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Abstract

To develop an efficient extractor, a falling-film contactor with polypropylene hollow fibers as packing materials was used to extract phenol
and acrylic acid from an aqueous phase with kerosene containing 30% (v/v) tributyl phosphate (TBP). The two fluids were added to the top
of the extractor and due to the different affinity of the two phases, the organic phase would spread to a thin film on the fiber surface and
the aqueous phase would spread on the organic phase, mass transfer could occur during the falling process. The flow characteristics in the
extractor were studied with a theoretical model, by which the flow status in the module can be predicted and provide a way to select suitable
membrane materials for a specified extraction system. Studies on the mass transfer characteristics showed that falling-film extractor using
hollow fiber as packing is highly efficient because of a very large mass transfer area and can be operated at extreme phase ratios in comparisor
with an extraction column.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction mobilized by microporous membranes making it possible
to operate under extreme phase raf#sl0]. To avoid one
Solvent extraction has been widely applied in hydrometal- phase breaking through the other phase, itis necessary to keep
lurgy[1], the petrochemical industfg], environment protec-  a suitable pressure drop between the two phases. However,
tion[3] and for pharmaceutical manufacturidg. In conven- phase breakthrough will happen in some cases even by doing
tional solvent extraction equipment, one phase is often firstly this. Based on the affinity difference between the two phases,
dispersed in another phase as droplets for increasing mass falling-film extractor with metal fiber as packing material
transfer area, then the droplets coalesce for phase separatiohas been designed by American Merichem recdady. The
[5,6]. The more fine the droplets, the more mass transfer areatwo fluids are added to the extractor from the top; because
can be obtained, while the coalescence becomes more diffi-of the hydrophilicity of metal fiber, the aqueous phase will
cult. Furthermore, it is difficult to operate at an extreme ratio spread to a thin film on the fiber surface and the organic
of two phases in a conventional extraction column because ofphase will spread on the water surface; thus, mass transfer
flooding, low efficiency and unexpected emulsificat[@h occurs during the falling process. In this process, the tiny
Therefore, several new techniques such as membrane extradiber leads to a very large mass transfer area and the coales-
tion and falling-film extraction have been investigated for cenceis easier since one phase is notdispersed as fine droplets
solvent extraction. into the other phase. The falling-film extractor applied to the
Membrane extraction is a novel technology based upon removal of hydrogen sulfide and naphthenic acid from oil us-
liquid—liquid extraction in which the phase interface is im- ing NaOH solution has been reviewed by A2] and Wang
[13], while the flow and mass transfer characteristics in the
* Corresponding author. Tel.: +86 10 6277 3017; fax: +86 10 6277 0304. falling-film extractor have not been comprehensively stud-
E-mail addresswangyujun@tsinghua.edu.cn (Y. Wang). ied and the principle for selecting the packing materials has
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Nomenclature

Greek symbols

Superscript

equilibrium value

not been mentioned. In this study, hollow fibers made from

(2) using the hollow fiber as packing, the specific contacting
area will be up to 3000-40009m—2 and the overall
mass transfer coefficield,-a is 10-15 times as that of
conventional sieve extraction column;

A mass transfer area, membrane area in modple

(cr?) (3) it can work well at extreme phase ratios such as
b constant in Eq(26) Lo/Lw >10 or <10;
B constant in Eqg(13) and(14) (4) the hollow fiber is much cheaper and more easily avail-
D inner diameter of shell (cm) able than metal fiber;
E mass transfer efficient, defined in £87) (5) compared with membrane extraction, in the case of
F constant in Eqg(21)—(23) falling-film extraction there is no resistance in the mem-
g acceleration of gravity (M%) brane phase.
k individual mass transfer co_el_‘fluent (cm’y In this work, the flow characteristics in the falling-film
K overall mass trgnls fer coefficient (cm'y extractor were studied with a theoretical model and the mass
L flpw .rate (ml mir ) . transfer characteristics were further investigated in contactors
m dlstr|but|0_n coefficient, constant in E(R6) with different packing density.
M constant in Eq(26)
N number of hollow fibers
P pressure (Pa) 2. Experimental
r radius (cm) '
R radius (cm) .
i time (s) 2.1. Experimental apparatus
y velocity atz_-dlrfactlon (cms™) The scheme of the experimental apparatus is shown in
X concentrat!on n af?uious phas],le (my! Fig. 1 The organic solvent and aqueous phase were pumped
32/ c;(;r)l((i:sentranon in oil phase (mg) into the shell side from the top of the module with and evenly

distributed to the cross-section through a liquid distribution
apparatusKig. 1b). When the two phases fell down along
the fibers, the organic solvent spread on the fiber surface to

