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The hybrid powdered activated carbon (PAC)-submerged microfiltration hollow fiber membrane system
with air bubbling has been simulated at two operation strategies of batch and continuous PAC dosing for
trace organics removal from water. The mathematical models were developed based on corresponding
solute mass balance equations and the homogeneous surface diffusion model (HSDM), where the two
kinetic parameters Ds and kf were obtained in Part I of this study. After verification with experiments
using atrazine as the model trace organic compound, the developed models were used to predict the
AC
ybrid submerged membrane system
ystem simulation
race organics removal
atch and continuous PAC dosing

product water quality at various operating conditions. It was found that at the batch PAC dosing mode,
the trace organic removal can be improved by increasing the bubbling rate or increasing the operation flux.
While at the continuous PAC dosing mode, the target compound removal is independent on the bubbling
rate, which suggested the possibility of reducing energy consumption by inducing a low bubbling rate.
Besides, lower operation flux shows more benefit because of the longer hydraulic retention time. The
simulation can provide a better understanding of the system and assist in evaluating various operation
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strategies properly.

. Introduction

Powdered activated carbon-microfiltration (PAC-MF) system,
hich combines PAC adsorption with low-pressure driven mem-

rane technique, has shown great potential to achieve dissolved
rganics removal from contaminated natural water. Basically, the
mall molecular species that are not usually rejected by the MF
embrane alone are adsorbed onto the PAC particles in the hybrid

ystem. This pretreatment converts dissolved organic matter to a
articulate phase that can be easily rejected by the membranes.
he MF process then separates fine PAC particles, with adsorbed
mall molecules in the pores, from the treated water. This hybrid
ystem can offset the disadvantage of the large equipment size

nd space requirement when PAC adsorption is applied in a tra-
itional way, as membranes provide more efficient separation of
AC from treated water than sedimentation or other traditional fil-
ration processes. Moreover, the adsorption pretreatment ensures
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igh pollutant removal while the low pressure MF process requires
elatively low energy [1,2].

Depending on the placement of the membrane module, two con-
gurations of the PAC-MF system can be categorized, i.e. external

oop and submerged membrane tank. In the former, the mem-
rane module is arranged in series to the adsorption reactor and
perated in cross-flow mode; while in the latter, the membrane
odule is placed directly in the adsorption tank. Over the past 20

ears, experimental and mathematical studies of the external loop
AC-membrane process have been carried out. Modeling the mix-
ng tank and the recycle loop portion of the PAC/UF process as a
teady state continuous stirred tank reactor (CSTR) for the removal
f TOC [1,3] and trace organics [4] was successful, and the modeling
esults were verified by both large and small scale pilot plant opera-
ions. A series of mathematical models were developed by Campos
t al. [5,6] to evaluate different process designs of continuous-
ow PAC-membrane reactors which were operated without carbon
astage between backwash events. The organics removal efficiency
as studied by modeling various membrane reactor configurations

ith either a CSTR or a plug flow reactor (PFR) in combination. In

hese simulations, the liquid film resistance was neglected and the
rocess was assumed to be controlled by surface diffusion only.
atsui et al. [7,8] modeled trace synthetic organic chemical (SOC)

emoval and found that a pulse PAC addition at the beginning of
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Nomenclature

Bi Biot number based on surface diffusion
C liquid phase adsorbate concentration in bulk solu-

tion at any time (M L−3)
Cc carbon mass per unit volume of the treated water

(M L−3)
Cs liquid phase adsorbate concentration at solid–liquid

interface (M L−3)
C0 initial liquid phase adsorbate concentration (M L−3)
C* non-dimensional liquid phase adsorbate concentra-

tion in bulk solution at any time
dp adsorbent particle diameter (L)
Ds surface diffusion coefficient (L2 T−1)
kf liquid film mass transfer coefficient (L T−1)
p the number of �t contained by t
qavg average adsorbed phase adsorbate concentration

(M M−1)
qavg,(t−ˇ) average adsorbed phase adsorbate concentration

on the particles that entered the reactor at time ˇ
(M M−1)

q∗
avg,(t−ˇ) non-dimensional average adsorbed phase adsor-

bate concentration on the particles that entered the
reactor at time ˇ*

q(r,t) adsorbed adsorbate concentration (M M−1)
q*(R,T) non-dimensional adsorbed adsorbate concentra-

tion
qs adsorbed phase adsorbate concentration at

solid–liquid interface (M M−1)
q0 initial adsorbed phase adsorbate concentration

(M M−1)
Q liquid flow rate (L3 T−1)
Qb air bubbling rate in the batch kinetic test

