This article was downloaded by:

On: 25 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Pt e STEVEN 4, CRANTR Separation Science and Technology
Publication details, including instructions for authors and subscription information:
SEPARATION SCIENCE

http://www.informaworld.com/smpp/title~content=t713708471

Electrical Aspects of Adsorbing Colloid Flotation. IV. Stripping Column
John W. Wilson?; David J. Wilson?; James H. Clarke®
* DEPARTMENT OF CHEMISTRY, VANDERBILT UNIVERSITY, NASHVILLE, TENNESSEE °

CENTER FOR INDUSTRIAL WATER QUALITY MANAGEMENT, VANDERBILT UNIVERSITY,
NASHVILLE, TENNESSEE

To cite this Article Wilson, John W. , Wilson, David J. and Clarke, James H.(1976) 'Electrical Aspects of Adsorbing Colloid
Flotation. IV. Stripping Column Operation’, Separation Science and Technology, 11: 3, 223 — 239

To link to this Article: DOI: 10.1080/01496397608085317
URL: http://dx.doi.org/10.1080/01496397608085317

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://ww.informaworld. confterns-and-conditions-of-access. pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |oan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713708471
http://dx.doi.org/10.1080/01496397608085317
http://www.informaworld.com/terms-and-conditions-of-access.pdf

14: 14 25 January 2011

Downl oaded At:

SEPARATION SCIENCE, 11(3), pp. 223-239, 1976

Electrical Aspects of Adsorbing Colloid Flotation. IV.
Stripping Column Operation

JOHN W. WILSON and DAVID J. WILSON

DEPARTMENT OF CHEMISTRY

JAMES H. CLARKE

CENTER FOR INDUSTRIAL WATER QUALITY MANAGEMENT
VANDERBILT UNIVERSITY
NASHVILLE, TENNESSEE 37235

Abstract

The operation of a continuous flow foam flotation column in the stripping
mode is analyzed under steady-state conditions. The effects of diffusive mix-
ing, nonlinear adsorption isotherms, and finite rate of mass transport between
the surface and bulk phases are taken into account in the differential equations
from which column efficiencies are calculated. Adsorption isotherms are cal-
culated by means of statistical mechanics for systems having coulombic interac-
tions.

INTRODUCTION

The foam flotation literature has been reviewed by Somasundaran (7, 2),
Lemlich (3, 4), and others; the technique is of particular interest as a
method for removing trace quantities of heavy metals and other hazardous
substances from aqueous systems. Several mathematical models for foam
flotation columns have been described in the literature; these generally
consist of equations derived from steady-state material balance con-
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siderations at the ends of the column (3, 5, 6). An integral part of these
models is the assumption of instantaneous equilibrium between the surface
and the bulk phases. Also, they are confined to the plug flow regime.
Goldberg and Rubin (7) reviewed a number of these models and also
presented a model applicable to a stripping column without solute transfer
in the countercurrent region. Wang et al. (8) treated continuous bubble
fractionation and presented a model which includes axial dispersion and
the use of equilibrium absorption isotherms. Cannon and Lemlich (9)
presented a detailed analysis based upon the assumption of linear iso-
therms, and Lee has given a somewhat similar treatment (10).

We here present an approach derived from Wilburn’s analysis of two-
phase countercurrent extraction (/7). He includes effects of diffusion,
convection, and mass transfer, and assumes a linear isotherm. We analyze
a continuous flow foam flotation column operating at steady-state in the
stripping mode, and we include effects of diffusion and turbulence, rate of
mass transfer, and nonlinear isotherms. We then focus on the calculation
of these isotherms for the case of the floc foam flotation, extending our
previous work on this problem and putting it on a somewhat firmer footing
(12-14).

ANALYSIS

We take Egs. (1) and (2) as our starting point:

d*c dc k, S?

0= DIVW + v,V‘—& + m(r — Kc) 9))
ar dar k,S?

= DSz - oSy~ v sgT KO @

Terms are defined as follows:

D, effective diffusion constant in the liquid phase
effective diffusion constant in the surface phase
volume of liquid contained in 1 cm?® of foam
surface area contained in 1 cm? of foam
velocity of liquid downward

velocity of surface upward

equilibrium isotherm; K = I'/c at equilibrium
surface concentration of solute

concentration of solute in liquid

f\_jxucvsz M‘nb
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CFeed concentration of solute in column influent
k, rate constant governing mass transport between the surface
phase and the liquid phase
x distance from base of column
I column length

The boundary conditions of the problem are determined in the following
way. First, solvent material balance at § (see Fig. 1) yields

v,V =0S6 + v,V 3)

where 6 is the film thickness of drained film and v,V is the flow rate of
column influent. Solute material balance at § yields

d dar
0,V Cpeea — ST () = v,Ve(l) — v ST() + D,Vai(l) + D,Szc-(l)
C))