H V|_scos.|ty (Pa s? . form a very large contact area for the aqueous phase. Mass

0 direction in cylinder coordinate

0 density (kg m3) Oil shase

v constant in Eq(18) @ L

Subscripts

o] oil phase

w aqueous phase —

i the interface of two phases ¢

in inlet ——> Hollow fiber

out outlet Pump 0il .
phase

1-4 consecutive numbers |

z zdirection

|—)Aqueous phase

Aqueous phase  Organic phase

Aqueous phase Settler

polypropylene (PP) were used as packing media. Since the
PP fibers are hydrophobic, the organic phase will wet the hol-
low fibers to form a thin layer of solvent on the fiber surface.
The advantages of falling-film extraction using hollow fibers
are as follows:

Epoxy seal
Hollow fiber

(1) the two phases are in contact through a thin film and the

‘ ‘ » Shell
flow is laminar, avoiding strong mixing and coalescence,

so the two phase will separate quickly in the settler and Fig. 1. scheme of falling-film fiber extraction system: (a) the whole extrac-
the loss of oil phase will be small; tion system and (b) entrance of the module.
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Table 1

The characteristics of fiber modules

No. D (cm) Fiber length (cm) Outer diameter N Specific surface Packing density
of fiber, Ry (cm) area (Mm=3)

Module 1 3.2 65 0.048 2100 3938 0.454

Module 2 3.2 65 0.048 2400 4500 0.540

transfer between the two phases can be varied at different3. Theoretical

flow rates. Thereafter, the organic phase and aqueous phase

would separate in the settler. Because the hollow fibers used3.1. Hydrodynamics model in falling-film extractor

are porous and hydrophobic, a small amount of organic phase

will enter and stay in the fiber pore; since itis notlarge enough  As shown inFig. 2a, an even fiber distribution in the mod-
compared to the bulk fluid, this amount of solvent is omitted ule can be obtained when the packing factor is relatively high.

during calculation. It is assumed that the hollow fibers are packed regularly in
the geometry of an equilateral triangle. The flow channel cor-
2.2. Mass transfer in the falling-film extractor responding to one fiber is a normal hexagon. When the two

phases flow down along the fibers, each phase will occupy

The characteristics of the falling-film extractors are shown a certain space surrounding the fibers, the interface of two
in Table 1 The polypropylene hollow fiber modules were phases will locate between the fiber outer surface and the
manufactured by Seawater Desalting Center of National hormal hexagon. Taking the axis-symmetry into considera-
Ocean Agency, Tianjin City, China. Kerosene containing tion, the hexagon is approximated to be circular (shown in
30% (v/v) of tributyl phosphate (TBP) was used as solvent Fig. 20). In Fig. ¢, Ry, R andR; are the radius of hollow
to extract phenol and acrylic acid from their aqueous phases,fiber, the boundary between the two phases and the equivalent
respectively. Kerosene was obtained from a gasoline station;radius of hexagon, respectiveiy, andu,, represent the flow
the analytical reagents of TBP, phenol and acrylic acid were rate of oil phase and aqueous phase, respectiRglgan be
purchased from Beijing Chemical Factory. The pH in the obtained from the number of fibeis, and the inner diameter
initial solutions of phenol and acrylic acid was kept to the of the falling-film extractorD:
natural ones. Sampling was done at the inlet and outlet of the T , T )
falling-film contactor, phenol concentration was determined N x  x Ry = - x D 1)
with HP8452 UV spectrophotometer (Waldbronn, Germany)
at 270 nm and acrylic acid was titrated with NaOH solution s
(IN). The loaded solvent was regenerated with NaOH solu- SN

tion (3%, Wiv). ; ! S S
: i gfi ¢ LY
: : roy A
e L " ) »
1
t

2.3. Determination of TBP concentration e i ¥ .

f ;oA ™ _ §

' ] I “\ . ;' ,’f
TBP concentration in the aqueous phase was determined ! @ -- E Ve, IR

