
or work can be transferred into or from the closgstem. We can make the composite in Figure
14.3.1 isolated by insulating the walls of the ¢cansvolume container; the result is shown in
Figure 14.3.4. The interactions are the same ifabel the systems A and B, or the system and
the surroundings. Let diJbe the internal energy of the composite,,,gltlUs + dUs, or
equivalegtly di: = dU + dU,. For a process in an isolated compositgqdtJ0 from the First
Law and:

dga = —dqgg, dwa = -dwg, dVa = —dVg, and dUi = — dUs (isolated) 14.3.19
or written in terms of the system and the surrongsti
dq = —dJsur, AW = —dwWsym dV = — dVaur, and dU = — di,, (isolated) 14.3.20

and at equilibrium: 1= Tg, Pa = Bs, or equivalently: T = &, P = Ry

14.4 Other Forms of Work

In the analysis above, we used chemical worknasxample of non-PV work. Any other form
of work follows the same pattern. Remember thatR@nwvork can be cast in the form of a force
multiplied by a displacement, dw = F dx. To studgqesses involving this kind of non-PV
work, we need to set a constraint for the extengarable with constant total x. Consider the
work of extension, such as the work in stretchirspiang, a rubber band, or a muscle. To help
visualize this process, think of two springs orlrebbands attached to a movable barrier in
analogy to the volume constraint we used in Fig4r8.1. Such a system is diagrammed in
Figure 14.4.1. We can apply the Second Law of tleelynamics to this system if we specify an
isolated composite.

Isolateddq,; = O, d\égt =0

surroundings
VSUI‘I‘! Psurra TSUIT

system

V, P;T

Xa Xp

Figure 14.4.1: The total displacement is constihiioe generalized work, dx = 0, with
dx = dxx + dx.

The net result is that x =% xg, and the constant displacement constraint gives @xwith dx
=dxa + dxg = 0. The % and % extensive variables are dependent with

dxg = — dx 14.4.1
In addition, conservation of energy gives:
dLJ'[Qt = dUA + dLJB + dLJsurr 1442
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Assuming that the volume of the combined spring®isstant, no work is done on the
surroundingsdws,r = 0. The total work is then given as the sum liertivo compartments:

dw =dwa +dwg (constant V) 14.4.3

Thendwg = —dwa. This lack of interaction with the surroundingsisalogous to a closed system
when considering chemical work.

This type of two-part system is convenient fmdying membrane potentials; Figure 7.9.4 is
reproduced below with an explicit realization assotated compositéWe will use this isolated
composite in the next several chapters to study lon@ne potentials.

Isolateddq;, = 0, dVies = C

surroundings
3
Vsurrv Pextv Tsurr

NN

-70 mv

| &

Figure 14.4.2: The two-part system for transfepssra semi-permeable membrane. The
membrane potential 8¢ = @, — @ The composite is isolated.

In the case of a neuron, the inside compartrmeithe right is a cell and the outside
compartment on the left is the extracellular maffilke extensive variable for electrical work is
the charge. However, the charge transferred isgiyethe change in mole amounts,
dg = z F dn, so we can use dqgr dn interchangeably as the extensive variable. Thetcaint is
that the total ion concentrations are constanttff®Nd ion, dng(Na") = dnn(Na") + drpu(Na")
and the constriant gives giNa’) = — dry,(Na"). This constraint is identical to a closed system
for chemical reactions, except that the procefizei€hange in concentration from one point to
another instead of a chemical reaction:

Na' (outside)— Na' (inside) 14.4.4

The total energy is conserved withglld dU, + dUyy: + dUsyr, dg = d6y + dopye = — dqum and
dV = dVi, + dVout = — dVeur. At equilibrium, T = Tyrand P = B« The transfer of charge or
moles is driven by a difference in concentratiod alectric potential across the membrane.

14.5 Summary — Looking Ahead:

Specifying a constant volume or a closed sysiemlgies the system by decreasing the
number of independent extensive variables. Platiagystem in contact with a constant
temperature or pressure reservoir constrains tiresmonding variable and decreases the
number of independent intensive variables. An teoldystem constrains the total volume, mole
amounts, and total internal energy. Isolated systeravide the simplest systems that we can use
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to study physical or chemical transformations. Thiverse can be considered an isolated system
under many practical circumstances.

Temporary internal constraints are used to atlwevcalculation of the state of the system
before the process begins. The system is at equitibbefore the internal constraint is released
and after the process is complete.

A glass of water on the desktop and a chemézadtron open to the atmosphere are examples
of constant temperature and pressure systems, alloxg sufficient time to establish equilibrium
with the surroundings. Isothermal, constant prespuocesses are the most common type of
chemical processes, because we often work withdrsakat are open to the atmosphere. Most
importantly, living systems are at constant temjueea either at ambient temperature or at a
carefully regulated internal temperature, and astant pressure, if they are open to the
atmosphere.

