MES 601 Fundamentals of Materials Engineering

Homework 4 — due Thursday December 13, 2007

1. Draw the Eh-pH diagram for the Co®isystem assuming ionic activities are all
10°. What is the CB activity if E=0.25 V and pH=6.0. If cobalt metalmaintained at
a potential of 0 Volts in a solution at pH=7.5, whall happen to the cobalt metal?

The free energy of formation data is given below:

Species AGS,aion (CaI/ MoOlE)

CoO -52,310
Co0,4 -167,835
Co,05 -115,130

CoO, -54,840

Cco™ -12,800
HCoO, -82,970

Cco’* 28,900

The Eh-pH diagram is shown in Figure 1.
given below.

{C0*}+2H,0 = {HCoG;} +3H"*

{Co*} = {Co*} +e

{Co*}+2H,0+e = {HC0Q,}+3H" E =-0.065+0.1773pH +0.0590g

<Co0>+H,0 «<Co00>+2H" +2¢e”

3<Co0>+H,0 =<C0,0, > +2H" +2e”

The earatifor all the lines considered are
Iog{l_lg—oz?z} =-31.70+ 3pH
o

{Co™}
{Co*'}

E =1.808+ 0.05910g

{HC0G;}
{Co*)

E = 0.095- 0.059pH

E = 0.993-0.059pH

2<C0,0, > +H,0 = 3<C0,0, >+2H* +2e~ E =1.018-0.059pH

<C0,0, >+H,0 = 2<Co00Q, >+2H" +2e”

{Co*}+H,0 «<CoO>+2H"

<Co00>+H,0 = {HCoO,} +H™

E =1.477- 0.059pH
log{Co*"} =12.6 - 2pH

log{HC0Q,} = -19.10+ pH



2{C0>} +3H,0 =< Co0,0, >+6H" log{Co*} =-105-3pH

<Co>« {C0*} +2e E =-0.277+ 0.02950g{Co* }
<Co0>+2H,0 = {HCoQ;} +3H" +2e" E =0.659-0.089pH + 0.02950g{HC0G;}
3{C0*} +4H,0 = <Co,0, >+8H" +2¢ E = 211-0.236pH - 0.089l0g{Co*'}

2{HC0O;} +H* =<C0,0, > +2H,0+2¢"
E = -070+ 0.0295pH — 0.089l0g{HC00O;}

2{C0%} +3H,0 =<C0,0, >+6H" +2e” E = 175-0.177pH - 0.0590g{C0*}
2{HC00;} =<C0,0, > +H,0+2¢e" E = -0.128- 0.059l0g{HC0O; }
{C0*} +2H,0 =<C00, >+4H" +2¢” E = 161-0.118pH - 0.02950g{Co>* }

{C0¥} +2H,0 =<C00, >+4H" +e~ E = 142-0.236pH - 0.059l0g{C0*}
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Figure 1. Eh-pH diagram for cobalt with ion adiies of 0.001.



For the second part of the question, the above #&gusmust be used. For E=0.25,
pH=6, this is in the C% stability region, the C3 ion activity must be 0.001.
Maintaining cobalt metal at E=0 and pH=7.5 agairvgs the stable species as’Cion.
Therefore, the metal will be leached/corroded t§*Gons.

2. Aluminum metal was completely dissolved in aidi@csolution and the total Al
concentration was measured to be WD1Graph the equilibrium concentration of each
Al species as a function of pH over the range 1<pHi&om the data given below.

Reaction Equilibrium Constant
{AIF} +{H,0} = {AI(OH)*} +{H"} Ky = 2.04x1¢
{AI"} +2{H,0} = {AI(OH);} +2{H "} Kz =5.01x10'°
{AI"'} +3{H,0} = {AI(OH),} +3{H"} Ks = 1.00x10"
{AI} +4{H,0} = {AI(OH),} +4{H"} K, =1.00x10°
{AI”'} +3{H,0} =< Al(OH), >+3{H "} Ks = 3.16x10°

The total Al is the total concentration in solutidmerefore, K is not needed at this time.
The equation relating {Al}, {H *}, Al ,: and the K-values is:

Al . .
ot with the {A*'} then the concentration of
K, K, K, K,
@+ + + + )
H+ (H +)2 (H +)3 (H +)4
each species can be calculated. The diagramlftiteadqueous species is shown in
Figure 2. <Al(OH)> precipitates between about pH 3 and 12.