(L3
(air) T−1 L−3

(liquid))
r radial coordinate (L)
R non-dimensional radial coordinate
t time (T)
�t the time step (empirically specified) (T)
T non-dimensional time base on surface diffusion
V liquid volume (L3)

Greek Letters
ˇ the time at which the carbon particles are added into

the reactor (T)
ˇ* non-dimensional time at which the carbon particles

are added into the reactor
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∂q(0, t)
�p apparent particle density (M L−3)

filtration cycle resulted in better SOC removal than the contin-
ous addition mode, and that the internal mass transfer was the
ate-determining step. All these mathematical models can be used
o facilitate the design of PAC-membrane external loop systems
n which the membrane filtration rig is installed separately from
he adsorption reactor, and to help determine the optimal operat-
ng strategies for the proposed organic pollutants treatment from
ater.

With the development of the membrane filtration technique, the
ubmerged membrane system has attracted worldwide interest.

ince the first application in the membrane bioreactor in the late
980s [9], submerged membrane systems have shown advantages
n reducing energy consumption and cost, improving product qual-
ty and reducing land requirement. Applying submerged membrane

�
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ystems in water treatment for removal of natural organic matter
NOM) and synthetic organic chemicals (SOCs) is a relatively new
nd promising process. In the hybrid PAC-submerged membrane
ystem, the membrane module is immersed into an adsorption tank
hich contains suspended PAC particles [10]. Guo et al. [11] recently
eveloped a mathematical model to simulate the total organic
arbon (TOC) removal from synthetic wastewater in a submerged
embrane-adsorption system. In their simulation, the Talu adsorp-

ion equilibrium was used to quantify the adsorption capacity. The
uthor incorporated the TOC adsorptions onto the membrane sur-
ace in their modeling and the total amount of PAC was added into
he submerged membrane reactor in the batch mode. The effects of
series of operating parameters were evaluated including the pre-
dsorption duration, aeration rate, backwash frequency, PAC dose
nd filtration flux.

In the submerged membrane-adsorption system, air bubbling
s applied to the tank to provide mixing and introduce shear at
he membrane surface in order to enhance separation efficiency.
owever, most studies of the PAC-MF hybrid submerged mem-
rane system have mainly focused on the evaluation of the overall
ontaminant removal efficiency. In fact, the mixing brought about
y air bubbling is different from that of conventional mechani-
al stirring by generating vertical movement of the PAC particles
n the solution. Thus, the kinetic parameters of PAC adsorption

ould be influenced by the manner of air bubble-induced mix-
ng. The objective of this part is to develop mathematical models to
escribe trace organics removal via adsorption by suspended PAC

n a continuous-flow submerged membrane reactor with continu-
us air bubbling. Atrazine, one of the most widely used herbicides
n the world, was chosen as the targeted compound to represent
race organics normally existed in natural water. Operations with
atch and continuous PAC dosing modes will be simulated based
n corresponding mass balance equations and the single solute
omogeneous surface diffusion model (HSDM), where the adsorp-
ion kinetic parameters were obtained in Part I of this study [12].
fter verification with experiments using atrazine as the model

race organic compound, the developed models will be used to pre-
ict the product water quality at various operating conditions. It is
xpected that the simulation can provide a better understanding
f the system and assist in evaluating various operation strategies
roperly.

. Mathematical modeling of the hybrid PAC-submerged
embrane system

.1. Formulation of adsorption

The adsorption kinetics was described by the homogeneous sur-
ace diffusion model, which has been presented in Part I of this
tudy in details. In summary, the key equations include the follow-
ng:

∂q(r, t)
∂t

= Ds

[
∂2q(r, t)

∂r2
+ 2∂q(r, t)

r∂r

]
(1)

The initial and boundary conditions are:

(r, 0) = 0, t = 0, 0 ≤ r ≤ dp

2
(2)
∂r
= 0, t ≥ 0, r = 0 (3)

pDs
∂q(r, t)

