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Abstract A non-steady-state mathematical model system

for the kinetics of adsorption and biodegradation of

2-chlorophenol (2-CP) by attached and suspended biomass

on activated carbon process was derived. The mechanisms

in the model system included 2-CP adsorption by activated

carbon, 2-CP mass transport diffusion in biofilm, and

biodegradation by attached and suspended biomass. Batch

kinetic tests were performed to determine surface diffu-

sivity of 2-CP, adsorption parameters for 2-CP, and

biokinetic parameters of biomass. Experiments were con-

ducted using a biological activated carbon (BAC) reactor

system with high recycled rate to approximate a completely

mixed flow reactor for model verification. Concentration

profiles of 2-CP by model predictions indicated that biofilm

bioregenerated the activated carbon by lowering the 2-CP

concentration at the biofilm-activated carbon interface as

the biofilm grew thicker. The removal efficiency of 2-CP

by biomass was approximately 98.5% when 2-CP con-

centration in the influent was around 190.5 mg L-1 at a

steady-state condition. The concentration of suspended

biomass reached up to about 25.3 mg L-1 while the

thickness of attached biomass was estimated to be 636 lm
at a steady-state condition by model prediction. The

experimental results agree closely with the results of the

model predictions.

Keywords Adsorption � Biodegradation � 2-chlorophenol �
Biological activated carbon (BAC) � Kinetic model

List of symbols

A Surface area of a activated carbon (L2)

b Decay coefficient of biomass (T-1)

bs Specific shear-loss coefficient of biofilm (T-1)

Def Effective diffusivity of 2-CP (L2 T-1)

Df Diffusion coefficient of 2-CP in the biofilm (L2 T-1)

Jf Flux of 2-CP from bulk liquid into biofilm

(Ms L
-2 T-1)

Jq Flux of 2-CP across the biofilm-carbon interface into

activated carbon (Ms L
-2 T-1)

k Monod maximum specific utilization rate of 2-CP

(Ms Mx
-1 T-1)

kf Film transfer coefficient (LT-1)

Ki Inhibition constant for 2-CP (Ms L
-3)

Kp Freundlich constant related to adsorption capacity

(Ms Ms
-1)(L3 Ms

-1)1/n

Ks Monod half-saturation constant of 2-CP (Ms L
-3)

Lf Biofilm thickness (L)

n Freundlich exponent related to adsorption intensity

(dimensionless)

q 2-CP concentration in the pore of activated carbon

(Ms L
-3)

Q Flow rate of feed (L3 T-1)

qp Equilibrium 2-CP concentration in the solid phase

(Ms Mq
-1)

Ra Activated carbon radius (L)

rf Radial distance in activated carbon (L)

Sb 2-CP concentration in the liquid phase (Ms L
-3)

Sb0 2-CP concentration in the feed (Ms L
-3)

Sf 2-CP concentration in the biofilm (Ms L
-3)
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Sp Equilibrium 2-CP concentration at biofilm-carbon

interface (Ms L
-3)

Ss 2-CP concentration at liquid-biofilm interface

(Ms L
-3)

V Effective working volume (L3)

Xb Suspended concentration in the bulk liquid (Mx L
-3)

Xf Biofilm density (Mx L
-3)

Xw Dry weight of activated carbon (Mq)

Y Growth yield of biomass (Mx Ms
-1)

zf Radial distance in the biofilm (L)

e Porosity of reactor (dimensionless)

qa Apparent activated carbon density (Mq L
-3)

Introduction

Chlorophenols are xenobiotic contaminants that occur

during numerous anthropogenic activities and become

released into the environment (Zilouei et al. 2006). These

compounds are widely used as mothproofing agents, miti-

cides, germicides, algicides, fungicides, and wood preser-

vatives as well as for the synthesis of dyes and drugs

(Arora and Bae 2014). Owing to their biocide properties,

chlorophenols in industrial wastewater pose serious eco-

logical problems as environmental pollutants (Salmerón-

Alcocer et al. 2007; Bajaj et al. 2008). Because of their

ecological risk, chlorophenols become the target of inves-

tigations focusing on their possible biodegradation (Kho-

dadoust et al. 1997; Wilson et al. 1997). Various

chlorophenols, including 2-chlorophenol (2-CP), have been

listed as priority pollutants by US Environmental Protec-

tion (EPA) (Oh et al. 2011). Fortunately, these compounds

can be degraded by indigenous microorganisms under

aerobic and anaerobic conditions (Häggblom et al. 2000).

In aerobic pathway, the biodegradation of chlorophenols is

more diverse since the ring cleavage may occur before

dechlorination, thus forming more complex intermediates

of various toxicity (Chang et al. 2003). Contrarily, many

types of microorganisms, Desulfomonile tiedjei, Desulfi-

tobacterium chlororespirans, and Desulfitobacterium

dehalogenans, are known to utilize chlorophenols as their

sole carbon and energy source under anaerobic conditions.

The anaerobic pathway produced less-chlorinated inter-

mediates that are less toxic to the environment (Bajaj et al.

2008; Chang et al. 2003). For large scale wastewater

treatment, mixed consortia rather than pure cultures are

preferred because they are easier to handle and contain

diverse microorganisms capable of withstanding various

unfavorable influent fluctuations.

Traditional technologies based on adsorption, frequently

involving the used of activated carbon, are easily

applicable processes for the removal of toxic organic pol-

lutants in wastewater. Although activated carbons are

found to be fairly effective in extracting organic pollutants

from wastewater, however, a significant fraction of the

adsorbent is lost cycle by cycle or may be destabilized

mechanically in their rather expensive regeneration process

(e.g. thermal desorption) (Ilisz et al. 2002). Additionally,

activated carbon rapidly loses its adsorptive capacity due to

non-selective adsorption for almost all organic contami-

nants present in wastewater (Aktaş and Çeçen 2007).

