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Abstract

Removal of volatile organic compounds (VOCs) from water/wastewater by membrane air stripping (MAS) was studied using microporous
polypropylene hollow fiber membrane modules. Chloroform was used as model organic compound. The mass transfer of organic compound
from feed solution to air stream was studied with liquid cross-flow on the shell side and airflow in the lumen of hollow fibers. The Graetz
numbers for airflows in the lumen of the fibers in this study ranged frdmx310~3 to 6.9 x 10~3. For such low Graetz numbers, the
widely used Lévéque’s [Annales de Mines 12 (13/14) (1928) 201] model was found to be inapplicable. An alternative model is presented
to predict the mass transfer resistance. This model was found to be useful, particularly when the airflow rate on the lumen side of the
hollow fiber is very low.
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1. Introduction [1] correlation overestimated mass transfer coefficient at low
liquid flow rates in a cylindrical tube, when the Graetz num-
Separation of volatile organic compounds (VOCs) from bers aiva/LD) were below 4 and experimental values devi-
liquid streams by MAS is being considered as an alterna- ated from that predicted by Lévequgl correlation[6,7].
tive that may help overcome some of the shortfalls of the Such deviations have been observed for hollow fibers by a
conventional treatment methods. It is reported that MAS of- number of researchef§—11]. Analogous deviations have
fers an order of magnitude higher overall volume specific also been reported in heat trangffe2, 13} Wickramasinghe
mass transfer coefficient (K) than that of packed-tower et al.[7] stated that the theory and experiments do not agree
air stripping (PTA) and needs much lower air-to-water ratio at low flow rates, apparently because of slight polydisper-
to achieve the same degree of removal due to its multi-passsity in hollow fiber diameter. However, the deviations at low
nature[2]. The benefit of lower air-to-water ratio facilitates flow rates were also reported for heat transfer, where the
the use of a closed-loop system to avoid transferring VOCs tube diameter of the heat exchanger might be free of this
from aqueous to air phaga], either by destroying or trap-  polydispersity. As the low air flow rate is one of the bene-
ping the VOCs. However, MAS provides additional mass fits MAS offers, proper prediction of its resistance is impor-
transfer resistance due to the presence of a membrane. Th&ant for design purposes. The objective of this paper is to
resistance was reported as negligible when the membranegresent a model developed to predict the local air-film mass
were dry and the pores were air-fillgti5] and almost equal  transfer resistance for low air flows in the lumen of hollow
to the liquid-phase resistance when the membrane becamdibers.
partially wetted as a result of its prolonged contact with wa-

ter[4]. It was also reported in the literature that the Lévéque
2. Theory

_ Abbreviations: MAS, membrane air strippin_g; PTA, packed—tower aer- Mass transfer fundamentals for the transport of VOCs
ation; TOC, total organic carbon; VOC, volatile organic compound . . . .
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Nomenclature

a surface to volume ratio (Amd)

C VOC concentration in the reservoir at tirhég/m°)

Co VOC concentration in the reservoir at time 0 (§Jm

di inner diameter of the hollow fiber/(cylindrical tube) (m)
do outer diameter of the hollow fiber (m)

D diffusion coefficient of compound (fs)

D¢ continuum (ordinary) diffusion coefficient of compound in air phasé/¢n
Deff effective diffusion coefficient of compound in air fs)

Dw diffusion coefficient of compound in water {s)

Dkn Knudsen diffusion coefficient of compound in air {fs)

Gr Graetz number

h length of the hollow fiber module compartment (0)§m)

H dimensionless Henry’s Law constant

k rate constant (mint)

Ka local air-phase mass transfer coefficient (m/s)

ke local liquid-phase mass transfer coefficient (m/s)

Km membrane mass transfer coefficient (m/s)

KL overall liquid-phase-based mass transfer coefficient (m/s)
KLa overall volume specific mass transfer coefficientlfh

L hollow fiber length (m)

Pe Peclet numberdvY/Dy,)

Qa air flow rate (n¥/s)

Qw water flow rate (ri/s)

lin inner radius of the membrane module (m)

lout outer radius of the center tube (m)

R stripping factor Qu/QaH)

Re Reynolds numberd,u/v)

< Schmidt numbery/Dy)

S Sherwood numberk( do/Dy) = 1.62Gr0-33

Sh average Sherwood number

t time (s, min)

uv agueous solution velocity on the shell side of the hollow fiber (m/s)
v? air velocity in the lumen of the hollow fiber (m/s)