Isolated dg; = 0, dVj,t =0

surroundings
VSUI’I’: PSUI’I’! TSUI'I’

Figure 14.5.1: Thermodynamics applies to all pralgicocesses at equilibrium. An isolated
composite focuses attention on the processes ¢oat o the system.

One of the strengths of thermodynamics is itseegality. One way to phrase this is to note that
nature is very “economical and efficient.” Natu@edn't have different sets of rules for rocks,
trees, people, and chemical reactions. All physgatems are governed by a very few laws. One
of the difficulties of thermodynamics is that tigisnerality can sometimes make it difficult to see
how these laws apply to your specific system. Weroflraw the system as just a box, a circle, or
a piston. The circle may represent a mass of ooa,beaker containing a chemical reaction, or a
cell, or a mouse. What you need to do is to f#l Hox or piston with your stuff, what ever
interests you, Figure 14.5.1. Thermodynamics \uiint help you keep track of the flow of heat
and work and the response of the system to changesstraints.

Chapter Summary

1. The combined First and Second Laws of thermaahycgfor open systems is given as:

ouU oU € (oU
du :(—) ds +(—) dv + (—j d
aS V,n; GV S,n; I:Zl anl S,V,I’]¢i n

| | o ou
2. The chemical potential of a component is defiagdy; = (ﬁ)
| S,V,nj¢i



525

3. The number of components for a system is giwen b
€ = ny— no. of reactions — no. of chemical constraints

4. Extensive variables are constrained by phy&iagaiers, boundaries, and any conditions
placed on the preparation of the system.

5. Isolated systems constrain total volume, enaagg,mole amounts for each thermodynamic
component.

6. A constrained extensive variable may be appbesl composite. For volume in a constrained
composite dY¥ = — dV\s. The constrained extensive variable is convertema dependent set
of variables.

7. A closed system constrains the thermodynamigeoor@nts. In a closed system the
constituents are related by the extent of any cbaneaction or the progress of a phase
transition.: dn=v; dé
For a phase transition such as vaporizatioRap@n— dnig

8. A temporary internal constraint is used to altbe calculation of the state of the system
before the process begins.

9. The physical barrier that establishes a clogstem can be an imaginary bubble that encloses
all of the thermodynamic components of the system.

10. Intensive variables are constrained by resesvoi

11. A composite may be divided into a system aedstirroundings. This division is useful if the
portion that corresponds to the surroundings gelan extent.

12. The surroundings can act as a constant tenyperad pressure reservoir: then TsgBNd
P = Rur = Pext

13. An isolated composite-system consisting ofsystem and surroundings gives: dV = gV
dU = —dUr, dq = -dQsum dW = —-dwsyr, dn =v; d€. With the system in contact with the
surroundings at thermal and mechanical equilibridns Ty, P = Ry

14. Each constraint decreases the number of indepérariables by one.

15. The system can be anything you are interestethie thermodynamic name for your system
is “your stuff.”

Literature Cited
1. S. E. Wood, R. Battind@hermodynamics of Chemical Systems, Cambridge University Press,
Cambridge, England, 1990. Sections 5.2.-5.13.

2. F. C. AndrewsThermodynamics: Principles and Applications, Wiley-Interscience, New York, NY,
1971. Chapt. 8.

3. S. R. Caplan, A. EssiBjoenergetics and Linear Noneguilibrium Thermodynamics, Harvard
University Press, Cambridge, MA, 1999. Section 2.4.



526

Further Reading

Constraints and Irreversible Processes:

H. B. Callen,Thermodynamics: an introduction to the physical theories of equilibrium thermostatics and
irreversible thermodynamics, Wiley, New York, NY, 1960, Sections 1.5, 1.8,.2.4

F. C. AndrewsThermodynamics: Principles and Applications, Wiley-Interscience, New York, NY, 1971.
Chapt. 11, 21, 22.

Membrane Systems and Constraints

S. R. Caplan, A. Essi@ioenergetics and Linear Nonequilibrium Thermodynamics, Harvard University
Press, Cambridge, Massachusetts, 1999. Section 2.4.

Problems: Focusing on Chemical Reactivity

1. Find the number of thermodynamic constituents@mponents for a solution of hexane and
chloroform. Find the expression for dG for chanigethe number of components in an open
system at constant temperature and pressure.