Accordingly, economic reasons explain why the develop-

ment of bioregeneration of activated carbon is attracting

increasing interest. Desorption of the biodegradable com-

pounds will lead to bioregeneration and a renewal of the

adsorption capacity of activated carbon (Ng et al. 2010).

Simultaneous adsorption and biodegradation has been

proven to be biologically regenerated activated carbon

through various mechanisms, thus prolonging its service

period (Lee and Lim 2005). In this viewpoint, the appli-

cation of biological activated carbon (BAC) appears to be a

better alternative to conventional treatment technologies.

The BAC process provides several potential advantages

including surface roughness which enhances biofilm

attachment and development, and high surface area which

sustains a large amount of biofilm.

Kinetic models are of value in investigating both the

capacity and stability of biological processes which utilize

inhibitory substrates. In this study, a kinetic model based

on the Haldane equation was developed to simulate both

adsorption and biodegradation quantities of a biological

activated carbon (BAC) column under a non-steady-state

condition, so as to predict the effluent concentrations of

2-CP and suspended biomass, biofilm growth, fluxes into

activated carbon and biofilm and concentration profiles of

2-CP in the activated carbon, biofilm and diffusion layer.

Experimental data were used to verify the kinetic model in

fitting measured values of biokinetic parameters obtained

from the batch kinetic tests. The experimental and mod-

eling results obtained from this study are expected to

demonstrate feasible operation strategies to utilize the BAC

process for an efficient adsorption and biodegradation of

chlorophenol-laden wastewaters.

Kinetic model system

Conceptual basis and model assumptions

Figure 1 presents the hypothetical concentration profiles

for single granular activated carbon (GAC) particles during

bioregeneration (Speitel et al. 1987). The kinetic BAC

model includes consideration of processes occurring in the

liquid surrounding the GAC particles, in the biofilm

3742 Appl Water Sci (2017) 7:3741–3757

123



attached to the GAC and within the GAC particles. The

basic assumptions of kinetic model are that (1) the granules

used in the BAC are spherical in shape, and the biofilm is

homogeneous and the density of the biofilm is constant; (2)

biodegradation may occur both bulk liquid and biofilm

phases, but does not occur in the pores of granules, because

the size of most meso- micro-pores (\0.05 lm) of GAC is

less than the size of a microbe; (3) the biological activity is

assumed to be substrate-limiting and its kinetics are pre-

sented by Haldane model; (4) adsorption is completely

reversible; (5) local equilibrium between the surface con-

centration and liquid concentration that occurred at the

biofilm-carbon interface was best described by Freundlich

isotherm model; (6) increase in biofilm thickness is due to

the growth of biofilm because attachment of biomass from

bulk liquid phase is negligible; (7) biomass lost from the

surface of activated carbon due to flow shear was directly

transferred to bulk liquid phase to form suspended biomass;

(8) surface diffusion is initially considered in modeling

solute transport into GAC; and (9) 2-CP concentration at

any point in bulk liquid phase is the same due to complete

mixing by high recycle flow rate.

Intraparticle diffusion

Surface diffusion is the major intraparticle transport

mechanism. The homogeneous solid surface diffusion

model for GAC and the initial condition are expressed as

follows (Speitel et al. 1987; Smith and Ghiassi 2006):

oq

ot
¼ Def

r2f

o

orf
r2f

oq

orf

� �
; 0� rf �Ra ð1Þ

IC : q ¼ 0; 0� rf �Ra; t� 0 ð2Þ

In the above equation, q is the surface concentration of

adsorbed 2-CP (Ms Mq
-1); Def is the surface diffusivity

(L2 T-1); rf is the radial coordinate in activated carbon (L);

and t is time (T). Two boundary conditions are required for

this parabolic partial differential equation to be a well-

defined model system which can be solved numerically.

The concentration profile is symmetric with respect to the

center of the carbon particle; thus

BC1 :
oq

orf
¼ 0 rf ¼ 0; t � 0 ð3Þ

The other boundary condition can be found at the

biofilm–carbon interface. The rate of 2-CP transport

through biofilm–carbon interface must exactly balance

the rate of change in the amount of adsorbed 2-CP in the

activated carbon, and this relation can be described as

follows (Speitel et al. 1987; Tsai et al. 2005):

BC2 : Df

oSf

ozf
¼ qa

R2
a

o

ot

Z R

0

qr2f drf ; rf ¼ Ra; t � 0; ð4Þ

where Ra is the radius of activated carbon particle (L); Sf is

the 2-CP concentration in the biofilm (Ms L
-3); Df is the

2-CP diffusion coefficient in the biofilm (L2 T-1); zf is the

radial coordinate in the biofilm (L); and qa is the apparent

activated carbon density (Mq L
-3).

The Freundlich adsorption equilibrium relationship

applied at the biofilm–carbon interface is described as

follows (Sirotkin et al. 2001):

BC 3 : qp ¼ KpS
1=n
p ; rf ¼ Ra; t� 0; ð5Þ

where qp is the surface concentration of 2-CP at the bio-

film-activated carbon interface (Ms Mq
-1); Sp is the 2-CP

liquid concentration of at the biofilm-activated carbon

interface (Ms L
-3); and Kp and 1/n are the Freundlich

isotherm coefficients.

