PET565 PART B: EXERCISE SET 2

GOALS

Use thermodynamics theory to predict equilibrium constants.
Become familiar with carbon chemistry and relevant reactions.

Be familiar with the concept of ion exchange and basic definitions.
Perform simple calculations on equilibrium compositions

IMPORTANT NOTES

e The activity of a gas species is given by its partial pressure. At atmospheric conditions the
partial pressure in magnitude of atmospheres (as if the unit was atmospheres) corresponds
to the activity. Typically CO has partial pressure of 10~3-%atm.

e In an open system (between a brine and atmosphere) the brine is in equilibrium with the
atmosphere (given sufficient time).

e In a closed system (only involving a brine) the total inorganic carbon, TIC, is constant.
e pH is defined as pH = —log([H])

1. EXERCISES

1.1. Show by integration that van’t Hoffs equation (4.28) results in equation (4.29). Which
assumptions are made?

Answer. Constant AH, with temperature.
dinK  AH,

= = 1
dT ~ RT? (1)
dinK  AH, dT @)
- R T?
In K T:
2 AHT 2
/ din K = T72dT (3)
In Ky R T
AH, _
InK;—InK; = — [Ty — T (4)
Note that
Ina =1n10"%% =logaln10 = log(a) - 2.303 (5)
such that we get:
AH
log Ko —log K| = — oyt -1t 6
0g L2 0g 1\ 2.303R[ 2 1 ] (6)

which is equivalent to (4.29).

1.2. Villiaumite, NaF (s) is a mineral that dissolves according to

NaF(s) — Na'(aq) +F (aq) (7)

The following table values (measured at 25 C) are given:
AGY nop = —543.5,  AGY y,+ = —261.9, AGY - =—2788 (kJ/mol), (8)
AHY yop = —573.6, AHY .. =—240.1, AH}, =-3326 (kJ/mol), (9)

and R = 8.314 - 10~3kJ /mol/deg.
e Calculate AGY and AHY? for the reaction above.

e Calculate the solubility constant of villiaumite at 25C using equation (4.26).
1



2 PET565 PART B: EXERCISE SET 2

e Use Van’t Hoffs equation (4.29) to calculate the solubility constant at 10C.

Answer.
[ ]
AG) = AGY N+ +AGY - — AGY yop =28 (kJ/mol) (10)
AH) = AHY .+ +AH} o —AHY yop =09 (kJ/mol) (11)
[ ]
AGY = —RThK (12)
AGY 2.8
K = — r = — = . 2 ].
2 eXp( RT) eXp( 8.314~1O—3~(278+25)) 0329 (13)
lOgK25 = —0.48 (14)
[ ]
AH?
10g K10 — IOg K25 = 72303R(1/T10 - 1/T25) (15)
0.9
= log K5 — 1/(2 10) — 1/(2 2 1
0g Ky — gama—arr—og (1/(278 4+10) — 1/(278 4 25))  (16)
= —0.008 (17)
log Ko = 0.48+0.008 = 0.49 (18)

1.3. We here consider the role of carbon species on pH in a brine.
The following reactions represent the interaction between water and carbon in a system OPEN to
the atmosphere:

CO2(g) + H20(g) — H2CO3"(aq) (19)
H2CO3*(aq) — H'(aq) + HCO3 (aq) (20)
HCO; (ag) — HT(aq) + CO3 (aq) (21)
HyO(aq) — H'(aq) + OH™ (aq) (22)

where the equilibrium constants are respectively Kz = 1071°, K; = 107%3 Ky, = 107103 K, =
10~
e For reference, if carbon is not available, only the fourth reaction is relevant. Calculate the
pH in this case.
e Now assume carbon can enter the brine from the atmosphere.
Express equilibrium equations for the 4 above reactions. Assume a dilute brine (i.e. v = 1).
e List the 6 independent variables of the system.
e Assume P, and pH are known parameters (determined by atmosphere composition and
brine composition, respectively).

Solve the system and determine the concentrations of aqueous carbon species: M,co,*,
Myco; and Meo, as function of P,,2 and pH.

PS: Note that m,y, follows directly from pH and does not require calculation.

e Calculate the TIC as a function of my+ and Peoo.
— What is the effect of P.,o on TIC?
— What is the effect of pH (as given by my+) on TIC?
— Which species become more dominating (has higher fraction of the TIC) at different

pH?

e Assume now that the pH is unknown and only the listed species above are in the brine.

— Formulate the charge balance equation for the brine species:

Zmizi =0 (23)
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— Simplify this equation by assuming an acidic solution. Then m,3 can be ignored.
Insert the expressions of mpco3 and m,p as function of my. Solve with respect to my,

— Use that P.,s = 1073 (typical atmospheric value) and calculate the pH. This is the
pH due to carbon entering distilled water. Compare with the first task.