{AI7} =

In addition, one could consider that the,Ahcludes the precipitated solid species, whch
is more likely to be the way experiments are rimthis case the {AT} equation is:

Al : .
° and Figure 3 shows the resulting
Kl + K2 + KS + K4 + K5 )

(1+ + +12 +13 +\4 +13
H™ (H)" (H)” (H)" (H)
distribution of species diagram. This diagramqgaiealent to Eh-pH diagram for Al4®

{AI"} =
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Figure 2. Distribution of aluminum hydroxide spesas a function of pH.
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Figure 3. Distribution of aluminum hydroxide spesias a function of pH with
<Al(OH)3> included.



3. Evaluate the activity coefficient of €an the following solutions:

a. 0.004v HCI, 0.02M CaC}, T=298 K using both the mean salt method and
the Debye-Huckel equations.

b. 0.0004v HCI, 0.002M CaC}, T=298 K and 318 K using the Debye-Hiickel
equation.

To use the mean salt method and the Debye-Hiickbbthdheir equations need to be
identified:

2
=2 Debye-Hiickel: AZAI

Mean salt: b = lo = ———
Ves Viker Ies 1+ Ba\/l_

Therefore, the mean activity coefficients of cattichloride and potassium chloride must
be found. These values need the molality of theiap. It will be assumed that the
temperature and pressure are such that the sobensity equals water density equals 1
g/ml, so that molality and molarity are equal. Rbe DH method, the constants A and
B, the ionic strength and the ionic size must lbedo

a. Mean salt — molality Cag¥ 0.02 —.0:=0.725 andys0s=0.57 and by interpolation
[(0.725-0.57)/(0.01-0.05)] = -3.875 so thgto,= 0.725-3.875*(0.02-0.01) = 0.686.
Molality of KCI= molality of Cl = 0.004 + 2*0.02=014. Again, the activity coefficient
must be found by interpolation. [(0.651-0.719%¢0.2)]=-0.2267. The 0.44 activity
coefficient value is 0.651+(0.44-0.5)*-0.2267=0.664Thus

_ ijaCIZ _ 0686
yCaZ* T2

= = 0.731 by the mean salt method.
Vi 06646

For the DH method A=0.5085 and B=0.3281%18nd a=6x1G. The ionic strength is
|=( 52C)/2=(0.004+0.004+4%0.02+0.04)/2=0.064

AZJI  0585%4*/0064 _ -05920
_ =— = =-0.395 and
1+Ba/l  1+0.3281*6*./0.064 1498
Ve =107 =0.403 which isn't all that close to the mean salt methatiie.

logy,.. =

b. For this part of the question, A and B at etanperature are needed as is the new
ionic strength. At 318 K, A=0.5271 and B=0.3314%X16-(5ZC)/2 =
(0.0004+0.0004+4*0.002+0.004)/2 = 0.0064. Thuse bH equation at 298 K is



A\l 0585%4*.0.0064 _ -01872 _

lo o = == = =-0.162 and
Ies 1+ Ba/I 1+ 0.3281* 6* +/0.0064 1157
V.. =10 =0.689. At 318 K the equations become
2 * N* —
ogy, . - AL _ 052714 J/0.0064 _ 01687 _ .,

1+Ba/l  1+03314*6*,/00064 1159
V.. =109 =0714,



Homework 5 — due Thursday December 13, 2007

4. The initial reaction rates between halides oigmand Y with hydroxide ion are
given below. Find the reaction order with resgeaach of the reactants and the rate
constant. What will happen if both X and Y aregam with hydroxide ions in the same
solution and initially at the same concentration.

Reaction X:
[X]o, M 0.1 0.2 0.2
[OH]o, M 0.01 0.01 0.02
Initial rate, 1/M's) 2.1x10° 4.2x10° 8.1x10°
Reaction Y:
[Y]o M 0.002 0.004 0.002
[OH]o, M 0.001 0.001 0.002
Initial rate, 1/(\'s) 1.5x10° 2.8x10° 1.4x10°

Solution methods are integral, half-life and diffietial. The data won’t work to get half-
life, or really integral. Thus, differential makt#se most sense.

Therefore, initial rate = k@™ Cg"®and log rate = log(k) + RlogCa + nglogCs; plotting

log (rate) vs log C while holding one of the iniitt@ncentrations constant gives n as the
slope and log k + nlogC as the intercept. The d ain the intercept are for the reactant
held at constant concentration. From Figuren4,= 1, whilengy = 0.95. Thus, itis

likely that for X+OH, the order of both reactantsl. Using this gives the rate constant,
k, as log k +BlogCs = -3.6778, with sy = 1 and Gy = 0.01 gives log k = -1.78, so that

k = 0.0165.

Doing the same for the Y+OH data gives Figure Be ©rder of the reaction with
respect to Y isy = 1; while the order with respect to OHgoy = 0. The rate constam =
2.77.