Diffusion with biodegradation in biofilm

Assuming that 2-CP concentration within the biofilm

changes only in the zf-direction normal to the surface of the

biofilm, the utilization rate in the biofilm based on diffu-

sion (Fick’s law) with biological inhibition reaction (Hal-

dane kinetics) and initial condition can be expressed as (Jih

and Huang 1994):

oSf

ot
¼ Df

o2Sf

oz2f
� kSf

Ks þ Sf þ
S2
f

Ki

Xf ; 0� zf � Lf ; t� 0 ð6Þ

IC : Sf ¼ 0; 0� zf � Lf ; t ¼ 0 ð7Þ

In the above equations, Sf is the concentration of 2-CP in

the biofilm (Ms L
-3); Df is the diffusion coefficient of 2-CP

in the biofilm (L2 T-1); k is the maximum specific

utilization rate of 2-CP (Ms Mx T
-1); Ks is the Monod

half-velocity coefficient of 2-CP (Ms L
-3); Ki is inhibition

constant for 2-CP (Ms L
-3); and Xf is the density of biofilm

(Mx L
-3). Two boundary conditions are required for

Eq. (6). Since the biofilm shares one boundary condition

with activated carbon, the boundary condition at the

biofilm–carbon interface in Eq. (4) must also be satisfied

q qp

Sp
Sf

Ss

Sb

Activated 
carbon  

BiofilmLiquid 
film 

Bulk 
liquid 

rfzf

Fig. 1 Hypothetical concentration profiles for single GAC particles

during bioregeneration
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for Eq. (6). It must also be noted that at the liquid–biofilm

interface, the flux across the interface from the liquid phase

must be balanced by the flux across the interface into

biofilm so that the second boundary equation can be

expressed as follows (Tsai et al. 2005):

BC2 : Df

oSf

ozf

����
zf¼Lf

¼ kf Sb � Ssð Þ; t� 0 ð8Þ

Growth of biofilm

As the 2-CP diffuses into and through the biofilm during

biodegradation, the biofilm utilizes 2-CP as carbon source

for biosynthesis and respiration. The biomass in the biofilm

can increase or decrease with time until the growth rate is

balanced by the decay rate and shear loss rate. Since the

density of biofilm is assumed constant, the volume of biofilm

and thus the thickness of biofilm must increase with time as

the biofilm grows. Therefore, the 2-CP diffuses through a

boundary which can be moving with time. The boundary is

liquid–biofilm interface. Since the biofilm grows upon the

utilization of 2-CP, the growth rate of biofilm and initial

condition can be expressed by the following equation:

dLf

dt
¼

Z Lf

0

YkSf

Ks þ Sf þ
S2
f

Ki

� b� bs

0
@

1
Adzf ;

0� zf � Lf ; t� 0

ð9Þ

IC : Lf ¼ Lf0 t ¼ 0; ð10Þ

where Lf is the biofilm thickness (L); Y is the growth yield

of biomass (Mx M s
-1); b is the decay rate of biomass

(T-1); and bs is the shear-loss coefficient of biofilm (T-1).

The initial biofilm thickness must be set to a small value in

order that the biofilm can start grow for model prediction.

Mass balances of 2-CP and suspended biomass

A fixed biofilm reactor in which the kinetic model can be

applied is a completely mixed biofilm reactor. All sus-

pended biomasses at the liquid–biofilm interface are

exposed to the same 2-CP concentration. Since the reactor

is operated at a high recycle flow rate and the recycle

system can be considered as a part of control volume, the

mass balance of 2-CP and suspended biomass in the bulk

liquid as well as initial conditions can be described by the

following equations:

dSb

dt
¼ Q

Ve
Sb0 � Sbð Þ � kf Sb � Ssð Þ 3Xw Ra þ Lfð Þ3

VeqaR3
a

� kSb

Ks þ Sb þ
S2
b

Ki

� �Xb;

t� 0

ð11Þ

dXb

dt
¼ YkSb

Ks þ Sb þ
S2
b

Ki

� b� Q

Ve

0
@

1
AXb þ

3XwbsLfXf

VeqaRa

; t� 0

ð12Þ
IC1 : Sb ¼ 0; t ¼ 0 ð13Þ
IC2 : Xb ¼ Xb0; t ¼ 0; ð14Þ

where Sb is the concentration of 2-CP in the bulk liquid

(Ms L
-3); Sb0 is the concentration of 2-CP in the feed

(Ms L
-3); Ss = concentration of 2-CP at liquid-biofilm

interface (Ms L
-3); Xb is the concentration of suspended

biomass in the bulk liquid (Mx L
-3); Xb0 is the initial

suspended biomass in the reactor (Mx L
-3); Q is the flow

rate of the feed (L3 T-1); V is the effective reactor volume

(L3); A is the total surface area of media (L2); and e is the
porosity of the reactor (dimensionless).

Model solution

Two second-order partial differential equations with three

ordinary differential equations can be simplified and converted

todimensionless formsbydefining thedimensionlessvariables.

Since the 2-CP concentration profile is symmetric with the

center of activated carbon, the Legendre polynomials (an even

function) in spherical coordinate are used to approximate the

exact 2-CP concentration profile. Shifted Legendre polynomi-

als in planar geometry are used to approximate the 2-CP con-

centration profile in biofilm. Two partial differential equations

in dimensionless form can be converted to ordinary differential

equations by orthogonal collocationmethod (OCM).The entire

model system including 15 ordinary differential equations was

solved by using Gear’s method to determine the 2-CP con-

centration profiles in activated carbon and biofilm, the growth

of biofilm, the effluent concentrations of 2-CP, and suspended

biomass in bulk liquid.

Model validation

The reduced root-mean-square (RMS) value provides a

quantitative comparison of the agreement between the

model prediction and experimental data. The lower RMS

value represents the higher agreement between predicted

and experimental data. The RMS deviation is given by

(Kim and Kim 2004)

RMS ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN
i¼1

Cexp;i � Cpred;i

� 	2
C2
exp;i

vuut ; ð15Þ

where Cexp,i and Cpred,i are 2-CP concentrations of exper-

iment and model prediction, respectively, and N is the

number of data points.
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Materials and methods

Preparation of a 2-CP-degrading seed inoculum

The seed sludge was taken from an anaerobic digester of

the municipal sewage treatment plant, Taichung, Taiwan. It

was incubated at 37�C with approximately 10 mg L-1 of

2-CP and its biodegradation was monitored. Upon com-

plete removal after about 4 weeks, this sludge was spiked

again twice with 2-CP to enrich 2-CP degrading bacteria.

Then the sludge or the turbid supernatant containing the

bacteria was used for further experiments.