‘ ) i ¥ S v

by measuring the phosphorus content. Four milliliters of ' N s d .
K2S,0g solution (50gt1) was added into 25 ml aqueous et T

sample and reacted at 120 for 30 min, whereby TBP was (@) b
oxidized into phosphate. Afterward, 1 ml ascorbic acid solu-

tion (100 mgt?), 2 ml (NH4)eM0o7024 solution (4%) were |
added in and the optical density of the sample was measured i
at 700 nm. Hollow fiber i

-

|

!H)l}nw fiber _Oil phase
Agqueous phase | /—'LA |

' u¢ous phase

bl BSOS PlSE
2.4. Solvent loss during extraction R

The solvent loss during phase contact in the falling-film
extraction was investigated by measuring the TBP concentra-
tion in aqueous phase after extraction. To compare with the
conventional mixer—settler process, 40 ml solvent and 40 ml
aqueous phase were mixed with a HZS-H shaker (Harbin
Donglian Company) at 180 rpm for 5 min, and the obtained
mixture was left at room temperature for 1 h, then the TBP Fig. 2. Scheme of the flow paths in the module: (a) arrangement of hollow
concentration in aqueous phase was determined. fibers, (b) the simplified process and (c) flow paths of the two phases.




164 W. Cai et al. / Chemical Engineering Journal 108 (2005) 161-168

Rom [+ 5D @

It is further assumed that the two phases are incompressible
and will be completely developed to a laminar flow in the

Ri T Ry
Lo = 2ruodr = — |4AMR? In == + (R? — R?
o} Ry o SMOI: i Ri ( i 1)
X (3B1R? — B1R? + 2ByR5 — ZBZRE)] (16)

module. Then, the Navier—Stokes (N-S) equations can be

used to predict the flow rate.
The steady flow leads to:

ou;

=0 ©)

The flow is axis-symmetric ang} is constant for those points

with the same radius:

Wz _ g Mg @
09 0z

The flow alongg andr directions is neglected:
Ur = uUg = 0 (5)

Then, the N-S equations can be simplified as:

R> T
Ly = / 2t O = o — {WBZ(R‘Z‘ — R}
R

i Uo

R.
+4¥ByR3 In R—; + 2(R5 — R?)

R.
x (BlR,?— B1RZ + WByR5 — WByR? — 2M In —’)}

Ry
17)
where
w= Mo (18)
Hw

The above Eqg16)and(17)can be expressed in the follow-
ing way:

dp po d duo 8
& 5T <VE> o Rsrsk © %Lo = B1F1+ B2F> (19)
d d/d 8
Lpg =" (=), Ri<r<Re () 20Ly=BiFs+ BoFy (20)
dz r dr dr T
With the following boundary conditions: where
Ry 2
F=Ri,  uo=0 8  Fr=(R}— R+ 4R In 2= + 2R - RY) (21)
1
duo dl/lw
r=R;, Uo = Uw = Uj, — = Uw—— 9 R
’ o=uw=ui Mog =t O 4w kR -+ 2(R? — R)(R3 — RY)
d 1
dr
Integrated fromR; to R, for the organic phase and froRyto R
R. for the aqueous phase, respectively, the flow velocity can F, = w(R3 — RY) + 2(R5 — Rl.2)2 <11/ +21n _1>
be obtained: R;
R.
Bi 2 oy M T AWRS In =L 23
= 22y Ll 11 +4¥R; In (23)
Uo At (r 1) 200 R1 11) R>
B2 2 _ g2 ByR3 n’ . B1(R? — R%) B1 — B2 = (pw — po)g (24)
uy = —0" = R;)——5—N—+——1——
v A ! 2w R; 4o Becausd., andL, are knownR;, By, B> can be calculated
M R; by solving Eqs(19), (20) and(24), then from Eqs(11) and
" 2e In R (12) (12), uo anduy can be obtained.
where 3.2. Mass transfer efficiency in the falling-film extractor
dp
B1 = dz Po& (13) Assuming that the flow status is ideal plug flow, the exper-
imental overall mass transfer coefficiéqy for parallel flow
By = ?j_P — bwg (14) can be obtained from the following correlatifi]:
7
1 Lu Xin+ 2
M = B1R? + BoR3 — BoR? (15) w