W agueous solution velocity in the lumen of the hollow fiber (m/s)
Vw reservoir volume (%)

X fraction of the pore filled with air

1—x fraction of the pore filled with water

Greek |etters

8 pore length (m)

& fiber porosity (dimensionless)

v kinematic viscosity of air/water (fs)

T pore tortuosity (dimensionless)

1) coefficient of variation for the fiber radius measurements

the membrane’s air-filled pores. The driving force for the exist in PTA. Finally, it diffuses through the air boundary
mass transfer is the difference in concentration between thelayer outside the membrane into the stripping air. The over-
two phases. Mass transfer in membrane air stripping involvesall mass transfer resistance is hence the combined effect
three sequential steps. Firstly, a VOC molecule diffuses from of these three separate mass transfer resistances. As mass
the bulk aqueous solution across the liquid boundary layer transfer resistances are considered to be proportional to the
to the membrane surface. Secondly, it diffuses through theinverse of the corresponding mass transfer coefficients, the
air- and or liquid-filled pores. This diffusion step does not overall liquid-phase-based mass transfer resistanck (1L
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can be expressed as follows: their experiments with liquid flow in the lumen to take into
1 1 1 1 account the polydispersity in hollow fiber diameter:

=t () w

K.k kmH ~ kaH kL =15 x 10*4”7 (5)

where K| is the overall liquid-phase-based mass transfer

coefficient (m/s) ka the local air-phase mass transfer co- wherek_ is the average local liquid-phase mass transfer
efficient (m/s),k_ the local liquid-phase mass transfer co- coefficient (m/s) and% is the liquid velocity inside the
efficient (m/s),km the membrane mass transfer coefficient hollow fiber (m/s).
(m/s), ancH is the dimensionless Henry's Law constant. Eq. (5)does not incorporate any physicochemical proper-
For liquid cross-flow on the shell side and air flow in  ties of the compounds involved and will thus be the same for
the lumen of the hollow fibers, the individual mass transfer an identical set of operating conditions irrespective of the
coefficients can be predicted using mass transfer correlationsypes of compounds. But the local film resistance on the lu-
based on dimensionless numbers developed by a number ofnen side of the fiber depends on the film thickness as well as

researcherfl,4,13,15-18]
The local liquid-phase mass transfer coefficidat, is

on the diffusion coefficient of the solute and should depend
on the physicochemical properties of the compound. Hence,

predicted based on the following correlation developed by Wickramasinghe et af7] proposed the following correla-

Kreith and Black[15] for cross-flow in closely packed tube
bank heat exchangers:

Sh = 0.39Re%595c0-33 2)

where Re is the Reynolds numbed4u®“/v), Sh the Sher-
wood numberk do/Dy), Sc the Schmidt numbew(Dy), do
the outer diameter of the hollow fiber (m)" the aqueous
solution velocity on the shell side of the fibers (misthe
kinematic viscosity of water (&ts), andD,, is the diffusion
coefficient of compound in water @fs).

The membrane mass transfer coefficiént, is predicted
using the equation developed by Mahmud et [4]. as
the pores appeared to be partially air-filled and partially
water-filled[4,19].

1 8t ot
kmH = “Dagell T E T Do 3
wheres is the pore length (mDes; the effective diffusion
coefficient of compound in air (A#s), r the pore tortuosity
(dimensionless)s the fiber porosity (dimensionless)the
fraction of the pore filled with air, and % x is the fraction
of the pore filled with water.

Detf is estimated using the relationshiRg = ((1/Dc) +
(1/Dkn)) "1, given by Pollard and Presef®0]. Here,D¢ is
the continuum (ordinary) diffusion coefficient of the com-
pound in the air phase @#fs) andDk, the Knudsen diffusion
coefficient of the compound in air (fs).

The air-phase mass transfer coefficidgtis estimated by
the following equation, derived from Lévequds| corre-
lation for laminar flow in a cylindrical tube, incorporating
Henry’s law constant, as the boundary layer is gaseous:

1 0617 Lg \°*
kaH — H \13D¢?

(4)

wherev? is the air velocity inside the hollow fiber (m/s),
di the inner diameter of the hollow fiber (m), ahdis the
length of fiber (m).

