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Part I of this study presents a theoretical method combined with experiments to determine the adsorption
kinetics of powdered activated carbon (PAC) in the hybrid PAC-submerged membrane (SM) system with
air bubbling for trace organics removal. The homogeneous surface diffusion model (HSDM) was applied
to describe the kinetics of the adsorbate uptake. The differences between the model solutions and the
corresponding experimental results were minimized by means of Levenberg–Marquardt algorithm so that
owdered activated carbon (PAC)
dsorption kinetics
omogeneous surface diffusion model

HSDM)
ir bubbling
race organic removal

two kinetic parameters DS and kf involved in HSDM were obtained simultaneously. The DS was found to be
1.14 × 10−16 m2/s and the kf value was correlated with the bubbling rate (Qb) and carbon dosage (Cc), which
are required in the modeling of the hybrid PAC-SM system presented in Part II of this study. The kf was
enhanced from 1.18 × 10−4 to 4.18 × 10−4 m/s when the bubbling intensity increased in the intermittent
bubbling tests, suggesting that from energy consumption point of view, the high intensity intermittent
bubbling is more efficient in improving the liquid film mass transfer than continuous bubbling with the

same net bubbling rate.

. Introduction

Powdered activated carbon (PAC) adsorption has been widely
pplied as a pretreatment method to assist low-pressure driven
embrane filtration processes such as microfiltration (MF) to

emove dissolved organic solutes from polluted water. The mem-
ranes may be located at the external of an adsorption tank or
ubmerged in the tank directly. In the latter, air bubbles are injected
o the tank to provide mixing and introduce shear at the membrane
urface to prevent particle deposition. Despite different configura-
ions, in the PAC-MF hybrid system, the solute removal is mainly
ccomplished by carbon adsorption while the function of low-
ressure driven membranes is to separate the PAC particles from
he treated water. Thus, to evaluate the efficiency of the target
olutes removal, the PAC adsorption performance has to be studied
arefully.
PAC adsorption can be quantitatively analyzed by a mathemat-
cal approach. The adsorption isotherms, such as the Freundlich
sotherm, are used to describe the maximal adsorption capacity
f a certain mass of adsorbent. The homogeneous surface diffusion
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model (HSDM) has been extensively used to describe the kinetics
of adsorption for organics from the liquid onto the activated car-
bon [1–10]. The HSDM contains two kinetic coefficients, i.e. the
surface diffusion coefficient DS and the liquid film mass trans-
fer coefficient kf, which are the crucial parameters to determine
the accuracy of the model solutions and need to be known if a
prediction of the system performance based on the modeling is
required.

For the systems without air bubbling, Hand et al. [11] have
shown that the solving procedure of the HSDM can be simpli-
fied by eliminating the liquid film mass transfer coefficients kf.
However, certain experimental procedures are required to ensure
a better DS estimation. Traegner and Suidan [12] searched the
two kinetic coefficients simultaneously by fitting the HSDM solu-
tions to the experimental data, through a non-linear least squares
fit. Roy et al. [13] introduced a simplified solution technique
to solve the HSDM by using orthogonal collocation. The coeffi-
cients were determined by minimizing the difference between the
model calculations and batch test data using the quasi-Newton
method. In their study, three collocation points were chosen for
simplicity.

For the PAC suspended submerged membrane system, the

required operating procedure, which was presented by Hand et al.
[11], may not be ensured as the mixing mechanism is different.
Therefore it has not yet been confirmed that the simple approach for
non-bubbling systems can be applied to adsorption in the bubbled
system.

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:YJia@pmail.ntu.edu.sg
mailto:RWang@ntu.edu.sg
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dx.doi.org/10.1016/j.cej.2009.07.032
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Nomenclature

A total carbon surface area (L2)
Bi Biot number based on surface diffusion (non-

dimensional)
C0 initial liquid phase adsorbate concentration (M/L3)
C liquid phase adsorbate concentration in bulk solu-

tion at any time (M/L3)
C* non-dimensional liquid phase adsorbate concentra-

tion in bulk solution at any time
Cc carbon mass per unit volume of the treated water