Solute material balance at « yields

d dr
v,Ve(0) = v,Ve(0) — v,ST(0) + D,VEE(O) +DST(©0) ()

F1G. 1. Material balance diagram of the column.
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The requirement that there be no net flux out of the bottom of the column
via the surface phase yields

dr
0=1vI(0) - DS I ©) (6)
Solute material balance on the liquid phase at the top of the column yields
1V Creea = 0:Ve(l) + D, V (1) )
Equations (4) through (7) can be simplified and combined to yield bound-

ary conditions identical to those used by MiSek and Rod for counter-
current extraction (15):

D) + R0 = e ®
=0 o

6. 1(0) — DSdeI:(O) 0 (10)
%(O) =0 (11)

We regard K as a function of ¢ (nonlinear isotherm), and solve the differ-
ential Eqgs. (1) and (2) as follows. We subdivide the column into n com-
partments as indicated in Fig. 1, and define

§i = (xi-; + x)/2 (12)
K; = K[e(€))] (13)

We shall be constructing an iterative quasilinearization method (16)
whereby we make an initial choice of the X [based on the calculation of
c(x) when K(c) is set equal to X(0)]. In the ith compartment our differential
equations are now

dr’ ar kSt ,
0= —0S—_+ SD. Gy — 5y 5g (T = Kec) (14)
dc! d’c kS

= Vd + VD’F + —— (I“ - K,-C!) (15)

V + SK,
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We solve these in the ith region by setting ¢'(x) = ¢! exp Aix, T(x) = T'!
exp Alx to obtain

. . . k,S? .k, S%K;
I ol i2 _ i_ 1 i 1 i
0=T (SD,). v, SA 7 SK,-) '3 + 5K, (16)
kS . k,S%K,
“VrsK T <VD,4 + oV - g a1
The requirement that I'* and ¢’ # 0 yields
. . k,S? k,S%K;
2 _ i 1 1 i
(SDs'l 0SE g SKi) V t SK,

0= (18)

k,S? 2 . k,S°K,

SR (VP i

We solve this secular equation (which has one zero root) to get the

A (e, T, j = 1,2,3,4. Wechoose the ¢; = 1 for all i and j, which then
permits calculation of the l"j" from Egs. (16) or (17). Then

4
ci(x) = ¥ o;' exp 4,x (19)
Jj=1
. ‘ : ]
I'(x) = Y o;T; exp 4;'x (20)
i=1

where the o }‘ are to be determined from (1) the four boundary conditions
(Eqs. 8-11), and (2) the requirements that

eix) = ' (x) @1
Ti(x) = T (x) (22)
% () = (gcm(xi) 23)
d . d
Ixrl(x‘) = d'_x FHI(X‘) (24)

i=1,2,...,n—=1

This yields a total of 4n equations to be solved for the 4n aj‘. We sub-
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stitute Egs. (19) and (20) into (21)<(24) to obtain

1 1 1 1
r r,yy Ty T
AU A A

AT, AT, AT, AT,

exp 4,'x, 0 0 0 a;’
0 exp A,'x; 0 0 o,
0 0 expli’x; O !
0 0 0 expix;/ \a,t
1 1 I 1
r i+1 r i+1 r i+1 r it1
= ~2i+1 2i+1 ~3i+1 4i+l

exp A, " 1x; 0 0 0
0 exp 4,  x; 0 0
0 0 exp 4, 1x; 0
0 0 0 exp At x;

or, in more compact notation,

F()DG, Da(i) = FGi + 1)DG, i + Da(i + 1)

Then
a(i) = D7'(G, )FY@)FG + DDG, i + Da + 1)
or
a(i) = T + 1)
So

a(l) = T(DTQ2) --- T(n — Da(n) = ta(n)
Our Egs. (8)(11) become

4 vV VDA"
— n n — 4 J
CFeed ngaj exp ('1} 1){1/! V'UI ]

4
0= Zaj" eXp (lj"l)rj"ﬂ,j"
Jj=1

4
= Zlajlrjl(vs - Ds}vjl)
i=

2]i+1r1i+l Azi+lr~2i+1 23i+lr3i+l l4i+lr“i+1

(25)

(26)

@7

(28)

(29)

(30)

@3n
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or, more compactly,

<CF6°"> = Ba(n)

<g) = Aa(l)

where 4 and B are 2 x 4 matrices defined by Eqs. (28)«(31). On using
Eq. (27) with these we obtain

cFeed
o )= ( 5 >a(’1) = Can) (32)
0
Then
CFeed \
at) = 7| J (33)
0
and
a(i) = T(a( + 1) (26)

as before. Solute concentrations in the middle of the various compart-
ments are obtained from

'€y = _;1 o, exp (2,') (34

where ¢; is given by Eq. (12). These ¢/(£') are then used to calculate a new
set of K’s, at which point we go back to Eq. (18) and repeat the calculation
up through Eq. (34). We continue these iterations until results from succes-
sive iterations are in sufficiently close agreement.

