PET565 PART B: EXERCISE SET 3

GOALS

e Calculate surface activities of species and compositions.
e Be familiar with some adsorption isotherms and their application.

IMPORTANT NOTES

e Assume the activity of surface species is given by equivalent fraction, 8; (Gaines-Thomas
convention).

1. EXERCISES

1.1. Assume a surface storing cations is in equilibrium with a brine containing my, 2+ = 2, mg+ =
0.5, mg,2+ = 0.2mmol/L. Assume the activity coefficients are 1.

o Write the relevant equilibrium and mass balance equations for this system. Table param-
eters can be found in the book.

o Calculate the composition of the surface represented by equivalent fractions Sy, 2+, Bx+, Bea2+-
The Gaines-Thomas convention should be applied.

e Derive mathematically, the relation between equivalent fraction composition and the com-
position in terms of molar fractions.

e From the previous answers, calculate the surface composition in terms of molar fractions

M BM M
Na2t ' Mgt Moa2t:

Answer.

e The relevant reactions for exchange and equilibria equations are given as:

Na® + KX — NaX+K*(aq) (1)
BnalK]

Kna = e 02 2

Vel T BrINd] 2

Na® +1/2CaXy — NaX +1/2Ca?"(aq) (3)
BNa[Ca]1/2

KNajca = = — =04 4

el YZ[Na ”

We use these equations to express Sx, Boq in terms of Syg:

_ /BNa[K]

Pr = Kna/x[Na] ®)
__ BRalCd

500. - K]QVG/C@[NG/]Q (6)

Finally the activities must satisfy mass balance:

Br + Bca + Bna =1 (7)
1
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e We insert the above expressions
AnalK] BalCal

+fANa = 1 (8)
KN(L/K[NQ] K]%/a/Ca[NaP
[Cal (K]
B2 a + /B + 1 —1 = O 9
VR N T e e Y ©)
0.2-1073 0.5-1073
Namar———as — 4+ 1)-1 = 1
Iveg @ 105 T AveGa a1 Y 0 (10)
B, 3125+ fng-225—1 = 0 (11)
Bna = 0.0531 (12)
BnalK] 0.0531-0.5-1073
= = = 0.0664 13
e Kna/x[Na 0.2-2-10-3 (13)
33, [Ca] 0.05312-0.2-1073
a= ¢ = = 0.881 14
e KRo/calNal? 0.42(2-1073)? (14)
Check:
Bna + Br + Bea = 0.0531 4 0.0664 + 0.881 = 1.00 (15)

e To convert the equivalent fractions 3 to molar fractions 5™ we note that

1 iZi 1 1
gu_ M _ Mtz shrz Pz (16)
K3 . .
where n; and Z; denote the number of moles on the surface and the valence of that species.
o We then get:

M 0.0531 - %
Na = I T T = 0.0948 (17)
0.0531 - 7 +0.0664 - 7 + 0.881 - 5
0.0664 - +
B = 5 L - = 0.116 (18)
0.0531 - 7 +0.0664 - 7 + 0.881 - 5
0.881 -1
B = - 2 - = 0.787 (19)
0.0531 - 7 +0.0664 - 7 + 0.881 - 5
Again we have:
Mo+ M BM = 0.0948 + 0.116 + 0.787 = 1.00 (20)
1.2. The Langmuir isotherm for adsorption of the species I can be written in the form
rcr
= Smax7 21
$1(0) = S T (21)

where s; is adsorbed amount in mol/L and ¢ is the brine concentration in mol/L.

Show that the isotherm function is linear for small concentrations.

Calculate the distribution coefficient as function of brine concentration.

Show that the isotherm function does not exceed Syax.

We want to ensure that less than 3 mol / L adsorbs. Assume that $pa.x=10mol/L and
r = 1.5[L/mol]. What is the maximum concentration we can inject?

Answer.

e Let ¢ be a small value, then 1+ rcy &~ 1 and
rcr
S1(6) = Smax 77 A~ Sl C1 (22)
which means the adsorbed amount increases linearly with concentration in this range.