(M/L3)
CS liquid phase adsorbate concentration at solid–liquid

interface (M/L3)
C∗

s non-dimensional liquid phase adsorbate concentra-
tion at solid–liquid interface

DS surface diffusion coefficient (L2/T)
Emb parameter in the mass balance (dimensionless)
dp adsorbent particle diameter (L)
K Freundlich isotherm capacity constant

(((M/M)(L3/M)1/n))
kf liquid film mass transfer coefficient (L/T)
MC total mass of carbon in the test (M)
m the number of data point in the non-linear least

squares problem
1/n Freundlich isotherm intensity constant (dimension-

less)
q(r, t) adsorbed adsorbate concentration (M/M)
q*(R, T) non-dimensional adsorbed adsorbate concentration
q0 initial adsorbed phase adsorbate concentration

(M/M)
qs adsorbed phase adsorbate concentration at

solid–liquid interface (M/M)
q∗

s non-dimensional adsorbed phase adsorbate con-
centration at solid–liquid interface (M/M)

qavg average adsorbed phase adsorbate concentration
(M/M)

q∗
avg non-dimensional average adsorbed phase adsorbate

concentration
Qb air bubbling rate in the batch kinetic test

(L3
(air)/TL3

(liquid))
r radial coordinate (L)
R non-dimensional radial coordinate
S least square of the differences between the model

calculations and batch tests data
t time (T)
T non-dimensional time base on surface diffusion
V liquid volume (L3)

Greek letters

t
s
l
s
T
l
L
b
t
t

the carbon particle r during adsorption. The initial condition for Eq.
�p apparent particle density (M/L3)

The objective of Part I of this study is to determine the adsorp-
ion kinetic parameters for the carbon adsorption in an air bubbled
ystem for trace organics removal simultaneously. These can be
ater applied in the modeling of a hybrid submerged membrane
ystem with similar air bubbling operations (Part II of this study).
he approach used is to solve the HSDM using the orthogonal col-

ocation method [14] with 12 collocation points coupled with the

evenberg–Marquardt algorithm [12] to minimize the difference
etween the experimental results and the model solutions. As such,
he DS and kf can be determined simultaneously. The experimen-
al data used were collected from specifically designed kinetic tests
Fig. 1. Schematic diagram of activated carbon particle structure and mechanisms in
the HSDM.

using air bubbles to provide mixing instead of traditional mechan-
ical stirring.

2. Theoretical model

2.1. Formulation of adsorption

The adsorption of adsorbates onto activated carbon normally
follows four steps (Fig. 1): (1) external diffusion from bulk solution
to liquid film, (2) film diffusion through the surface film to particle
surface, (3) surface diffusion along the carbon inner surface, (4)
adsorption on the active sites in the pores. Since the last step is
fairly quick, either the film diffusion or the surface diffusion can
be the slowest step, and thus controls the overall rate of carbon
adsorption process [15]. The HSDM describes the kinetics of the
adsorbate uptake by activated carbon from the liquid solution on
the basis of surface diffusion assumption. For adsorption in a closed
batch test, the overall mass balance is described as:

V
dC

dt
= −Mc

dqavg

dt
(1)

where C is the adsorbate concentration in the bulk solution, qavg

is the average mass of the adsorbate adsorbed within per mass of
carbon particles, V is the liquid volume and Mc is the mass of carbon
in the test. qavg can be estimated from:

qavg = 3

(dp/2)3

∫ dp/2

0

q(r, t)r2 dr (2)

where q(r, t) denotes the adsorbate radial concentration within the
particle, and dp is the carbon particle diameter. The mass balance
within an activated carbon particle is:

∂q(r, t)
∂t

= Ds

[
∂2q(r, t)

∂r2
+ 2∂q(r, t)

r ∂r

]
(3)

where DS represents the surface diffusion (step 3) coefficient within
the carbon particles. Eq. (3) describes the changing rate of surface
concentration q(r, t) with time t at any distance from the center of
(3) is:

q(r, 0) = 0, t = 0, r = dp

2
(4)
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The boundary conditions are:

∂q(0, t)
∂r

= 0, t ≥ 0, r = 0 (5)

pDs
∂q(r, t)

∂r
= kf (C − Cs), t ≥ 0, r = dp

2
(6)

s = KCs
1/n, t ≥ 0, r = dp

2
(7)

here kf denotes the mass transfer coefficient of film diffusion (step
) and �p represents the apparent particle density. Cs and qs are the

iquid phase and adsorbed phase adsorbate concentrations at the
olid–liquid interface, respectively, which are correlated based on
he Freundlich isotherm expression of Eq. (7). K and 1/n are the
reundlich adsorption constants.