As Lévéque’s[l] correlation overestimated the mass
transfer coefficient at low liquid flows, Wickramasinghe
et al. [7] proposed the following relationship based on

tion, which has been developed based on average values and
takes the physicochemical properties of the compounds into
account:

- 18 )
91_91[1—(?“)0) +} (6)

whereSh is the Sherwood number (1.62°33), Sh the av-
erage Sherwood numbery &e Graetz numbePé- d; /L),
Pe the Peclet numbed(v"/Dy), andw is the coefficient of
variation for the fiber radius measurements.

3. Experimental
3.1. Materials

Commercial chloroform (99.8%, BDH, Inc., Toronto,
Ont., Canada) was used to prepare the feed solutions and
the standards for the gas chromatographs. Its relevant
physicochemical properties are givenTiable 1

3.2. Experimental set-up and method

The detailed description of the set-up and the method of
testing are given elsewhef#]. The membrane air-stripping

Table 1

Physicochemical properties of chloroform at°Z3
D¢ (x10° m?/s) 0.923
Dkn (x10*m2/s) 2.29

Dy (x10° m?/s) 0.893

H 0.15¢

aD.: continuum diffusion coefficient of the component in air phase,
calculated using the correlation given by Fuller et[al].

b Dyn: Knudsen diffusion coefficient, calculated using the correlation
given by Cusslef22].

¢ Diffusion coefficient of chloroform in water, calculated using the
correlation given by Wilke and Chan@3], multiplied with a factor of
0.9 to match the observed deviation by Smith ef24] and Roberts and
Dandliker [25].

d Experimentally determined by Mahmud et f26].
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experimental set-up included a reservoir (vel 6.675 x 3.3. Analytical eguipments

10-3md), a hollow fiber membrane module, an aqueous so-

lution feed circulation line and an air-stripping line. The Chloroform samples were analyzed by a total organic car-

shell side of membranes was kept in contact with the aque-bon (TOC) analyzer and counter checked by a gas chro-

ous phase for 48 h prior to the start of the tests to reach amatograph (Varian—Vista Series 6000, Varian Instrument

steady wet state. The membrane module was a Liquf-Cel Group, Walnut Creek Division, Walnut Creek, CA) to which

extra-flow 63 mmx 203 mm laboratory-scale membrane con- a liquid purge and trap sample concentrator (Tekmar-LSC-2,

tactor (Separation Products Division, Hoechst Celanese Cor-Tekmar Company, Cincinnati, OH) was attached. The GC

poration, Charlotte, NC, USAyww.Membrana.com made system had a flame ionization detector (FID), operated with

of polypropylene microporous hollow fibers. a packed column (Carbopack B 60/80 Mesh, 1% SP-1000,
The samples were collected from the reservoir for analysis 2.43 m x 3mm SS, Supelco Canada Ltd., Oakville, Ont.)

every 10 min in the beginning of each run but the interval was and an integrator (Waters 820 Chromatography Data Sta-

increased at later stages. Stripping airflow rates were variedtion, Water Chromatography Division, Millipore Corpora-

from 3.33x 107° to 9.17 x 10~° m?/s, while the liquid flow tion, Milford, MA).

rate was kept constant at38 x 10~ or 533 x 10 °m?3/s.

Initial chloroform concentrations of the feed solutions were

between 650 and 790 gfrStock solutions were prepared in 4. Results and discussion

a big reservoir and then transferred to the system reservoir.

The temperature of the solution as well as the air were kept4.1. Effect of low air velocity on mass transport

at 230 4+ 0.2°C. The pressure drops for the air side and

solution side were 1.2-3.0 and 10.0-12.5kPa, respectively. Inthe MAS experiments, the liquid velocity was constant

The total duration of a typical test was 160 min. while the air velocity was changed; the liquid film resistance
According to a review by Mahmud et 4l.4], the change  should hence be constant. Since it is reasonable to assume

of organic concentration of the solution in a completely thatthe mass transfer resistance due to the membrane should

mixed reservoir of a batch MAS system with time, can be also not change with the change of air velocity, the air-phase

described by the standard experimental first-order relation- mass transfer resistance is the only variable with air veloc-

ship[10]: ity. The rate constark, calculated according t&q. (7) in-
creased with the increase of air velocity as showhim 1

n ( Co ) K (77  Asaresult, the observed overall mass transfer coefficients,
Cy KL, calculated from the rate constants udltg (8)for MAS

of chloroform, increased with an increase in air velocity as

wherek is the rate constant (mit}) andt is the time (min). ~ shown inFig. 2, as expected by the reduction of the gas film