Supporting media

The specifications of G-340 were described as follows: par-

ticle size: 8 9 30mesh;mean particle diameter: 0.9–1.1 mm;

hardness:[93%; bulk density: 0.46–0.50 g cm-3; total sur-

face area:[950 m2 g-1. Therefore, the total surface area was

approximately 8.675 9 104 cm2.

Reactor design

A continuous biological activated carbon was started by

introducing the supernatant of the previously 2-CP-accli-

mated sludge after gravity sedimentation of the solids for 2 h

as a seed inoculum. The BAC reactor (Fig. 2) consisted of a

glass cylinder which was 70% packed with activated carbon

as a supporting medium for biofilm attachment. The reactor

porosity was 45.6%. One plastic sieve was provided at the

top of packing activated carbon to fix the activated carbon in

place and to avoid initial floating. The effective working

volume of BAC reactor was 1.6 L, which yielded a hydraulic

retention time (HRT) of 5 days. The reactor was maintained

at 37 ± 0.2 �C through a water jacket using a circulating

water bath (Yih Der Inc., Taipei, Taiwan). The influent was

provided at the bottom using a peristaltic pump (Model

HT100IJ, Longer Pump, China). The recirculation loop was

equipped with a trigeminal tube to connect silicone tubing.

The recycle pump was a peristaltic pump (Model 7554-80,

Masterflex L/S, Cole Parmer Instrument Company, Chicago,

IL, USA), but had higher capacity than the feed pump. The

recycle ratio (Qr/Q)was set at 25 to reach a nearly completely

mixed condition in the column reactor. The influent feed was

a synthetic wastewater (SWW) consisting of 2-CP as a main

carbon substrate. The SWW was deoxygenated by purging

nitrogen for 5 min and then initial 2-CP concentration of

190.5 mg L-1 was added (Chang et al. 2003). The SWW

was prepared in a phosphate buffer (NaH2PO4 of 6 g L-1

and Na2HPO4 of 7.1 g L-1) of pH 7.03 that contains the

following nutrients or salts: peptone, 0.12 g; yeast extract,

0.12 g;NaCl, 0.007 g;MgSO4�7H2O, 0.002 g; CaCl2�2H2O,

0.004 g, and 200 lL of a trace metal solution per liter of

distilled/deionized water (Bajaj et al. 2008). Trace metal

solution consisted of FeSO4�7H2O, 1.36 g; Na2MoO4�2H2O,

0.24 g; CuSO4�5H2O, 0.25 g; ZnSO4�7H2O, 0.58 g;

NiSO4�6H2O, 0.11 g; MnSO4�H2O, 1.01 g; and H2SO4 1 ml

per liter of distilled/deionized water (Sarfaraz et al. 2004).

Samples for analysis were periodically taken from the feed

and effluent.

Adsorption experiments

Adsorption isotherm studies were conducted for 2-CP to

evaluate the GAC adsorption capacities These experiments

were performed in 250 mL serum bottles shaken at

120 rpm at 37�C. For determination of the adsorption

isotherm, different masses of activated carbon of 1–20 g

were conducted with 200 mL of 50 mg L-1 initial 2-CP

concentration and the mixture was agitated until reaching

equilibrium. The time required for reaching an equilibrium

of 2-CP concentration is the equilibrium time for adsorp-

tion. Equilibrium time was described as the time when

2-CP concentration reached a constant value. Initial and

final equilibrium concentrations in the adsorption serum

bottles were measured and used for the construction of

adsorption isotherm. The Freundlich capacity constant, Kp,

and the Freundlich intensity, 1/n, were determined by

regression analysis of the isotherm data.

Batch biokinetic tests

The ability of anaerobic granules to degrade 2-CP was

evaluated in 250 mL serum bottles which contained the

nutrient medium mentioned above. Batch tests were carried

out to determine specific growth rate of 2-CP degrading

bacteria at an initial concentration of 2-CP ranging from 50

to 500 mg L-1 by using BAC-reactor effluent as an

inoculum. To accumulate more biomass, the treated

wastewater was collected over days 119–146 of reactor

operation and stored at 37 �C. Before using biomass for

batch tests, it was allowed to sediment and the turbid lower

layer was utilized as an inoculum. For each batch, 25 mL

of anaerobic granules was added into the bottle. Serum

bottles were then shaken at 37 �C at 120 rpm for 72 h and

assayed. All experiments were performed in triplicate.

The initial 2-CP concentration of 200 mg L-1 and

mineral salt medium with biomass concentration of

8.4 mg VSS L-1 in the batch reactor were used to evaluate

2-CP biodegradation. The reactor with an effective work-

ing volume of 5 L was maintained at a temperature of 37 ±

0.2 �C by a water jacket and a mixing speed of 200 rpm

using a rotated shaft. Pure nitrogen at a rate of 1.2 L min-1

was used to purge dissolved oxygen from reactor for
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maintaining anaerobic conditions. Liquid sample volume

of 2 lL was taken out with a 10 lL syringe, previously

flushed with nitrogen gas to analyze 2-CP as described

below.

Analytical methods

The concentration of 2-CP and phenol were determined by

HPLC–UV using a Alliance 2695 liquid chromatograph

(Waters, Milford, MA, USA). The HPLC apparatus con-

sisted of a Waters 2707 autosampler and a Waters 2487

UV/vis detector and was equipped with a Supelcosil LC-8

(Supelco, Bellefonte, USA). The column size is 4.6 mm in

diameter with a height of 15 cm. The samples were eluted

at 1.0 ml min-1 with a mobile phase composed of

methanol/water/acetic acid (60/39/1, v/v) for 20 min at a

temperature of 30�C. The UV/vis spectrophotometric

detector was set at 280 nm. The retention time for phenol

and 2-CP was about 3.8 and 4.7 min, respectively. The

2-CP concentration adhered to the following regression

equation: 2-CP (mg L-1) = -0.30882 ? 1.2019 9 10-5

(area), r2 = 0.9992. The phenol concentration was char-

acterized by the following regression equation: phenol

(mg L-1) = 0.068217 ? 1.435910-5 (area), r2 = 0.9978.