Answer.

e H+ and OH- do not associate with any other ions. Therefore m,; = m;, = m and

Ky = YmYonm? =~ m? (24)
—m=+K,=10"" (25)
pH = —log(ynmy) ~ —log(my) =7 (26)

e Since v = 1 we let concentrations represent activities for aqueous species.

EQ equations from LMA:

mHz COgz*

K = =228 27
" Peo, (27)
Myg+M -
K, = - HCOs (28)
MH,COg*
Myr+M 2—
Ky — HtMco? (29)
Muco;
Kw =  MmpMep (30)

e The 6 variables are: mH2CO:3*aPCOQ?mHJr?mHCO;?mCO;vaH*'
e The carbon species concentrations as function of P.,5 and my:

MmH,cos+ = Poo,Ku (31)

1
mHCO; = KlmH2003*m R = KIKHPCOZm R (32)

H H

1 1
mcog— = KQmHCOS— miHJr = KQKlKHPCOQ (mH+)2 (33)
[ )
TIC = mm,cos* + Myco; + Moz (34)
1
= Pco,Ku + K1KpgPco, + Ko K1 Ky Peo, 3 (35)
my+ (mg+)
1
— Poo,Ku (1 YK —— + KoK, 2) (36)
Mg+ (myg+)

— The carbon content of the brine increases proportionally with the partial pressure of
COs in the atmosphere, at a fixed pH.

— Increasing the pH (lower my,) increases the TIC. Ie., the brine has a greater capacity
for adsorbing carbon at higher pH.

— At high pH (small my+) the concentrations of CO? and HCOj3 become large while
that of H,CO3" remains constant.
Opposite, at low pH the TIC is dominated by HoCO3*. Its concentration does not
change with pH. mco,2- is negligible. See also Figure 5.6 in the book.

e Charge balance:

> mizi = Mneos(—1) + Mazeos - 0 + Meoa(—2) + mu(+1) + mon(—1) (37)

—Mhco3 — 2mc03 + mp — Moh (38)
= 0 (39)
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e At low pH m,3 can be ignored.

—Mhco3 + mp — Mop (40)
~ 0 (41)
1
mHCO; = K1 KHP002 mH+ (42)
Moh = Kw/mh (43)
1
—K1KyPco,—— +mp — Ky /mp (44)
mH+

1
_(KIKHPCOQ +K'w)m7h +myp (46)
0 (47)
my = (Ki\KpPeoz+ Ky) (48)
mn = VEiKgPeos + Ko (49)

°

my = \/1076.31071‘51073.5 +10-14 = \/10711.3 +10-14 = /10113 = 10565 (50)

The pH is then 5.65. This is a typical value of NaCl brine or distilled water measured at
ambient conditions.

1.4.

e A sample of 100g (dry weight) quartz rock stores on its surface 0.5mmol Na*, 1.0mmol
Ca?t and 0.5mmol Mg?t. Calculate the cation exchange capacity, CEC in terms of
mmeq/kg rock.

e The rock has grain density 2.65g/cc and porosity 0.3. Calculate the CEC in terms of
mmeq/] pore volume.

Answer.

e The CEC is given by the stored charge divided by the mass of rock it is stored on.

CEC = (Z n;Z;)/rock mass = (0.5-1+1.0-2+0.5-2)/0.1 (meq / kg) = 35.0 (meq / kg) (51)

e Note that

k 1 k
CEC[meq/l pores] — meq mass rock volume roc (52)

mass rock volume rock volume pores

1—
= CEC|meq/kg rock]|pguart= 5 ¢ (53)
1-0.3

= 35[meq/kg rock] - 2.65[kg rock/ 1 rock] 03 (54)
= 216[meq / 1 pore] (55)

1.5. Find the equilibrium constant K for ion exchange of Mg?t and Ca?t corresponding to the
reaction of the form

CaXy + Mg®T(aq) — MgXsy 4+ Ca?t(aq) (56)

Use the theory from pages 254-255 and the reference reactions with Na™ to derive the correct
result.
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Answer. First consider the reference reactions involving Nat exchanging with Mgt and Ca2*:

Na™t +1/2CaXy
KNa/Cu
Na't + 1/2MgX,

KNa/Mg

NaX 4 1/2Ca*" (aq)
6Na [Ca] 1/2

2N ]

NaX + 1/2Mg*" (aq)

=04

ﬂNa[]Wg]l/2 _

B

1/2
Mg

[Na]

0.5

(57)
(58)
(59)

(60)

We obtain the correct reaction by multiplying both reference reactions by 2 and subtracting
the 2nd from the first. This corresponds to an equilibrium constant given by the square of the

first constant divided by the other:

BNa[Oa]l/Q

VoINd]

K = Bug[Cal :(

BCa[Mg]
(KNa/Ca
KNa/Mg

0.4
0.5

)2 — 0.64

547N B Mg