Hence, the flow rate of the two phases can be derived:

= n
Lw
A 1+ mLo (1+ mL—ZVO> Xout — n—]; <i—‘gxin - b)



W. Cai et al. / Chemical Engineering Journal 108 (2005) 161-168 165

wherexi, andXgyt are the solute concentration at inlet and 4. Results and discussions

outlet,Ly andL, the flow rate of aqueous phase and organic

phase, and\is the overall outer surface area of hollow fibers, 4.1. Flow status in falling-film contactor
approximately representing the real mass transfer area which

is difficult to measurem andb are the two constants in the The flow status in Module 1 can be predictedrig. 3.

equilibrium correlation of the experimental system: The organic phase flows on the outer surface of the fibers and
the aqueous phase flows on the outer surface of the organic

y=mx+b (26) phase. Atthe phase interface, the velocity of the organic phase

is at a maximum while the velocity of the aqueous phase is

For the two systemdy is 0, mis the distribution coefficient. ~ minimal. The latter is always larger than the former. When
The stage efficiency of falling-film membrane contactor the phase ratio (O/W) s 1:¥{g. 3a), the interface of the two
is then obtained: phasesis located @R, =0.82, the holding spaces of aqueous
and organic phase are reasonable; but when the phase ratio is
E— Xin — Yout 100% 27) !ncreased to be 5:F{(g. X), the i.nterface of the two phases
Xin — x* is located at/R, =0.96, the holding space of aqueous phase
is very small, the aqueous flow path among the oil paths is
wherex” is the equilibrium concentration in the aqueous very narrow; therefore, the aqueous phase cannot spread well
phase at a phase ratio same as the flow rate ratio of the twoon the surface of oil phase and the mass transfer performance
phases. Since the flow in the falling-film contact is parallel will decrease correspondingly. In this case, hydrophilic mate-

flow, the maximum value foE is 1. rial should be adopted for an effective extraction. Removing
W -==-- u 8 —
B - Uw o uu
2 8 L =100ml/min & L, =50 ml/min’' v
£ Z sl
"o - L =20 ml/min ,E L =50 ml/min”' /
:; 6 Module 1 % I Module 1 ,’
B N = 4 L 1
:= i 5 4 1
4 - ] = !
/ i ]
o ! 1
L r’ 2F !
2 ; -
]
L F I
/ '
0 1 1 1 L 1 0 1 1 1 /] 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
@ HR, (b) R,
W =—-=-=-y4
1
- Uy s
: 7/
8 L,=20ml/min /
— L L =100 ml/min ,"
E 6l Module 1 ]
".D 1
= L !
< !
5 4 !
= !
" 1
ol I
- I
5 1
]
0 1 1 1 I 1
0.0 0.2 0.4 0.6 0.8 1.0

(c) riR,

Fig. 3. The velocity distribution of the two phases in Module 1.
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naphthenic acid from oil is always operated with a large flow
rate of oil phase and small flow rate of aqueous phase, so the
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metal fiber is preferable.

4.2. Effect of flow rate on mass transfer coefficient in
Module 1

The effects of flow rate of agueous phase on overall mass -
transfer coefficienKy, are shown irFig. 4. It was found that
Kw increased quickly with the flow rate of aqueous phase. In
falling-film extraction process, when the flow rate of aqueous
phase increases, the mean velocities of both phases will in-
crease accordingly and the boundary layers of the two phases
become thin; as a result, tig, increases rapidly. This pro-
cess is very different from membrane extraction using a hol-
low fiber module[15], in which the interface of two phases
is immobilized in the membrane pores and the two phases
flow through the tube side or shell side, respectively, so the
mean velocity of one phase does not influence that of another

phase.

w

K x 10°/ m-s™

(a)

w

K x10°/ m-s’

(b)

Fig. 4. Effect of the flow rate of aqueous phase on mass transfer coefficients
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for: (a) phenol and (b) acrylic acid.
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Fig. 5. Effect of the flow rate of organic phase on mass transfer coefficients
for: (a) phenol and (b) acrylic acid.