∂r
= kf(C − Cs), t ≥ 0, r = dp

2
(4)
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here,

s = 1.14 × 10−16 m2/s, kf = 1.30 × 10−4 · C0.06
c Q 1.29

b (5)

s and Cs are related by the Freundlich adsorption isotherm,

s = 70.06Cs
0.151 (6)

.2. Formulation of the hybrid PAC-submerged membrane system
HPSMS)

Fig. 1 shows the schematic diagram of a hybrid PAC-submerged
embrane system where two PAC dosing strategies were adopted.
ne is where the total amount of PAC was dosed at the very begin-
ing of each operation, i.e. batch dosing, while the other is where
he PAC was dosed into the membrane reactor continuously dur-
ng the whole process, i.e. continuous dosing. The suspensions are
ssumed to be fully mixed by the air bubbling and the reactor works
s a CSTR. For each dosing strategy, the adsorbate concentration in
he influent was kept unchanged during the whole operation. The
iquid flow rate was maintained the same from the inlet to the out-
et and no PAC was wasted during each operation until backwash
f the membrane and the whole system.

.2.1. Batch dosing of PAC
In this mode of operation, the membrane reactor was assumed

o be fully mixed by air bubbling once the total mass of PAC was
dded into the reactor. The solute mass balance in the reactor can
e written as:

(C0 − C) = d(VC + Mcqavg)
dt

(7)

avg = 3

(dp/2)3

∫ dp/2

0

q(r, t)r2 dr (8)

The right hand side of Eq. (7) represents the sum of mass change
f the adsorbate that remains in the reactor in the liquid phase and
hat adsorbed onto the solid phase over time.
By combing Eq. (7) with Eq. (8), the following equation can be
btained:

dC

dt
= Q

V

(
C0 − C − 24Mc

Q · d3
p

∫ dp/2

0

dq(r, t)
dt

r2 dr

)
(9)

ig. 1. Schematic diagram of a hybrid PAC adsorption-submerged membrane sys-
em.
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ig. 2. Check on the accuracy of the numerical solution, continuous flow, batch dos-
ng of PAC; C0 = 200 �g/L, Mc = 1000 mg, V = 50 L, K = 70.06 (L/mg)(L/�g)1/n , 1/n = 1.0,
f = 1.37 × 10−4 m/s.

Eq. (9), coupled with the HSDM set of Eqs. (1–6), describes the
bsorbate concentration profile within the absorbent particle (q)
nd the corresponding absorbate concentration in the bulk solution
C) under the mode of batch dosing of PAC.

It is convenient to convert all the equations into dimensionless
orms by using the following defined dimensionless parameters:

∗ = C

C0
, q∗ = q

q0
, T = 4Ds

d2
p

t, R = 2r

dp
(10)

The details of conversion can be found elsewhere [12]. The
umerical scheme included reducing the partial differential equa-
ion (Eq. (1)) to a set of ordinary differential equations by applying
he orthogonal collocation method with 12 collocation points.
herefore, there were in total 13 ordinary differential equations
ODEs) which contain 13 variables of q∗

i
(i = 1, . . . , 12) and C*. The

esulting ODEs were then integrated in the time domain using the
ear’s method. Thus, the concentration profile of q∗

i
and C* at any

ime were obtained.
Since when the liquid flow Q approaches zero, the situation is

imilar to a batch test, the correctness of the developed numerical
olutions of this process was also checked carefully by comparing
t to the simple analytical solution [12]. Thus, for the model, a very
ow Biot number (Bi=kfdpC0/2Ds�pq0 = 0.003) and liquid flow rate Q
1.0 × 10−8 L/min) were applied to the FORTRAN program to obtain
numerical solution. The good agreement (R2 = 0.9762) between

he numerical solution and the analytical solution confirms that
he numerical solution is correct (Fig. 2).