Application of this equation with substitution of prevail- ~resistance. However, the sensitivity to the variation in air
ing parameters provides the overall liquid-phase-based mas¥e€locity was much stronger than predictedtby. (4) based
transfer coefficienti, , for the system when air and liquid on Léveque’q1] correlation (seé-ig. 2, dashed line) and

solution streams are on the lumen and shell side, respecShows that the mass transport in this process is not strictly
tively [14]: liquid-phase controlled. Within the range of experimental air

velocities studiediEq. (4) overestimated the local air-phase
u" _1 Ow mass transfer coefficient. The Graetz numbers for this study
Ko=-0-FR In { [M} Q=R+ R} (8) ranged from 3L x 1073 to 6.9x 10~3, much lower than 4, the
lower limit for the applicability of the Lévéqueld] model
whereu" is the aqueous solution velocity outside the hollow [6,7], which explains the deviations of the experimental val-

fiber (m/s),a the surface to volume ratio Gm?3), Q. the ues from those of Lévequé] predictions. Wickramasinghe
water flow rate (r/s), R the stripping factor@u/QaH), Qa et al.[7] proposedEq. (5)as an alternative for the average
the air flow rate (/s), andV,, is the reservoir volume (B). local mass transfer coefficient on the lumen side.

The values for the parametersti. (8)are available nu- AlthoughEq. (5)is given for the local liquid-phase mass

merically from the experiments. The water velocity outside transfer coefficientk., for liquid flow on the lumen side,
the hollow fiber,u" for the present study was estimated us- it is assumed that the equation can be used for the local

ing the following equatior4]. air-phase mass transfer coef_ficiel%&, when air flows on
the lumen side. Thuss; and¥kaH were calculated based
w  (Qw/2mh)(1/(rout — rin)IN(rout/ rin) on Eq. (5)for different air velocities. 1k, was calculated
w-= void fraction ©) using the Kreith and Blackl5] correlation Eq. (2) and

1/kmH was obtained b¥eq. (3)with x = 0.75 correspond-
whereh is the length of the hollow fiber module compart- ing to a wet condition of the membrane. The overall mass
ment (0.%) (m), royt the outer radius of the center tube (m), transfer resistance/X | was then obtained by adding indi-
andrj, is the inner radius of the membrane module (m). vidual values of 1k, 1/kaH and 1/ kmH. The predicted
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Fig. 1. Comparison of the rate constants observed at different air velocities for MAS of chloroform (solution vel&6cy x 10-2 m/s).

overall mass transfer coefficients and the experimental datacame negative and the correlation was thus found to be in-
from this study are compared ig. 3. Although the agree-  applicable for predicting the air-film resistance at low flows
ment is fair at low air velocities, the model underestimates on the lumen of hollow fibers.
the overall mass transfer coefficieid,, at higher veloci- Another attempt was made to modify Lévéquils cor-
ties. This is probably caused by the underestimatioksof  relation Eq. (4) for a better prediction of the resistance at
by Eq. (5) In an attempt to describe the data in a better way, these low air flows. Rearrangirigg. (4)to
Eq. (6)was also evaluated. 033 033

Eqg. (5)ignores physicochemical parameters, which does i — &17 <L_d'> (i) (10)
not seem reasonable. Although, Wickramasinghe di7al.  kaH H \ D3 v?
showed that thé&h calculated byEq. (6)fit their data well,
it did not fit our experimental data. The reason was appar-
ently that their calculation was for liquid flow in the lu- 4 .
men, whereas in our study, air flow was in the lumen. The equation, the exponent applicable fo3was changed from
gas-phase diffusion coefficient of a compound is almost four 0.33 tog
orders of magnitude higher than that for the liquid-phase. 1 [0.617 <Ldi>0'33} ( 1 )q

Graetz numbers for this study were very small, Snebe- ko il D_g

it became clear that quantities in the square bracket do not
change when the air velocity? is changed. In the following

(11)
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Fig. 2. Comparison of the &vque equation and the modifie@¥eque equation with experimental data (solution velogit§.95 x 10-3 m/s).
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Fig. 3. Modeling of experimental data using the Wickramasinghe d7hlkorrelation (solution velocity= 5.95 x 10~3 m/s).