.2. Dimensionless and parameters determination

It is convenient to convert Eqs. (1)–(7) into a non-dimensional
orm by substituting the following defined dimensionless parame-
ers for the corresponding ones:

∗ = C

C0
, q∗ = q

q0
, T = 4Ds

d2
p

t, R = 2r

dp
(8)

here C0 and q0 represent the initial liquid and absorbed phase
dsorbate concentrations, and q0 is in equilibrium with C0. Thus,
he integrated form of Eq. (1) at time t with appropriate initial
onditions, and Eqs. (2)–(7) can be rewritten non-dimensionally
s follows:

∗ + Embq∗
avg = 1 (9)

ith Emb representing the non-dimensional solute distribution
arameter:

mb = Mcq0

VC0
(10)

∗
avg = 3

∫ 1

0

q∗(R, T)R2 dR (11)

∂q∗(R, T)
∂T

= ∂2q∗(R, T)
∂R2

+ 2∂q∗(R, T)
R ∂R

(12)

The initial and boundary conditions are:

∗(R, 0) = 0, T = 0, 0 ≤ R ≤ 1 (13)

∂q∗(0, T)
∂R

= 0, T ≥ 0, R = 0 (14)

∂q∗(1, T)
∂R

= Bi(C
∗ − C∗

s ), T ≥ 0, R = 1 (15)

∗
s = C∗1/n

s (16)

Eq. (15) contains the non-dimensional Biot number defined as:

i = kf dpC0

2Ds�pq0
(17)

The Biot number represents the ratio of the transport rate across
he liquid film layer (numerator) to the diffusion rate within the
article (denominator).

The parameters required to solve the equations include geomet-
ical and volumetrical quantities (�p, Mc, V, dp) which are directly

easurable, Freundlich equilibrium adsorption constants (K, 1/n)

hich are determined by fitting the isotherm tests’ data to the Fre-

ndlich isotherm equation [16], and kinetic coefficients (DS, kf).
hereas, the kinetic diffusion coefficients cannot be measured

irectly and a numerical optimization technique is required to
earch the DS and kf. By inputting initial estimates of the parameters,
Fig. 2. Flow chart of the adsorption kinetic coefficients searching program.

the HSDM is calculated and then compared with corresponding
experimental data of closed batch tests. The optimum DS and kf are
finally identified by minimizing the differences between the model
calculations and batch test data. This search procedure is known as
a non-linear least squares fit as introduced by Dennis and Schnabel
[17] and Traegner and Suidan [12]:

S2 = Minimize[f (Ds, kf )] =
m∑

i=1

[C∗ − Cexperiment]

2

(18)

where m represents the number of data points.
The numerical scheme included converting Eq. (12) into a form

suitable for its solution by the orthogonal collocation method (12
collocation points), thus reducing the partial differential equation
(PDE) to a set of ordinary different equations (ODEs). The ODEs were
integrated in the time domain using the Gear’s method [18]. From
this scheme, the concentration profile of the adsorbate in the car-
bon particle q∗

i
at any time was obtained, which could lead to the

adsorbate concentration in the bulk solution C* via the mass balance
equation. The technique applied to solve the minimization prob-
lem (Eq. (18)) is a modified Levenberg–Marquardt algorithm and a
finite-difference Jacobian, which was provided by the International
Mathematics and Statistical Library [19]. A FORTRAN program was
written to couple the HSDM and the Levenberg–Marquardt algo-
rithm to determine the optimum parameters (DS and kf). Fig. 2
depicts the calculating procedure of the adsorption kinetics.

3. Materials and methods

3.1. Materials

PAC (Norit SA-2) with median diameter (d50) of 6.3 �m (milled
from original PAC) and total surface area (BET) of 1019 m2/g was
used as the adsorbent in this study. Atrazine with initial concen-
tration of 200 �g/L was used as the target compound to represent
trace organics normally existed in natural water.