.2.2. Continuous dosing of PAC
In the mode of continuous dosing of PAC, the PAC was dosed into

he submerged membrane reactor throughout the whole operating
uration at a constant carbon concentration of Cc. The submerged
embrane reactor was assumed to be fully mixed at any time and

he solute mass balance in this case can be expressed as:

(C0 − C) = V
dC

dt
+ d

dt

[∫ t

0

qavg,(t−ˇ)CcQ dˇ

]
(11)

here ˇ is the time at which the particles enter the reactor. As
hown in the diagram of Fig. 3, the small batch of PAC particles
ntering the reactor at time ˇ have a corresponding adsorption time

f t − ˇ, and an average adsorbate concentration of qavg,(t−ˇ) in PAC.

avg,(t−ˇ)CcQ dˇ represents the adsorbed organics mass when the
dsorbent with a mass of CcQ dˇ entered the reactor during the
ime interval of dˇ. The integration of qavg,(t−ˇ)CcQ dˇ from 0 to
ime t gives the total adsorbed mass onto the carbon particles at a
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are shown in Table 1.
ig. 3. Schematic diagram of dosing PAC at tiny time intervals (for continuous PAC
osing mode).

iven time of t. Thus, the right hand side of Eq. (11) gives the sum
f mass change of the adsorbate that remains in the reactor in the
iquid phase and that adsorbed onto the solid phase over time.

The item of
∫ t

0
((dqavg,(t−ˇ))/dt) dˇ on the above equation can be

eveloped as follows:

t

0

dqavg,(t−ˇ)

dt
dˇ =

p∑
i=1

(
dqavg

dt

)
i

(�t) (12)

here �t is a time interval when the adsorption time of t is divided
venly into p parts.
Combining Eq. (8) with Eqs. (11) and (12) yields:

dC

dt
= Q

V

{
C0 − C − 24Cc

d3
p

p∑
i=1

(∫ dp/2

0

dq(r, t)
dt

r2 dr

)
i

(�t)

}
(13)
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Fig. 4. Experiment set-up of PAC-submerg
Journal 149 (2009) 42–49 45

Eq. (13), coupled with the HSDM set of Eqs. (1–6), describes the
bsorbate concentration profile within the absorbent particle (q)
nd corresponding absorbate concentration in the bulk solution (C)
nder the operation mode of continuous dosing of PAC.

Another two dimensionless parameters were defined as

∗
avg,(T−ˇ∗) = qavg,(t−ˇ)

q0
, ˇ∗ = 4Ds

d2
p

ˇ (14)

hich were used together with the dimensionless parameters given
n Eq. (10) to convert the above equations into dimensionless ones.
he details of conversion can also be found elsewhere [12]. The
umerical scheme to obtain the solution is similar to that used

n the batch dosing strategy and the correctness of the developed
umerical solutions for this case can be checked similarly as the
rocedure for batch dosing strategy.

. Materials and methods

The materials used and the concentration analysis method have
een introduced in Part I of this study. The PAC-submerged mem-
rane reactor was set up as shown in Fig. 4. It consisted of a 50 L
effective volume) transparent reaction tank with 5 rows of air dif-
using pipes (diffuser #1) located at the bottom. 40 diffusing holes
f 0.6 mm diameter were arranged in 5 mm intervals along each
ipe. Two other air pipes (diffuser #2) with 40 holes of the same
ize, were fixed at the bottom of two transparent baffles, and placed
n front of each side of a MF hollow fiber module to provide bubbles
round 3.5 mm (measured by photography) in diameter for mem-
rane fouling control. The membrane module (Blue star, China) was

nstalled at middle of the tank and the characteristics of the fibers
A dual channel pump head was mounted on a feed/suction peri-
taltic pump (Masterflux, C/L, Cole-Parmer) so that the feed solu-
ion was pumped into the reactor at the same flowrate as the per-

eate. The permeate was drawn out from the upper of the module

ed hollow fiber membrane reactor.
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Table 1
Characteristics of the MF hollow fiber membrane module.

Parameter Value

Material Poly vinylidene fluoride (PVDF)
Membrane pore size (�m) 0.2
Fiber outer diameter (mm) 1.00
Fiber inner diameter (mm) 0.65
Surface area (m2) 0.4
Fiber length (m) 0.5
Hydrophilicity Partially hydrophilic

Table 2
kf at different bubbling rates and carbon dosages (dp = 6.3 �m, C0 = 200 �g/L).