The amount of solute which is discharged per second in the column
effiuent is given by

4
Ve = v,V Y a;t
=1

The total amount of solute flowing into the column per second is given by
U;V'Cpeea- We define a separation parameter, F, as

F = Ve(0)/V' epeea (3%5)
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Let us examine some typical results. Figure 2 exhibits the anticipated
decrease in solute concentration in the column effluent as the specific foam
area S increases. The effect of varying the surface flow velocity v, is shown
in Fig. 3; we note that it is approximated here that the increased gas flow
rate has not affected the wetness of the foam. The dependence of the
separation parameter F on the liquid flow velocity v; is shown in Fig. 4,
and is as one would expect. Figure 5 shows the effect of diffusion and

x10?

30 0 30
s

FiG. 2. Dependence of separation factor F on specific foam area S (cm~!).
D, =D, =500, vy, =v;, =1, V=10.0025, k; =0.1, L =50, Cpeea = 1.4 X
107 moles/cm?3, a, = 6 x 1073, a, = 10~3; all constants in c.g.s. units.

4

FxI0*

I 2 3 4

FiG. 3. Dependence of separation factor F on surface velocity v, (cm/sec). §=
60, other parameters as in Fig. 2.
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Fx10*
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FiG. 4. Dependence of F on liquid velocity (cm/sec). Other parameters as in

Figs. 2 and 3.

76t
(=)
2 74t
[

72}

70

27 30 33 36
logio DlyD!

FiG. 5. Dependence of F on effective diffusion constants D, and D, (cm?/sec).
We have here set D, = D,. Other parameters as in Figs. 2 and 3.

Fx 10
w

-3 -2 -
IogmkI

Fic. 6. Dependence of F on mass transfer rate constant k, (cm/sec). Other
parameters as in Figs. 2 and 3,
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turbulent mixing in decreasing the separation efficiency (increasing the
separation parameter). The magnitude of k, the rate constant governing
mass transfer of solute between the surface and the liquid phase, exerts a
very marked effect upon the separation efficiency, as demonstrated in
Fig. 6.

The isotherms for floc foam flotation which we calculated in our earlier
work (/4) can be approximated rather well by simple Langmuir isotherms,

2

F x10*

T

L - Al - . J

15 30 45 60
a,x10*

Fi1G. 7. Dependence of F on Langmuir parameter a, (cm). Other parameters as
in Figs. 2 and 3.

-92 86 80
10Gyo T,

F1G. 8. Dependence of F on Langmuir parameter a, (moles/cm?®). Other para-
meters as in Figs. 2 and 3,
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Or

655 595 535
10,0 Crone

FiG. 9. Dependence of F on crees (Moles/cm?). Other parameters as in Figs.
2 and 3.

as is shown later in this paper. For reasons of mathematical convenience
we therefore use Langmuir isotherms in our calculations, setting

a,

r=’~KC=mC

The dependence of the separation parameter on a, and a, is shown in
Figs. 7 and 8, and qualitatively is what one would intuitively expect. The
effect of this nonlinear isotherm on the separation parameter is also
illustrated in Fig. 9, which shows the dependence of separation parametcr
on feed concentration. As feed concentration increases, the surface film
becomes saturated, at which point the separation parameter approaches
unity, corresponding to negligible separation.

ADSORPTION ISOTHERMS

In the third paper of this series (referred to as III below) we developed
a method for calculating adsorption isotherms for systems in which the
attraction between particles and surface is electrical (74). The model
included the effect of the finite volume of the colloidal particles by means
of a cell approach, but included some simplifications and approximations
which we have since been able to avoid. We use the notation used in III,
and follow a technique given by Hill (17).
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Let us assume M equivalent, independent, distinguishable sites on our
surface film, each one of which can bind 1, 2, ..., m particles. We let

q(s) = Y exp [ Be(s)]

be the site partition function when the site is occupied by s particles. In
detail,

Ja~1 ja—=1 m
=3 2 L% e (= (36)

If a, sites have s particles bound to them, then the canonical ensemble
partition function for the collection of M sites and N particles is given by