Measurement of volatile suspended solids (VSS) and

chloride were conducted in accordance with the Standard

Methods (APHA 2005). Samples of seed and acclimated

sludge were lyophilized for 48 h using 2.5 L benchtop

freeze dry system (Labconco Corporation, MO, USA).

Morphology and surface structure of anaerobic sludge

were then observed qualitatively with scanning electron

microscope (SEM) (Hitachi model S-3000N, Japan).

Biokinetic parameters determination

The specific growth rate of biomass in a batch system, l
(d-1), is defined as (Pollard and Greenfield 1997):

Effluent 

Feed pump 

Feed reservoir 

4 cm 

5 cm 

30 cm 

5 cm 

2.6 cm 

10 cm 

12 cm 

Recycle 
pump 

Water  
recirculation out 

Water 
recirculation in 

Biological 
activated 
carbon 

Influent 

pH meter ORP meter 

Water jacket 
Plastic 
sieve 

Fig. 2 A laboratory-scale

biological activated carbon

system
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l ¼ 1

X

dX

dt
¼ d lnX

dt
; ð16Þ

where X is the biomass concentration in mg L-1. The value

of l is determined at the exponential phase of the growth

curve.

Expression of l in Eq. (16) represents the specific

growth rate of biomass on single substrate, which is a

function of the substrate concentration (Juang and Tsai

2006). The Haldane model was tried here due to its wide

applicability for representing the growth kinetics of inhi-

bitory substrates (Wang and Loh 1999):

l ¼ lmS
Ks þ Sþ S2=Kið Þ ; ð17Þ

where l is the specific growth rate (T-1); S is the 2-CP

concentration (Ms L
-3), and lm is the maximum growth

rate (T-1). A larger Ki value indicates that the microor-

ganisms are less sensitive to substrate inhibition (Onysko

et al. 2000).

The Haldane kinetics for 2-CP utilization in the batch

reactor can be described as (Pirbazari et al. 1996)

dS

dt
¼ � lX

Y
; ð18Þ

where X is the biomass concentration (Ms L
-3). The

relation between the growth rate of biomass and utilization

rate of 2-CP can be represented by

dX

dt
¼ �Y

dS

dt

� �
ð19Þ

For small changes in the 2-CP degrading bacteria and

concentration of 2-CP in the growth phase, Eq. (19) can be

integrated to yield the following relation:

X ¼ X0 þ Y S0 � Sð Þ; ð20Þ

where X0 and X are initial biomass concentration (Mx L
-3)

and biomass concentration (Mx L
-3) in the batch system,

respectively, and S0 and S are initial 2-CP concentration

(Ms L
-3) and 2-CP concentration (Ms L

-3) in the batch

system, respectively. The slope of a linearized plot of

(X - X0) versus (S0- S) is the growth yield (Y).

The experimental data in the endogenous phase can be

used for estimating the microbial decay rate. The biomass

decay rate can be expressed by

rx ¼
dX

dt
¼ �bX ð21Þ

The equation can be integrated to yield the relation

b ¼ � ln X1=X0ð Þ
t1 � t0

; ð22Þ

where X1 and X2 are biomass concentration at t1 and t2 in

the batch system. The decay rate of biomass, b, can thus

be determined from the slope of a linearized plot of

lnX versus time in the endogenous phase (Pirbazari et al.

1996).

Determination of mass transfer coefficients

The diffusion coefficient of 2-CP in bulk liquid (Dw) was

determined from the empirical formula (Wilke and Chang

1955). The formula can be expressed by the following

equation:

Dw ¼ 7:4� 10�8 /bMbð Þ0:5T
lbV0:6

a

; ð23Þ

where /b is association parameter; Mb is molecular weight

of water; T is absolute temperature in K; lb is absolute

viscosity of the solution in centipoises for water; and Va is

molar volume of the solute as liquid at its normal boiling

point. Molar volumes of solutes can be estimated from the

atomic volume of their atoms (Perry and Chilton 1973).

The computed value of Dw is equal to 1.021 cm2 d-1. The

diffusion coefficient in the biofilm is obtained by multi-

plying the diffusion coefficient in the bulk liquid phase by a

factor of 0.8 to correct the additional diffusional resistance

in the biofilm (Williamson and McCarty 1976). Thus, the

diffusion coefficient of 2-CP in biofilm (Df) was equal to

0.817 cm2 d-1.

The liquid–film transfer coefficient (kf) computed from

the empirical formula for the packed-bed adsorber was

described in the following equation (Williamson et al.

1963):

kf ¼ 2:4vs
Re

e

� ��0:66

Scð Þ�0:58; ð24Þ

where vs is the superficial flow velocity through column

(LT-1); Re is Reynolds number =
dpvs
v
; Sc is Schmidt

number = t
Dw
; dp is the diameter of the ceramic particle

(L); and t is the kinematic viscosity (L2 T-1). The value of

kf computed by Eq. (24) was equal to 117.9 cm d-1.

An empirical formula suitable for spherical particle

was used to evaluate specific shear-loss coefficient (bs) of

the biofilm on activated carbon (Speitel and DiGiano

1987):

bs ¼ 2:29� 10�6 Vwvs 1� eð Þ3

d2pe
3a

" #0:58

; ð25Þ

where Vw is water viscosity (Ms L
-1 T-1); vs the superfi-

cial fluid velocity (L T-1); e the bed porosity; dp the

diameter of medium (L); and a the specific surface area of

the bed (L-1). The computed value of bs was equal to

9.53910-3 d-1.
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Results and discussion

Adsorption kinetics in batch tests

Figure 3 shows the experimental time course plot of

residual 2-CP concentration at different GAC dosages. The

amount of adsorbed 2-CP depended on the dosages of

activated carbon. It is observed that the amount of 2-CP

adsorbed increased as the GAC dosages increased. The

adsorbed rate of 2-CP contents was steeper with high GAC

dosage of 20 g than low GAC dosage of 1 g before reaction

time of 2 h. However, the adsorbed rate of 2-CP contents

increased as the GAC dosages decreased after reaction time

of 2 h. The time required for complete removal of 2-CP

with an initial concentration of 50 mg L-1 was 10 h.