Carbon dosage Air bubbling rate Liquid film masstransfer coefficient
Cc (mg/L) Qb (L/min L) kf (×10−4m/s)

3 0.4 0.43
4 0.4 0.44
5 0.4 0.44
5 0.8 1.08
5 1.2 1.82
5 1.6 2.63
5 2.0 3.51
5 3.0 5.92
8 0.4 0.46

10 0.4 0.46
10 0.8 1.13
10 1.2 1.90
10 1.6 2.76
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underwater. Therefore, the fully mixed assumption in the model

F
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10 2.0 3.67
10 3.0 6.19
12 0.4 0.47

t constant flux (60 and 100 L/m2h). A similar type of peristaltic
ump was used to dose PAC into the reactor. The flowrates of the

eed solution and PAC slurry were monitored by two flowmeters
Cole-Parmer). The concentrated PAC slurry was stirred with a mag-
etic stirrer (Vision Scientific Co., LTD.) to maintain an even PAC
oncentration during dosing. The flowrates of influent and efflu-
nt of the reactor were monitored to minimize the water level
hange in the reactor during the filtration experiments. The per-
eate flux was measured by a flow sensor (Cole-Parmer) and the

ransmembrane pressure was measured by a pressure transducer
Cole-Parmer). The data were collected automatically by a data

ogging system. All the connectors and pipes used in the system
re stainless steel to prevent pipe-leaked contaminants. The solute
dsorbed by the membrane was checked by operating the system
t a fixed flux of 100 L/m2h for 12 h without PAC addition. The
aw water was sucked out through the membrane and then recy-

d
N
t
t
c

ig. 5. Model verification for continuous-flow hybrid submerged PAC-MF system (Qb = 0.4
B) continuous PAC dosing.
Journal 149 (2009) 42–49

led to the reactor. The final atrazine concentration difference was
ithin 3% so that the membrane adsorption can be neglected in this

ase.
In the continuous-flow tests with batch PAC dosing, the total

mount of PAC required in the whole operation cycle was added
nto the reactor which initially contained 200 �g/L atrazine solu-
ion and was mixed with air bubbles. Prior to the PAC addition,
he feed/suction pump was started for 10 min to precondition the
ystem. The samples was collected from the permeate side at pre-
etermined time intervals since the addition of PAC.

For the continuous PAC dosing, after the system was precon-
itioned the PAC was added into the submerged reactor in slurry
hase from the concentrated PAC slurry tank (200 mg/L) at a pre-
etermined constant PAC flow rate. The permeate samples were
ollected at regular time intervals.

. Results and discussion

.1. Model verification

According to Part I of this study, the kinetic coefficient kf at
ifferent bubbling rates and carbon concentration are available
y applying the empirical equation (Eq. (5)) and summarized in
able 2.

Fig. 5(A) shows the results of the continuous-flow tests with
atch dosing of PAC at 4 and 8 mg/L carbon dosages together with
he model simulation. The permeate flux was maintained constant
t 60 L/m2h and the bubbling rate per volume of treated water was
.4 L/min L water for each operation. Excellent agreements between
he model predictions and experimental data are observed.

Fig. 5(B) shows the model simulation compared with experi-
ental performance for the continuous dosing of PAC. To check

he accuracy of the model simulation at different permeate fluxes
hich determine the hydraulic residence time (HRT), the tests
ere conducted at 60 and 100 L/m2h with carbon dosage of 12 and
mg/L, respectively. Good agreements were also obtained between

heoretical and experimental results. The slight over-prediction in
he later part after about 120 min may be attributed to gradual PAC
edimentation in small dead zones such as the corner of the rect-
ngular reactor as well as on some parts of the membrane holder
evelopment was not perfectly achieved as the tests continued.
evertheless, the results shown in these two figures indicate that

he models for the two PAC dosing strategies can be used to describe
he hybrid PAC-submerged membrane system performance with
onsiderable reliability.

L/min L, C0 = 200 �g/L, Ds = 1.14 × 10−16 m2/s); (A) batch PAC dosing, flux = 60 L/m2h;
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Fig. 6. Model predictions for hybrid submerged PAC-MF at differ

.2. Model predictions

The model developed in Section 2 was used to predict the tar-
et compound removal by the hybrid PAC-submerged membrane
ystem with changes to three aspects of the operating conditions:
ifferent carbon dosages, different air bubbling rates as well as dif-
erent filtration fluxes for both the batch and continuous PAC dosing

ethods.