The best value of) was found using the data iRig. 2 as
per the following approach:/k;H values were calculated
for each air velocity by subtracting the theoretical values of
1/k_ and ¥ knH from the experimental /K| values. The
1/kaH values so obtained were then usedHq. (11)to
calculate the best-fij values by nonlinear regression anal-
ysis. The coefficients were determined by a non-linear re-
gression routine in STATGRAPHICS PLUS (Manugistics,
Inc., Rockville, MD). The model provided the best value of
g with a 95% confidence interval as1® 4+ 0.016 with a
standard error of 0.02&q. (11)is hence transformed into:

L\ 0337 /121
)]G
which is applicable for this system.

The overall mass transfer coefficient§, were calcu-

lated usingEgs. (1)—(4)with x = 0.75 and the results are
shown inFig. 2as dashed line. They were also calculated by

1

| 0617
kaH

H

(12)

Egs. (1)—(3) and (12yith x = 0.75. Note that the Lévéque’s

[1] correlation Eq. (4)was modified tdeq. (12)in the latter
approach. Both approaches were compared with experimen-
tal K. values inFig. 2 The figure shows that the modified
Eq. (12)fits the experimental data far better. To verify the
proposed model, a new set of MAS tests with chloroform at
a higher aqueous solution flow was carried out. The results
are shown irFig. 4. It was found whereas the Lévéqu§ls
correlation failed, the modifieéq. (12) successfully pre-
dicted theK| values. It is important to note that at higher
air flows, both model predictions are similar as the air-film
resistance seems to be negligible and can be ignored. This
is shown inFig. 4 by plotting the predicte® values with-

out incorporating air-film resistance, ik&. calculated using
Egs. (1)—(3)with x = 0.75 only. From this comparison, it
becomes clear that the estimatiorikgf values with or with-

out incorporating Lévéqued] model has very little effect

on the prediction. On the other hand, the modified model
provides a far better prediction, especially at low airflows,

1.2E-05
1.0E-05 4
A
8.0E-06 - ‘
5
E. 6.0E-06
~
e
4.0E-06 = = = Eqn. (1), (2), (4) & (3)[x =0.75]
—Eqgns. (1), (2), (12) & (3) [x = 0.75]
2.0E-06 - 4 Observed Values
Eqn. (1), (2) & (3)[x =0.75]
0.0E+00 T T T T T !
0 0.1 0.2 03 0.4 0.5

0.6

Air Velocity, m/s

Fig. 4. Comparison of experimental data with predickgdvalues, using the &veque equation, the modifieceleque equation, as well as with omission

of the air-film resistance (solution velocity 9.52 x 10~3 m/s).



H. Mahmud et al./ Chemical Engineering Journal 97 (2004) 69-75 75

which are the conditions where MAS has an advantage over[11] AK. Zander, R. Qin, M.J. Semmens, Membrane/oil stripping of
PTA [2]. VOCs from water in hollow-fiber contactor, J. Environ. Eng. 115 (4)
(1989a) 768-784.
[12] R.H. Norris, M.Y. Schenectady, D.D. Streid, Laminar-flow
5. Conclusions hggt-transfer coefficents for ducts, ASME Trans. 62 (1940) 525—
533.

The Lévé S lati . he | | [13] E.N. Sieder, G.E. Tate, Heat transfer and pressure drop of liquids in
e Lévéque’s[l] correlation overestimates the loca tubes, Ind. Eng. Chem. 28 (12) (1936) 1429-1435.

air-phase mass transfer coefficient in the lumen of the fiber [14] H. Mahmud, A. Kumar, R.M. Narbaitz, T. Matsuura, Hollow fiber
at low air velocities. The alternative correlations devel- membrane air stripping: a process for removal of organics from
oped by Wickramasinghe et d4l] for predicting the local aqueous solutions, Sep. S_ci. Technol. 33 (14) (1998) 2241-2255.
liquid-phase mass transfer coefficient had some limitations [*°] \F{;):f(re,'\tl:‘(' \l’\ggb Black, Basic Heat Transfer, Harper and Row, New
when applied to the prediction of the local air-phase mass [16] Z. Q‘i, E.VL. Cussler, Microporous hollow fibers for gas absorption.
transfer coefficient. Experimental data were fitted by a Part I. Mass transfer in the liquid, J. Membr. Sci. 23 (1985) 321-332.
modified approach. [17] M.C. Yang, E.L. Cussler, Designing hollow-fiber contactors, AIChE
J. 32 (11) (1986) 1910-1916.
[18] B.W. Reed, M.J. Semmens, E.L. Cussler, Membrane contactors, in:
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