Adsorption isotherm parameters

Empirical Freundlich equation based on sorption on a

heterogeneous surface was used for approximation of

obtained results (Sirotkin et al. 2001). The logarithmic

form of the Freundlich isotherm was employed to compute

the parameters by linear regression:

log qp ¼ logKp þ
1

n
log Sp ð26Þ

A plot of log qp versus log Sp should yield a straight line.

Kp was computed from the y-interception and n was

computed from the slope of regression. The values of Kp

and n obtained from Fig. 4 were equal to 0.57

(mg g-1)(L mg-1)0.85 and 1.17, respectively.

Effective diffusivity

The intraparticle diffusion model (Eq. 1) and 2-CP

adsorption kinetic model in bulk liquid were integrated to

simulate adsorption kinetic test to evaluate effective dif-

fusivity (Def) of 2-CP. The 2-CP adsorption model in bulk

liquid can be expressed by (Chang et al. 2000)

dSb

dt
¼ � 3Xwkf

VeqaRa

Sb � Swð Þ; ð27Þ

where Sw is the 2-CP concentration at liquid–carbon

interface (mg L-1). The comparison of experimental data

and model prediction for 2-CP adsorption in batch test was

plotted in Fig. 5. The best-fit Def value was obtained with

regression analysis, which was equal to 6910-4 cm2 d-1.

Acclimation of sludge to 2-CP in a batch reactor

Anaerobic sludge was supplemented with 2-CP and nutri-

ent media in a batch reactor to obtain a 2-CP acclimated

culture. Figure 6 presents the concentrations of 2-CP and

phenol varied over time during acclimation. The time

required for complete degradation of 10 mg L-1 by

anaerobic sludge was 28 days. The degradation time was

improved by 15 days upon the second addition of the same

amount of 2-CP. When the sludge was spiked a third time

with 2-CP, complete removal of 10 mg L-1 took only

9 days. Quick successive feeding of 2-CP upon complete

depletion reduced the time required for complete

degradation.

The intermediate product of 2-CP dechlorination, phe-

nol, was detected during the acclimation phase. The phenol

was considered to be rapidly produced as soon as it was

derived from the 2-CP dechlorination. Up to 1.2 mg phenol

L-1 accumulated when the 2-CP concentration decreased

to about 9 mg L-1 at the start phase of acclimation; then

the phenol concentration started to decline up to complete

degradation (Fig. 6). No lag phase was observed for phenol

accumulation during the period of acclimation. During

batch acclimation of anaerobic sludge to 2-CP, phenol
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accumulation for a short time was observed. This may be

due to a higher rate of dechlorination of 2-CP compared to

the rate of phenol degradation at surplus substrate avail-

ability during the acclimation phase (Bajaj et al. 2008).

Wang et al. (1998) reported that the time required for the

complete transformation of 10 mg L-1 of 2-CP was

35 days in a methanogenic enrichment culture of a

wastewater treatment plant. Ye and Shen (2004) conducted

chlorophenol acclimation studies on two types of sludge

under batch mode. They also had found a relatively rapid

degradation rate of 2-CP with municipal wastewater sludge

after 2 months of incubation with successive feedings.

Prior to acclimation, the seed sludge was found to be

darkish black and its structure was fluffy, irregular, and

loose (Fig. 7a). The acclimated sludge was observed after

the acclimation period of 52 days and its structure was

dispersed with the amorphous sludge flocs (Fig. 7b). The

SEM results were similar to those observed by Ning et al.

(1997) and Wang et al. (2007). Their studies found that the

structure of acclimated sludge was granular flocs.

Biokinetic parameters

Figure 8 illustrates the variation of specific growth rate (l)
with initial concentration of 2-CP. The specific growth rate

increased with the increasing initial 2-CP content up to

250 mg L-1, peaked at 0.14 d-1, but then decreased for

the initial contents between 250 and 500 mg L-1, indi-

cating the inhibitory effect of 2-CP at a concentration

exceeding 250 mg L-1. Therefore, the Haldane equation

was used to model the specific growth rate of anaerobic

mixed culture (Juang and Tsai 2006). The Haldane equa-

tion for substrate-inhibited growth was fitted to the data of

specific growth rate (l) as a function of 2-CP concentration

(S) using a non-linear least-square error technique (Kumar

et al. 2000). The biokinetic parameters estimated with the

non-linear least-square regression method were

lm = 0.375 d-1; Ks = 127 mg L-1, and Ki = 105.3 -

mg L-1, with a correlation coefficient (r2) of 0.994.

Therefore, the resulting kinetic equation is as below:
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l ¼ 0:375S

127þ Sþ S2

105:3

ð28Þ

These values agreed reasonably well with the values

obtained by Sivawan (1997) (Ks = 152 mg L-1,

Ki = 116.27 mg L-1) for 2-CP biodegradation by

anaerobic sludge in an upflow anaerobic sludge blanket

(UASB) reactor.

The kinetic batch experiments were conducted to

determine the growth yield (Y), maximum specific uti-

lization rate (k), and the decay rate (b). The variation of

2-CP and biomass concentration versus time is depicted in

Fig. 9. It can be observed that the data of biomass con-

centration represent a typical growth and decay curve with

a well-defined growth phase and the endogenous phase

(Pirbazari et al. 1996). The concentration data of 2-CP and

biomass facilitate a priori estimation of biokinetic

parameters for evaluating the utilization rate of 2-CP and

growth rate of biomass. The relevant techniques employed

for the evaluation of biokinetic parameters (Y, k and

b) from the data of batch experiments are discussed below.