The effects of flow rate of organic phaseldp are shown
in Fig. 5 For phenolKy, increased slowly with the increas-
ing Lo, while for acrylic acid, there was a significant impact
from L, onK,,. HigherL, gave a higheKy,. The difference
between the two systems resulted from the different distri-
bution coefficients. For the falling-film membrane contactor,
the overall mass transfer resistance equals the sum of the
individual resistance:

1 _ 1 1
Kw  Kw
For phenol extractionm is 173, 1link, <« ky, SO the mass
transfer resistance in the organic phase can be ignored, i.e.,
Kw is approximately the same &g; for acrylic acid extrac-

tion, mis 2.4, neither of the mass transfer resistances in the
oil phase and the aqueous phase can be omitted.

(28)

mko

4.3. Influence of the flow rate of agueous phase on E

As shown inFig. 6, the efficiency for phenol and acrylic
acid in Module 1 was near 100% and higher than 90%, re-
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100 - Fig. 7. Influence of packing factor on mass transfer efficiency for acrylic

acid extraction.

90 .— OA\\D“ - %/

—O—L =20 ml- min”'

Table 2
The loss of extractant

® Al =38 ml. min" Process Lw Lo TBP concentration
s —fa— :‘=' mil- min P P —1
s % =35568 mg. L’ (mlmin=)  (mImin™")  (mgl—)
Falling-film extractor 28 28 93
I 60 60 1001
70 |- 115 115 980
115 10 92
I Shaker—settler 182
ﬁ{) 1 1 1 1 1
0 20 40 60 80 100 120
(b) 7. il i high flow rate of aqueous phase and low flow rate of oil phase

are preferable for mass transfer. In environmental protection,
Fig. 6. Effect of the flow rate of aqueous phase on stage efficiency of mass When extracting hazard materials in very dilute solution with
transfer in Module 1: (a) phenol and (b) acrylic acid. large flow rate, falling-film membrane made from polypropy-

lene is suitable since an efficient extraction can be achieved

spectively. Itis suggested that the falling-film membrane con- With @ small amount of organic phase, therefore, the solute
tactor with the hollow fiber is highly efficient at phase ratios ¢&n be concentrated in the organic phase.

in the range of 1:1-1:11. Since the mass transfer coefficient

will increase rapidly with the increasing flow rate of aqueous 4.5. Extractant loss in falling-film extraction process

phase, there will be no decrease in the mass transfer efficiency

at high flow rate. As shown inTable 2 the extractant loss in falling-

film extraction process was 50% of that occurring in

shaker—settler process and did not change with the flow
rate of the two phases, indicating there was no strong
dispersion—coalescence process in falling-film extraction.

4.4. Effect of packing density and packing materials on E

As shown inFig. 7, the extraction efficiency in Module 2
was lower than that in Module 1 especially at lower flow rate
of aqueous phase, although the fiber surface of Module 2 is5. Conclusions
larger than the surface area of Module 1. When the packing
density was high, the fluid had to flow across many fibers  Hollow fibers were used as packing media in a falling-film
to distribute to the whole cross-section. If the flow rate of extractor. The predicted flow status in the module with the
agueous phase was low, its small momentum made it diffi- theoretical model provided a way to select the suitable mem-
cult to cross the fibers, a narrow flow path of aqueous phasebrane materials for a specified extraction system. The falling-
was then obtained. With the increasing flow rate of aque- film extractor packed with polypropylene hollow fibers was
ous phase, its flow path became broader, so the mass transfarsed for extracting phenol and acrylic acid from their aque-
efficiency increased. For hydrophobic materials, a relatively ous phase by kerosene containing 30% (v/v) TBP. The mass
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