3.2. Adsorption equilibrium tests and bubbling batch kinetic tests
The adsorption equilibrium parameters K and 1/n were deter-
mined by treating fixed quantities of target solution in nine flasks
with a series of increasing amount of carbon and stirred for 48 h
at room temperature (25 ◦C). Samples were then collected from
each flask for concentration analysis. In addition, 6-h batch kinetic
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ests were conducted using air bubbling to provide mixing in a
pecifically designed apparatus for determination of the kinetic
oefficients (DS, kf). Air was transported from a cylinder by stain-
ess steel tubing to a ceramic bubble diffuser to generate bubbles
3 mm in median diameter, photographically measured). Sixteen
amples were collected at predetermined time intervals in each
est. The details of experimental apparatus and sampling method
an be found in our previous publications [20,21].

.3. Concentration analysis

The samples collected from each test were immediately filtered
hrough 45 �m filters (Orange Scientific Pte. Ltd.) to separate PAC
rom the solution, and then the concentration analysis of each
ample was done by a High Performance Liquid Chromatography
WATERS 2695, Separations module, XTerra C18 column) with Pho-
odiode Array Detector (WATERS 2996). The mobile phase was
cetonitrile (50%) and 10 mM ammonium bicarbonate buffer (50%)
t pH 10. The samples were analyzed at a mobile phase flowrate of
mL/min at 30 ◦C and UV absorbance at 223 nm.

. Results and discussion

The correctness of the developed numerical solution was
hecked carefully by comparing it to a simple analytical solution
Eq. (19)) which is obtained in the limit of low Biot number (Eq.
17)), assuming that the surface diffusion is fast enough so that only
he film diffusion (step 2) controls the adsorption.

= C0

(1 + (V/K · Mc))

[
e−((A·kf /V)+(A·kf /K ·Mc))·t + V

K · Mc

]
(19)

For the model, a low Biot number (0.004) was applied to the FOR-
RAN program to obtain a numerical solution. The good agreement
R2 = 0.9521) between the numerical solution and the analytical
olution confirms the numerical solution is correct (Fig. 3).

Based on Freundlich isotherm and the adsorption equilibrium
est data, the Freundlich constants K = 70.06(mg/g)(L/�g)1/n and
/n = 0.151 were found. Fig. 4 depicts the HSDM fit to the experi-
ental results of the magnetically stirred batch kinetic test with
carbon dosage of 5 mg/L. In this case the optimum kinetic

oefficients were determined to be 1.14 × 10−16 m2/s (DS) and
−5
.17 × 10 m/s (kf), respectively. Qi et al. [22] reported that the DS

alue was unique for a certain carbon and was not the function
f carbon dosage and initial adsorbate concentration over a wide
ange. Based on this, the determined DS was used to predict the
oncentration profile of the residual target compound at different

ig. 3. Check on the accuracy of the numerical solution, batch test, batch dos-
ng of PAC; C0 = 200 �g/L, Mc = 8 mg, V = 50 L, K = 70.06(mg/g)(L/�g)1/n , 1/n = 1.0,
f = 1.37 × 10−4 m/s (magnetic stirred).
Fig. 4. Verification of the adsorption kinetic coefficients searching methods, mag-
netic stirring = 62 rpm, C0 = 200 �g/L.

carbon dosages (3 and 8 mg/L) while the kf was determined for the
individual cases (also shown in Fig. 4). The excellent agreement
between the modeling results and the experimental data demon-
strates that the above introduced method for kinetic parameters
searching works well. Therefore, it can be applied to determine the
kinetic coefficients of the bubbling mixed adsorption system.

The bubbling batch kinetic test differed from the magnetic stir-
ring test in the method of mixing. Bubbling has an unsteady state
characteristic which may induce a local shear with a temporary
time effect on the mass transfer. So it is possible for the mass
transfer coefficient kf to be changed at different mixing methods or
mixing intensities. However, the surface diffusion coefficient which
describes the diffusion along the inner surface within the carbon
particles should not be affected by the external mixing mechanism.
Instead, it is determined by the carbon characteristics such as car-
bon size and pore structure as well as the size and configuration
of the adsorbate molecule [23]. Therefore in the following section,
the value of DS, which was 1.14 × 10−16 m2/s obtained previously,
was fixed while the kf for different bubbling rate tests was variable
in the best fit of the HSDM solutions with the bubbling batch tests
data.