The growth yield (Y) for biomass is assumed approxi-

mately constant over the range of 2-CP concentration

encountered in the growth phase. The growth for biomass

determined from the slope of linearized plot of (X - X0)

versus (S0 - S) is shown in Fig. 10a. The growth yield for

biomass was 0.044 mg VSS mg-1 2-CP with a correlation

coefficient (r2) of 0.996. The maximum specific utilization

rate (k) of 2-CP can be computed by lm/Y. The k value for
biomass was 8.52 mg 2-CP mg-1 VSS d-1. The decay

coefficient of biomass can be determined from the slope of

linearized plot of lnX versus time presented in Fig. 10b.

The value of decay coefficient for biomass was 0.0126 d-1

with a correlation coefficient (r2) of 0.999.

2-CP adsorption and biodegradation

Table 1 presents the biokinetic and reactor parameters as

well as mass transfer coefficients obtained from batch
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kinetic tests, which were used for the kinetic model pre-

diction. The column test using activated carbon as the

supporting medium was conducted to investigate the

kinetics of 2-CP in an anaerobic BAC process. The model-

generated and experimental results of 2-CP adsorption and

biodegradation by attached and suspended biomass for

column test are shown in Fig. 11a. The model simulated

the experimental results well throughout the entire courses

of the test. The performance of the BAC process can be

described by four parts. First, the 2-CP concentration

increased steadily up to about 25.5 mg L-1 (0.134 Sb0) at

10 days. During this period, the growth of 2-CP degrading

bacteria inside the reactor for 2-CP degradation was not

significant. The reactor was behaving similar to an acti-

vated carbon adsorber. At this stage, activated carbon was

adsorbing 2-CP without significant resistance to the diffu-

sion of the 2-CP posed by the attached biomass.

The second part of 2-CP curve ran from 10 to 38 days,

when the 2-CP curve started to deviate from the break-

through curve of activated carbon adsorber. The 2-CP

effluent concentration leveled off and then began to

decrease during this period of time. Both phenomena

confirm the active degradation of 2-CP by attached bio-

mass and that biofilm was growing significantly during the

second period. The third part of the 2-CP curve ran from 38

to 146 days. The 2-CP concentration maintained a constant

level which represented the steady-state condition. The

2-CP concentration was approximately 2.9 mg L-1

(0.0152 Sb0) during this period. The 2-CP concentration

reached a steady-state level, which was equivalent to about

98.5% removal efficiency for 2-CP. The model prediction

is in good agreement with the experimental result with a

reduced root-mean-square (RMS) deviation of 0.139.

Growth of biofilm

Figure 11b presents the growth curve of biofilm that varied

with time by model prediction for biofilm on activated

carbon from non-steady-state to steady-state condition. The

growth curve of biofilm shows a similar pattern to sus-

pended biomass (Fig. 11c). The elapsed time required for

biofilm to start to grow is approximately 5 days. The bio-

film vigorously grew to degraded 2-CP from 5 to 21 days.

At a steady-state condition, the maximum growth thickness

of biofilm reached up to 636 lm by BAC model prediction.

Growth of suspended biomass

Figure 11c shows that the growth curves of suspended

biomass varied with time. One indicator of the increased

biomass growth was the concentration of suspended bio-

mass in the effluent. The concentration of initial suspended

Table 1 Operation conditions and biokinetic parameters used for model prediction

Symbol Parameter description (unit) Value Remarks

Sb0 2-CP concentration in the feed (mg L-1) 190.5 Measured

k Maximum specific utilization rate of 2-CP (mg 2-CP mg-1 VSS d-1) 8.52 Measured

Y Growth yield of biomass (mg VSS mg-1 2-CP) 0.044 Measured

Ks Monod half-saturation constant of 2-CP (mg L-1) 127.0 Measured

Ki Inhibition constant for 2-CP 105.3 Measured

b Decay rate of biomass (d-1) 1.26 9 10-2 Measured

Df Diffusion coefficient of 2-CP in biofilm (cm2 d-1) 0.817 Reference

kf Liquid film transfer coefficient of 2-CP (cm d-1) 117.9 Calculated

bs Specific shear-loss coefficient of biofilm (d-1) 9.53 9 10-3 Calculated

Xf Density of biofilm (mg VSS mL-1) 0.87 Measured

Xb0 Concentration of suspended biomass in the feed (mg VSS L-1) 4.8 Measured

Lf0 Initial biofilm thickness (lm) 5.5 Assumed

V Effective working volume of reactor (cm3) 1.6 9 103 Measured

Q Influent flow rate (cm3 d-1) 320 Measured

Def Effective surface diffusivity of 2-CP (cm2 d-1) 6 9 10-4 Measured

Kp Freundlich isotherm coefficient (mg g-1) (L mg-1)0.85 0.57 Measured

n Freundlich isotherm coefficient (dimensionless) 1.17 Measured

Ra Radius of activated carbon (cm) 0.05 Measured

qa Apparent density of activated carbon (g cm-3) 0.48 Measured

Xw Dry weight of activated carbon (g) 694 Measured
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biomass was set at 4.8 mg VSS L-1 that was experimen-

tally determined at the start of continuous-flow column test.

In the beginning of the column test, the concentration of

suspended biomass dropped abruptly and then started to

increase with time due to the dilute-in characteristics

(Gaudy and Gaudy 1980). The general trend of the effluent

for suspended biomass concentration in model prediction

was similar to the experimental results obtained from the

column test. The model-predicted and experimental results

show that there was no significant degradation of 2-CP by

suspended biomass for the first 5 days. The growth rate of

suspended biomass rapidly increased at a transient-state

condition from 5 to 27 days. At this period, the suspended

biomass vigorously degraded 2-CP. Since the amount of

2-CP available during bioregeneration was higher than

after bioregeneration of activated carbon, the growth rate

of suspended biomass during this period should have been

higher than that at the steady-state level. The growth curve

of suspended biomass showed a peak at 27 days during

bioregeneration. The concentration of suspended biomass

in effluent was approximately 25.3 mg VSS L-1 at the

steady state. The model predicted the experimental result

well with a reduced root-mean-square (RMS) deviation of

0.239.