2. Lime is made commercially through the thernedainposition of limestone, which is
composed primarily of calcium carbonate:

CaCQ (s) - CaoO (s) + CQ(g)
Find the number of thermodynamic components staxtith only CaCQ. In other words,
assume that there are no other sources of CaO grafl@@r than the decomposition of CaZO
3. Solid ammonium chloride decomposes at high &atpres to give ammonia and hydrogen
chloride gas:

NH.CI (s) - NH3 (g) + HCI (g)
Find the number of components for a system prepaoed only NH,CI (s).

4. Gas phase ammonia and hydrogen chloride gastoeform solid ammonium chloride:
NH3 (g) + HCI (g) - NH4CI (s)

(a). Find the number of components for a systermparexl from arbitrary amounts of Nldnd
HCI. (b). Find the number of components for a syspeepared from equal-molar amounts of
NH3 and HCI.

5. Consider the dissociation of the weak acidtia@eid, in agueous solution:

CH;COOH (aqg)- H' (ag) + CHCOO (aq)

Find the number of constituents and thermodynammeponents starting with only acetic acid
and water. In other words, assume that there amh®&y sources of OO other than the
dissociation of CHCOOH. Also, include the dissociation of water aoarce of H. Relate the
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number of components to the number of independehccal reactions and the number of
chemical constraints.

6. Consider the dissociation of the weak acidtiaeeid, in aqueous solution:
CHCOOH (aqg). H' (ag) + CHCOO (aq)

Find the number of constituents and thermodynaimmeponents starting with a solution
prepared from acetic acid, sodium acetate, andrwal®o, include the dissociation of water as a
source of H. Relate the number of components to the numbiedependent chemical reactions
and the number of chemical constraints.

7. Find the number of constituents and thermodyoaommponents starting with a solution
prepared from phosphoric acid, sodium hydroxide, water. Relate the number of components
to the number of independent chemical reactionslaadumber of chemical constraints.

8. Hydrogen peroxide, which is used as a topisahfibctant, decomposes to give gas in a
highly exothermic reaction. This reaction is oftesed as a rather spectacular chemical
demonstration:

2 H0z (ag) - 2 HO0 () + & (9)

Hydrogen peroxide is also important in redox reaxgiin the environment and in biological
processes. During this reaction many things cangdiaV, P, S, T, U, H, and the mole amounts
of the reactants and products. Keeping track ahake variables can be daunting. How can we
simplify the definition of our system so that wendacus on the chemical changes?

9. For the reaction in the last problem, evalulagedhange in entropy of the system, the
surroundings, and the total change in entropy. Dase any specific numbers; just consider the
appropriate equations and inequalities. Comparegthdts for the entropy with the results from
the last problem for the change in internal energy.

10. The decomposition of hydrogen peroxide is angpeeous process:

2 H,0; (ag) = 2 HO (I) + O (g)

How can we use thermodynamics, which only appbesystems at equilibrium, to study this
process?

11. Consider the following chemical reaction atmoi@mperature and in the absence of a
catalyst:

H2 (9) + %2 Q (9) - H20 (1)

This reaction is spontaneous and therefore theegeois irreversible. This reaction is in fact the
primary source of propulsion for the space shubkscribe how we can apply thermodynamics
to calculating the change in internal energy artcopy for this process when the reaction goes
to equilibrium by an irreversible reaction.
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12. Devise an internal constraint for an electrogical reaction that you wish to maintain at the
initial conditions. For example consider the reatti

AgCl (s) + % H (g, 1 bar) -~ Ag(s) + Cl (1 m) +H (1 m)

13. Determine the change in internal energy faaation in terms of the change in extent of the
reaction, d, for the reaction in a closed system:

Y5 Np () +%2 Hz (9) ~ NH3 (g)

14. Determine the change in internal energy faaation in terms of the change in extent of the
reaction, d, for the reaction in a closed system:

CeH1206 (s) + 6 Q (9) — 6 CQ (9) + 6 HO (1)

15. A 0.10 M NaCl aqueous solution is separatechfpure water by a semi-permiable
membrane. The height difference between the sol@ial the pure solvent is h and the
corresponding equilibrium osmotic pressureLihe system and the surroundings are in
equilibrium. Assume the molar volume of the solventhe solution is essentially the pure molar
volume. Construct a isolated composite with thisnbene system and the surroundings.
Consider the transfer of gmoles of solvent from the pure solvent throughrttenbrane into

the solution. Consider h = 0 as the reference heRglateP.,; and T, with Pa, Ps, and T, where
Pa is the pressure at h = 0 for the pure solventRynd the pressure at h = 0 for the NaCl
solution. Relate dUjq, dw, and dV for the total composite, the surroundjrige system (A and
B), and for the pure solvent (A) and the NaCl solu{B).

Vsurr- Pext- Tsurr ]

16. Challenge Problem) For the previous problem, find the PV-wodky, for the the transfer
of dna moles of solvent from the pure solvent throughrtteambrane into the NaCl solution.