What happens when both are in solution depende®uodncentration values. The rate
constant of Y-OH is 170x the rate constant of X-@is Y will in general react more
quickly than X. Examining this as rateY/rateXyE¥ (kxCxCon) = 170*Cy/(CxCoH).
Thus Y will react more quickly than X, as long(Cx*Cop) > 0.006. As COH can be
related to pH, the final equation for rate showatths long asog(Cy/Cx) > 2.22pH-14,
then Y reacts faster than X.
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Figure 4. Graph of initial rate data for X+OH.
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Figure 5. Initial rate data for Y+OH



5. The flash photolysis of iodine vapor in a laeyeess of Argon produces iodine

atoms, which then recombine by the reaction:

I +1+Ard -1, +Ar

Determine the reaction order with respect to tlaetants and the rate constants for the
data given below. Given that Argon does not raadhe reaction order what you would
expect? Why?

[Ar], M 2ms 4 ms 6 ms 8 ms 10 ms
2x10° [12], M 8.45x10° | 8.70x10° | 8.90x10° | 9.05x10° | 9.15x10°
4x10° [1,], M 8.53x10° | 8.96x10° | 9.19x10° | 9.34x10° | 9.44x10°
6x10° [12], M 8.77x10° | 9.19x10° | 9.39x10° | 9.52x10° | 9.60x10°

[12]o = 1x10° M — concentration before flash photolysis

First, the concentration of [I] must be found —t]](= 2([l 2] o -[I 2(t)]). In general one
would expect that the order would equal the molaatyl and that n=2 and = 1.

Data is such that integral method makes the moseseStart with n=2, so that (1/C —
1/Co) vs. t would show a linear relationship. Figé shows this graph. As the
correlation coefficient @) is very close to 1, the relationship between (/C/Go) and
time is linear and the reaction is second ordeioidine concentration as expected. This
uses the isolation method (ie keeping [Ar] congtémget the order with respect to
iodine.

For the Argon, the slope of the graph in Figures@qual to k[Ar]. Thus, log (slope) vs.
log [Ar] graph in Figure 7 gives the argon reactionder as its slope and the rate
constant in the intercept.

Thus,then, = 2; thena, = 1 and k = 2.14x10° I¥/(mole®s). If the argon were truly
unreactive in this reaction, it likely would not txitten in the equation. The argon
participates by stabilizing the transition statetloé iodine recombination reaction by
removing some of the heat generated by the exothémansition state formation. This
is related to the collisions between the Ar andtthasition state, which is directly
proportional to the pressure.



HW #5 Problem #5
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Figure 6. Second order integral plot for iodineambination data.
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Figure 7. Graph of fractional conversion data fiwhich the order with respect to argon
is determined.



6. A spherical, uniform size metal oxide was oxadiby oxygen gas at P=0.21 atm.
The oxidation process can be described by thelghgrcore model and the following
reaction:

<MO>+%OZD]]—><MOZ>

The molecular weights <MO> and <M®are 71 and 87 g/mole, respectively, while the
densities are 4 and 3 g/ml, respectively. Fodiia given below for reaction at 773 K,
ascertain the limiting step. If the completioneimx 973 K was 1 hour, 25 minutes and
22 seconds, how long would completion take at 1473

time
Hours Minute seconds Core diameter <MO>, mm
0 0 0 1.00
0 11 57 0.93
0 26 6 0.84
0 43 52 0.74
1 9 12 0.59
2 46 40 0.00

To determine the limiting mechanism, the fractionwersion, X, must be determined.
X=1-(r/R)’. As the initial core diameter is 1, the data gifer core diameter isJR.
Converting the time to seconds and plotting&vs X [film diffusion]; 1 - 3(1-XP3 +
2(1-X) [product layer diffusion]; and 1-(1-Xj [chemical reaction] is given in Figure 8
below. As Figure 8 shows, the chemical reactiapgrgives a slope of 1 with an
intercept of zero — exactly what is expected fergraphing was performediherefore,
the chemical reaction isthe limiting step.

Once the limiting step is known, and assumingstap is limiting at all temperatures of
interest, thedmpVvalues given can be used to determinedhgat 1173 K. for chemical
reaction control ¢mp= (0 8*R)/(bkCy). First, the values for;KT) for the given data
must be determined. Theg.ik = a constant for all temperatures. From thig;TR can
be found and log;kss. 1/T plotted to find the Arrhenius activatioreggy. This gives an
activation energy of E = 5000 cal/mole. Thgpat 1173 is found by the ratio of the
tecompvalues. Thusedmd1173) = tomd773)*exp(-E/(R*1173))/exp(-E/(R*773)) = 10000
[seconds] *0.040/0.117 = 2926 secondsA8rminutes and 46 seconds.
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Figure 8. Graph of shrinking core fraction cometetunctions as a function of
normalized time.