.2.1. Different carbon dosages
Fig. 6(A) shows the model predictions for the atrazine removal

y dosing different amounts of PAC during the batch mode. The con-
aminated water flowed continuously to the tank which containing
large amount of PAC. The adsorption was fast in the beginning and

he atrazine concentration in permeate achieved the lowest value
ery quickly and then gradually increased with the steady input of
ore feed water. It can be observed that the time required achiev-

ng maximum removal decreased with an increase in the amount of
AC that was dosed. For a better comparison, 90% atrazine removal
as assumed to be desired and thus the permeate water quality
/C0 above 0.1 was considered to be the ‘breakthrough’. Obviously,
he breakthrough appears later at higher carbon dosages. Compar-
son between the curves of PAC dosage of 5 and 10 mg/L indicates
hat doubling the carbon dosage can delay the breakthrough time
or more than twice. This implies that for batch PAC dosing oper-
tions, adding more PAC at the beginning is beneficial for longer
ime operations so that the time intervals to supplement fresh PAC

an be prolonged.

For the continuous dosing of PAC as shown in Fig. 6(B), the
dsorption achieved equilibrium conditions at different times and
evels with different dosing rates of small amounts of PAC. Noting
hat the time required to achieve the maximum removal is dif-

r
i
a
c
o

Fig. 7. Model predictions for hybrid submerged PAC-MF at different b
rbon dosages; (A) batch PAC dosing; (B) continuous PAC dosing.

erent for different carbon dosages, the minimum carbon dosage
or achieving a desired target removal can be determined. Under
his dosing mode, the atrazine concentration ratio in the permeate
ecreased gradually from 1.0 at the beginning to a certain level;
herefore, the product quality in the beginning of each operation

ay not meet the requirements so that ‘start-up’ should involve
n initial batch (as in Fig. 6(A)). With the continuous dosing mode
t will be necessary to eventually reach a steady state where the
AC inventory in the system is fixed by continuous PAC removal. An
pproach to this type of modeling is discussed in our later study.

.2.2. Different air bubbling rates
Fig. 7(A) shows the model predictions of the hybrid PAC-

ubmerged system performance at different air bubbling rates for
he batch PAC dosing mode. The target removal is improved by
ncreasing the bubbling rates. As shown in the batch kinetic study
Part I of this study), higher bubbling rates can facilitate the adsorp-
ion kinetics, because the air bubbling mixes the suspension and
ssists the contact of the raw water with the total inventory of PAC
articles. The diffusion resistance of the liquid film surrounding the
article surface can be reduced as the film thickness is attenuated
y increasing the bubbling rates. Higher bubbling rates provided
aster and more uniform mixing which resulted in a better per-

eate quality, however the effect is relatively marginal unless the
ubbling is dropped to 0.4 L/min L water in our system.

In contrast with the batch PAC dosing, operations with contin-
ous PAC dosing shows no sensitivity to increase in the bubbling

ates (Fig. 7(B)). There is no obvious difference in the permeate qual-
ty profile with different air bubbling rates. This is due to the small
mounts of PAC which enter the submerged membrane tank at a
onstant dosing rate. The beneficial effect of high bubbling rates
n the adsorption kinetics acts only on a small increment of PAC

ubbling rates; (A) batch PAC dosing; (B) continuous PAC dosing.
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articles so that there is no a considerable improvement in the over-
ll final permeate quality when a higher bubbling rate is applied.
herefore, from an energy saving point of view, increasing the bub-
ling rate is not an effective way to enhance the system effluent
uality in this case. The bubbling rates for the continuous PAC dos-
ng operation can be decided by aiming to provide proper mixing to
eep the PAC in suspension and to maintain sustainable membrane
erformance. For these purposes, relatively low air bubbling rates
r intermittent bubbling (as shown in Part I of this study) can be
pplied.

.2.3. Different filtration fluxes
Fig. 8(Ai) and (Aii) shows the change in atrazine concentration

n the permeate at batch dosing of PAC (from 40 to 200 L/m2h). Two
cenarios are considered:

(i) fixed PAC amount at different fluxes;
ii) different PAC amounts at different fluxes, resulting in constant

carbon concentration for different fluxes based on the volume
of the treated water.