[ ]
r

e — 23
1+rcr ( )

K; = SI(CI)/CI = Smax
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e First of all

r-0
0) = max3y | . A 0 24
$1(0) = S (24
The function is increasing for all ¢;:
r r
sh(c = Smax(————) = —Smax(——=)(—1/c? 25
I( I) (1/C]+T) ((1/01_'_,’”)2)( /I) ( )
r r
max7y ;. . N9 9 — °max;; . __ N9 = 26
s (1/er +7r)%c? y (1 +rey)? (26)
As ¢y — oo the adsorbed amount approaches s,,44:
rey r
= Smax = Smax — Smax~—— = Smax 27
sife) = 1+ rer s 1/er+r s 0+r s (27)

e We can calculate the concentration corresponding to the given adsorption. Any higher
concentration will result in higher adsorption.

rcr

- max 5 |, 28
51 5 1+rcr ( )
ST+ TSICI = SmaxTCr (29)
SmaxTCI — TS[CI = 8] (30)
S1
_ L 31
“ r(smax - 81) ( )
We then obtain
3
o = LA = 0.286mol / L (32)

7(Smax — 51)  1.5(10 — 3)

1.3. A species adsorbs according to a Langmuir isotherm with parameters $y,x=6mol/L pore and
r = 1.5 [L/mol].

The species is injected at a concentration of 10 mol/L and a speed of 1 m/min through a porous
medium. The initial concentration is 2 mol/L. Consider the state after 1 min injection.

e Calculate the position of the water front, x,,.

e For the concentrations ¢ = 2,6,10 calculate the retardation factor R and the distance
travelled by each concentration. What type of front is observed?

e Plot brine concentration c(z) from x = 0 until the water front position.

e Plot adsorbed concentration g(x) from = = 0 until the water front position.

e Consider the point z = 0.5. Plot the brine concentration at this point as function of time
from ¢t =0 to 1 min.

e Repeat the calculations if the initial concentration is ¢g = 10mol/L and the injected
concentration is 2mol/L.

Answer.

Ty = Ut = 1m (33)
e First we note that
re
W) = smax (34)
@ B r 1.5 9

smax( =6 = (35)

dc 1+ rer)? (1+1.5¢7)?2 (14 1.5¢1)?
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FIGURE 1. Plot of concentration ¢ against position x after ¢ = 1 min. Initial
concentration is 2mol/L and injected concentration is 10mol/L. Since high con-
centrations travel faster this solution form is unphysical and must be represented
by a front, see next figure.

For the different concentrations we get:

cm6: W9 0090 R=109 meg =092 (37)
de ~ (1+15-6)2 e=6 =1
dg 9
c=10: — = —— =0.035 R =1.035 ZTe=10 = 0.97 (38)

de ~ (1+15-10)2

where we use that R = 1+ dg/dc and z. = z,/R. = 1/R. [m].
The high injected concentrations travel faster than the low initial ones, i.e. sharpening
front. The front position is given such that:

Agq q(10) — ¢(2) 5.625 — 4.5
R T 20T gy
Rp=1+ R =1+ 790 LTI (39)
wp =ay/Ry = 1m/R; = 1/1.14 = 0.88 (40)
e ¢(x) is given in Figure 2.
1.5-10
() = gleom) = 6 s =45 (2> x) (42)
q\T) = q\Cinit) = 1+152— . €T X f
ty = x /vy = 0.5/1 = 0.5min (43)

The concentrations arrive at this position after the time t. = t, R, or t. = t,, Ry if it is a
sharp front. See Figure 4.
For the broadening front case:

q(z) = q(c(x)) (44)
Calculate ¢(x) and then evaluate g(c) in each point.
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FIGURE 2. Plot of concentration ¢ against position x after ¢ = 1 min. Initial
concentration is 2mol/L and injected concentration is 10mol/L. The physically
correct solution is constructed with position determined such that mass is pre-
served. This illustrates a sharpening front.
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FIGURE 3. Plot of concentration ¢ against position z after ¢ = 1 min. Initial
concentration is 10mol/L and injected concentration is 2mol/L.
This illustrates a broadening front.
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F1GURE 4. Plot of concentration ¢ against time ¢ at z = 0.5 m. Orange graph: Ini-
tial concentration is 2 mol/L and injected concentration is 10 mol/L. Broadening
front. Blue graph: Initial concentration is 10 mol/L and injected concentration
is 2 mol/L. Sharpening front.