Q(N, M, T) E M! l—Io[q(l)]ﬂ-

a;’s

@37

where the a;’s must satisfy Y 7= oa, = M and Y7 ,sa, = N. Hill then shows
that the grand partition function of the system is given by

mM
E=Y ON, M, T)A" (38)
N=0
m ha;
Z ] LT [q(t)ll (39)
i=0
where Y7L oa, = M is our only constraint, But this is evidently just
E =t D™ (40)
where
4 T) = ¥ g6)F )
The average number of particles per site is then given by
dlog¢ Yo 5q(s)A*
S = }.( ) = &L S 42
YR S YW OY *2
We assume, as in III, that
e(jhjZ’ [ sj:) =k21 8(jl() (43)

The energy of any configuration of s particles at the site is simply the sum
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of the independent one-pa.rticle energies. This permits us to write

=L 5 F[% 5.5 apl-pTtif]

J1=1 j2=2 e(Jj1) £(j2) £(Js)

=%y - Z[HHUH (44)

v J2 Je Ji=
where [Pf(j,)] is a one-particle partition function for a particle in com-
partment j,. We write [Pf(j;)] as exp [— BV(j)lg(j;), where V() is the bind-
ing energy of a particle in compartment j; to the surface.
On substituting Eq. (44) into Eq. (41) we obtain

ja=1 Jja—

¢-ifz Z Z Hqunw[ﬂmm

s=0 jy=1 j2=2 Je=s j1=1
IJ {1 + q(jdAexp [-BV(idl} (45)

From this result and Eq. (42) we readily obtain

5= i Aq(k) exp [— BV (K)]
T 1+ Ag(k) exp [- BV(K)]

Now g(k) involves partition function factors associated with a particle in a
box, essentially, and with rotational motions. This is true for all k, and we
therefore make the reasonable approximation that ¢g(k) = ¢, independent
of k, which yields

(46)

u [ L explB V(k)]:l ! @n

§= 1
kgl Ag
Now
IOg }“q = Baatotal - ﬂ#inteml
= ﬂ#configuntionll

where the u’s represent chemical potentials. III showed that

ag
ﬁuconfigunlional = 10g1 — 0 (48)

where o is the “density of particles in the bulk liquid,” the average number
of particles in L compartments a large distance away from the surface,
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divided by L. This then yields our previous result for $:

m l -0 -1
§=3% [1 +—exp [ﬂV(K)] (49)
k=1

We define S, ..., as

S,

excess

=5~ Mo (50)

the net excess of particles bound per site in the surface layer, an alternative
and perhaps somewhat better criterion than the binding energy criterion
we used in III. Substitution of Eq. (49) in (50) then yields

~ N 1 — exp BV(k)
e = 01 = 0) X, T xp BV + exp BVR)

This formula is well adapted to calculating isotherms for bubbles rising
through bulk liquid and for wet foams.

The results of calculations of S,,...; as a function of ¢ are shown in
Figs. 10, 11, 12, and 13. Figure 10 shows the effect of increasing ionic
strength on the isotherm; Fig. 11 that of increasing surface potential ¥, ;
Fig. 12 that of increasing charge on the floc particles; and Fig. 13 that of
increasing temperature. These results are quite similar to those obtained

by our earlier technique except for two points. First, these plots go through

S

(51

|5' |°g;o c
-65

-6.0

SeXCeSS

FiG. 10. Dependence of isotherms on ionic strength (moles/cm3). g = 4.77 X
10-%esu, o = —50 mV, cell length = 10A, T = 298°K.
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i ¥ (mv)
al 100
75
3.
50
B 2r
@
(&)
P
i 25
1t
| 2 3 4

FiG. 11. Dependence of isotherms on surface potential yo (mV). Other para-
meters as in Fig. 10; ¢ = 10~* moles/cm?.

sexcess

F1G. 12. Dependence of isotherms on floc particle charge (¢ = 4.77 x 10-1°
esu). Other parameters as in Figs. 10 and 11.
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Ar
298
310
s
2L
é
]
]
w
|k
| 2 3 4

FiG. 13. Dependence of isotherms on temperature (°K). Other parameters as
in Figs. 10 and 11.

a maximum (readily visible in Figs. 11 and 12) and actually gotozeroasa
approaches unity. This is due simply to the fact that it is physically impos-
sible for the local floc particle density to exceed unity, so that the difference
between local floc particle density and ¢ must approach zero as ¢ — unity.
For reasonable values of ¢ (zero to 0.3, say), the curves can be matched by
Langmuir curves to less than 109, error by a nonlinear least squares
routine.

The second difference from our earlier results (using the binding energy
criterion) is a more reasonable temperature dependence, as shown in Fig.
13. The binding energy criterion results in marked discontinuities in the
temperature dependence which we have not seen in our experimental re-
sults and believe to be artifacts of that model. Our present approach
eliminates these discontinuities and gives us a rather weak temperature
dependence similar to that observed in our preliminary experimental work.
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