The HSDM fits to the bubbling tests data with 5, 10, 15 mg/L PAC
at different bubbling rates are shown in Fig. 5(A, B, C), respectively.
The fits are reasonably good, especially at higher bubbling rates.
At the lowest bubbling rate, the deviation of the model solution
from the experimental data may be due to the insufficient mixing
caused by the low rate of bubbling, especially at a relatively low
carbon concentration (Fig. 5(A)). It can be seen that the main dif-
ference among the experimental data of different bubbling rates
lies in the initial stages of the first 180, 120 or 90 min, depend-
ing on carbon dosage. There are no significant differences between
the residual concentrations at the end of the 6 h kinetic tests. This
indicates that the bubbling rate can affect the adsorption kinet-
ics by influencing the time for adsorption to reach the equilibrium
(plateau of the curves) without changing the adsorption capacity.
At the latter stages, the adsorption tended to be controlled by the
surface diffusion inside the particle and seemed not to be sensi-
tive to the mixing conditions in the reactor. The similar residual
concentrations at the end of the experiments at different bubbling
rates at each carbon dosage further confirm that the surface dif-
fusion parameter DS is not altered by the bubbling rates. The kf
values were obtained using the method introduced above. It is clear

that the mass transfer through the liquid film was enhanced by the
increase in the bubbling rates for the three groups of tests, but fur-
ther increase of the bubbling rate to 5.0 L/min L (data not shown)
did not improve the adsorption rate significantly. This result indi-
cates that the bubbling mixing can facilitate the adsorption to a
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Fig. 5. HSDM fit to the bubbling batch kinetic tests data,

ertain level, which represents the limit of the film mass transfer
esistance above which the kf cannot be further reduced by increas-
ng the bubbling rate. In other words, at higher bubbling rates the
dsorption process is prone to be controlled by the internal sur-
ace diffusion and thus, not influenced by further enhancement of
xternal mixing. The ‘plateau’ effect, where bubbling reaches a lim-
ting effect has also been observed in fouling control by bubbling
or submerged fibers [24,25].

A summary of the kf values at different bubbling rates (Qb) and
arbon dosages (Cc) is shown in Fig. 6. The correlation of kf (m/s)
ith Qb (L/min L) and Cc (mg/L) can be regressed as the following

quation with R2 = 0.9935:

f = 1.30 × 10−4 · C0.06
c Q 1.29

b (20)

This empirical equation is suitable for the bubbling mixed
dsorption process with the averaged bubble size of 3.3 mm (mea-
ured by photography in this study) at any bubbling rates below
.0 L/min L. From this equation, it can be found that the k s not
f
ery sensitive to the variation in carbon dosage compared to the
ir bubbling rate. The reason for this is that kf is determined by the
ocal velocity gradients which are generated by the bubble passage;
olids content (in the 5–15 mg/L range) would have minor impact

Fig. 6. kf vs. Qb at different carbon concentrations.
0 �g/L: (A) Cc = 5 mg/L; (B) Cc = 10 mg/L; (C) Cc = 15 mg/L.

on local momentum transfer. Eq. (20) provides a quantitative rela-
tionship for further evaluating PAC adsorption in the hybrid PAC-SM
system and system modeling.