For scenario (ii), the carbon dosage is based on the volume of
he treated water (e.g. carbon concentration is 5 mg/L for each flux
n Fig. 8(Aii)), thus a higher filtration flux required more mass of
AC dosed. For instance, operating at a flux of 200 L/m2h actually
equired around 3.3 times the carbon mass of that used for a flux
f 60 L/m2h. It was noticed that after 480 min operation, a higher
ux operation resulted in better permeate quality than a lower
ux operation although from the lowest tested flux (40 L/m2h) to

he highest one (200 L/m2h), the corresponding HRT is decreased
rom 187.5 to 37.5 min. This is possible because a higher volume
f water is treated and the larger amount of PAC dosed can com-
ensate for the time shortage for the adsorption. Therefore, higher
ux operation is still reliable in terms of the permeate quality pro-

i
a
o
t
m

ig. 8. Model predictions for hybrid submerged PAC-MF at different filtration fluxes; (Ai) b
B) continuous PAC dosing.
Journal 149 (2009) 42–49

ided that the supply of PAC is based on the volume of the treated
ater.

In contrast, for the continuous dose of PAC (Fig. 8(B)), the higher
ux operation produced worse permeate quality with time due to
he shorter HRT. For a certain carbon dosage, although the total
arbon mass for the higher flux operation is also proportionately
igher than that for lower flux ones, the carbon is dosed into and
ccumulates in the reactor steadily with operation time. There-
ore, in a small time interval, only a slightly higher carbon mass is
dded into the higher flux operation than the lower ones. This small
mount of carbon cannot compensate for the shortage of retention
ime. Thus, in Fig. 8(B) it can be observed that at the same carbon
osage based on the treated water volume, the permeate quality at
flux of 40 L/m2h is better than for higher flux operations because

ts longer HRT ensures more effective contact between the solution
nd the carbon particles. Obviously, the optimal working conditions
or different operating strategies are different.

.3. Batch and continuous PAC dosing

Although same total amount of carbon is added, the batch and
ontinuous PAC dosing configurations may have different effects on
he trace organic concentration in the product water. For the batch
AC dosing mode, the trace organic concentration in the product
ater reaches the lowest value very soon after the dosing of PAC.
hile for the continuous dosing mode, the lowest target organic

oncentration is approached gradually because of the less carbon
ass in the beginning of a filtration cycle. Thus, another initial batch

ose of PAC is required for a fast removal at the beginning. However,

n another aspect, for batch PAC dosing, a ‘breakthrough’ occurs at
certain time with the proceeding of the operation. A new batch
f PAC is required to be added into the system to restore the water
reatment capacity of the system. While at continuous PAC dosing

ode, no ‘breakthrough’ happens and once product water quality

atch PAC dosing, fixed PAC amount; (Aii) batch PAC dosing, fixed PAC concentration;
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eets the requirement, the operation can proceed on without
hanging any system parameter.

Based on the model predictions, the benefit of the batch PAC
osing is the sensitivity of the target organic concentration in the
ermeate to the different air bubbling rates and fluxes. Higher air
ubbling rates and higher fluxes can facilitate the adsorption pro-
ess and improve the product water quality. In contrast, the target
oncentration at the continuous PAC dosing operations shows no
ependence on the bubbling rates. Therefore, a slight bubbling is
ufficient for the mixing in this case and accordingly, reduces the
nergy consumption. Lower flux is preferable in the continuous PAC
osing operations to take advantage of longer HRT for a sufficient
ontact of PAC with the pollutants. Whereas for batch PAC dosing at
he same carbon dosage (per volume of treated water), higher flux
hows benefit.

. Conclusions

Mathematical models were developed to describe the PAC
dsorption-submerged membrane system with air bubbling for
race organics removal from water. The hybrid system perfor-

ances using two PAC dosing strategies, batch dose and continuous
ose, were simulated using the developed model and the results
ere compared with experimental data with very good agreement.

The model is capable of predicting the trace organics removal by
he hybrid PAC-submerged membrane system for different opera-
ion strategies. It was found that for the batch PAC dosing mode,
he trace organic removal could be improved by increasing the
ubbling rate or increasing the operation flux. In contrast, at the
ontinuous PAC dosing mode, the target compound removal was
ndependent of the bubbling rate which suggested the possibility

f reducing energy consumption by inducing a low bubbling rate.
ower operation flux showed more benefit to the target compound
emoval because of the longer hydraulic retention time. Therefore,
he model predictions can assist in evaluating the optimal working
onditions for real applications in advanced water treatment.

[
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