Comparing the kf values determined through fitting the HSDM
to those determined in our previous study [21] through the first
order equation (Table 1), it is evident that at lower bubbling rates
as well as for the 62 rpm magnetic stirring conditions, the HSDM
produced lower kf values than the first order method. This differ-
ence may be because the first order estimation was obtained by
analysis of the data from the initial stage (1 min) of the kinetic
tests which places too much reliance on the precision of the con-
centration analysis. However, the film mass transfer is very fast at
the beginning and decreases over time. When the liquid concen-
tration drops, the mass transfer slows down accordingly. So the
values determined previously [21] represent the initial trend of
mass transfer coefficients among the different bubbling rates. In
contrast, the HSDM determined kf values are base on overall 6 h test
data and searched simultaneously with the surface diffusion coef-
ficient DS through a complicated searching procedure. A kf value
represents the averaged liquid mass transfer of the whole process
including the faster transfer at the beginning and slower transfer
thereafter. That the difference decreases with the increase of the
bubbling rate is possibly due to the thinner film layer at higher
bubbling and accordingly the adsorption approaches the equilib-
rium faster. When the HSDM model was applied to the initial stage
data (up to 60 min) it produced a similar kf value to that obtained

from the full batch data. Therefore the kf and DS simultaneously
determined in this study are considered more accurate for describ-
ing the adsorption kinetics and are further used in our following
studies.

Table 1
kf determined in different methods.

Bubbling rates (L/min L) First order [21] (×10−4 m/s) HSDM (×10−4 m/s)

0.5 3.27 0.45
1.5 4.02 2.27
3.0 5.83 5.98
Magnetic stirred (62 rpm) 3.43 0.52
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Table 2
Comparison of the kinetic coefficients between continuous and intermittent bub-
bling at the same net bubbling rate.

Mixing conditions DS (×10−16 m/s) kf (×10−4 m/s)

Continuous bubbling (0.5 L/min L) 1.14 0.45
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[
Boston, 1987.
ntermittent bubbling (1.5 L/min L, 0.5 s/1.0 s) 1.14 1.18
ntermittent bubbling (3.0 L/min L, 0.5 s/2.0 s) 1.14 4.18

Table 2 summarizes the comparison of kf values for 0.5 L/min L
ontinuous bubbling with those of intermittent bubbling at two dif-
erent bubbling intensities but the same net bubbling rate. For the
.5 L/min L bubbling with 0.5 s-on-1.0 s-off and 3.0 L/min L bubbling
ith 0.5 s-on-2.0 s-off, the net bubbling rates are both 0.5 L/min L.

t is evident that at the same net bubbling rate, high intensity
ubbling with a longer rest interval is better than low intensity
ubbling with a shorter rest interval. The kf was improved from
.50 × 10−5, 1.18 × 10−4 to 4.18 × 10−4 m/s as bubbling intensity

ncreased from continuous 0.5 L/min L to intermittent 1.5 L/min L
0.5 s-on-1.0 s-off), and to 3.0 L/min L (0.5 s-on-2.0 s-off). Thus,
he carbon adsorption process can benefit from a higher inten-
ity bubbling with longer rest periods rather than a continuous
ower intensity bubbling. This may be due to the more ener-
etic turbulence introduced by the higher intensity bubbling.
hese observations provide another strategy for optimization of
he submerged hybrid membrane system which combines with
AC adsorption.

. Conclusions

The kinetic coefficients for carbon adsorption in a bubbling
ixed system for trace organics removal were evaluated through

oth mathematical and experimental methods. The homogeneous
urface diffusion model (HSDM) was applied to describe the
inetics of adsorbate uptake. The differences between the model
olutions and corresponding experimental results were minimized
y means of the Levenberg–Marquardt algorithm so that two
inetic parameters DS and kf, which are involved in the HSDM, were
btained simultaneously. From the HSDM fit to batch kinetic tests
ata, the DS was found to be 1.14 × 10−16 m2/s while the kf altered
ith different mixing mechanisms as well as mixing intensities,
hich is in correspondence with the different adsorption rates in

he initial stages of batch tests.

1. The kf value was found to be improved by increase in the bub-
bling rates over a certain range at three tested carbon dosages. A
correlation between kf and the air bubbling rate Qb as well as the
carbon dosage Cc was obtained by non-linear regression, which
is useful for the modeling of adsorption process in the PAC-SM
system at the similar bubbling conditions presented in Part II of
his study.

. The kf value was also observed to be enhanced from 1.18 × 10−4

to 4.18 × 10−4 m/s when the instantaneous bubbling intensity

increased in intermittent bubbling tests. This indicates that high
intensity intermittent bubbling is more efficient in improving the
liquid film mass transfer. This observation should be valuable in
further optimization of PAC suspended submerged membrane
systems.
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