Fluxes into biofilm and activated carbon

The 2-CP flux into biofilm increased with the growth of

biofilm during the transient period when the mechanisms of

diffusion and biodegradation are considered in the biofilm

model. However, the mechanisms considered in BAC

model include adsorption, diffusion, and biodegradation in

this study. Figure 11d presents the flux of 2-CP into biofilm

(Jf) along with the flux of 2-CP into activated carbon (Jq).

The figure shows that the values of Jf and Jq were equal

and started out a larger value that was controlled totally by

adsorption at the beginning of the test because 2-CP

degradation by biofilm was negligible at this time. Most of

2-CP was removed by adsorption of activated carbon at the

start of column test.

The curves of Jf and Jq started to deviate with each

other around 5 days, when the biofilm started to grow

actively. The Jf decreased rapidly as the biofilm start to

grow from 0 to 19 days because adsorption slowed the

development of a biofilm by decreasing the 2-CP con-

centration ‘‘seen’’ by the biofilm during this period of

time. Then, the Jf began to increase reversely after

bioregeneration of activated carbon from 19 to 58 days

because the flux was diffusing from activated carbon into

biofilm, which represented the desorption of the 2-CP. In

sequence, Jf reached a constant level at the steady-state

condition after Jq approached zero and 2-CP removal was

initially dominated by biofilm.

The curve of Jq shows a positive flux of the 2-CP into

activated carbon from 0 to 11 days. The Jq showed a

maximum value in the beginning of the test, because bio-

film growth was negligible and the diffusion resistance was

minimal. The Jq decreased as 2-CP started to accumulate

inside the activated carbon, thus lowering the concentration

gradient at the exterior surface of activated carbon. The

most important point was that at 11 days, the flux changed

from a positive value to a negative value. A positive Jq
means 2-CP was diffusing from biofilm into activated

carbon, while a negative Jq means 2-CP was diffusing from

activated carbon into biofilm. This required a reversal of

the concentration profile inside the activated carbon. The

resulting negative concentration gradient caused the 2-CP

to diffuse out of the activated carbon for a bioregeneration

start. As the biofilm accumulated to grow thicker, the

resistance to the diffusion of 2-CP became larger, and the

biofilm degraded 2-CP to lower 2-CP concentration at

biofilm-carbon interface. The 2-CP concentration contin-

ued to decrease to a level where the equivalent surface

concentration in the activated carbon was lower than the

equilibrium with previously adsorbed 2-CP. A reversal in

the concentration profile was then established. At this

point, 2-CP simply diffused out of the activated carbon and

activated carbon was bioregeneratd by the biofilm.

As the steady-state approached, Jq went to zero

asymptotically from a negative value, while Jf approached

a constant value equal to 6.42 9 10-2 mg cm-2 d-1. The

curves shows that 2-CP biodegradation by biofilm became

the dominant mechanism responsible for the steady-state

removal of 2-CP in the BAC process.

Chloride release in the BAC process

The removal of 2-CP starts with dehalogenation of 2-CP,

accompanied by the production of inorganic chloride ions.

It can be deduced from the reaction stoichiometry that

0.28 g of inorganic chloride must be released during

dechlorination of 1 g 2-CP. Figure 11e presents the

observed and expected chloride ion production varied with

time. In this study, the inoculum already contained chlo-

ride. Therefore, the concentration of chloride was higher

than that expected from complete dechlorination after start-

up. The concentration of chloride was diluted about 7 days

to a concentration that could stem from 2-CP dechlorina-

tion at a HRT of 5 days (Bajaj et al. 2008). The ratio of

chloride released per unit of 2-CP removed was then close

to the theoretical value but still higher than that expected

from complete dechlorination. The observed range from

day 10 to day 146 of reactor operation was 0.282–0.315

with 0.295 as the average ratio and 0.294 as the median

value, indicating very little fluctuation in dehalogenation of

2-CP during the study period.
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2-CP removal by model prediction

The 2-CP removed by the entire system was the summation

of the 2-CP removed by the biofilm and the adsorption by

activated carbon. Figure 11f shows the amount of 2-CP

removed by the entire system, activated carbon, and bio-

film in a BAC process. Since 2-CP removed by adsorption

does not change its chemical structure, the amount of 2-CP

removed by the activated carbon also equals the amount of

2-CP that remains adsorbed in the activated carbon.

The amount of 2-CP removed by the entire system was

equal to 2-CP adsorbed by activated carbon up to 10 days.

Biofilm utilized almost no 2-CP, because the amount of the

2-CP degrading bacteria was not significant up to this time.

As the biofilm started to grow actively after 10 days, 2-CP

removed by biofilm increased and that adsorbed by the

activated carbon leveled-off. The 2-CP removal was

dominated by the adsorption of activated carbon prior to

11 days of the column test. The amount of 2-CP adsorbed

by activated carbon decreased after 11 days due to biore-

generation. The adsorbed amount of the 2-CP was then

decreasing slowly since 2-CP was beginning to diffuse out

from the activated carbon after bioregeneration. During the

period from 15 to 80 days, the 2-CP removal by adsorption

was slightly decreasing because the Jq was beginning to

increase from the lowest point of value. The 2-CP removal

by adsorption was then reached a steady-state condition

after 80 days since the value of Jq was maintained at

around zero after day 80 until the termination of the col-

umn test. As a result, the activated carbon was only acting

essentially as a supporting medium for biofilm growth at

the steady state.

2-CP concentration profiles

The concentration profiles at 7.1, 29.2, 50, 70.8, and

137 days in the diffusion layer, biofilm, and activated

carbon, computed by BAC model, are plotted in Fig. 12. At

7.1 days, biofilm was 47.3 lm thick, and 2-CP adsorption

reached a high value. A positive flux (Jq) (Fig. 11d) was

diffusing from biofilm into activated carbon to make a high

concentration profile in the activated carbon. Activated

carbon was adsorbing 2-CP significantly at this time. The

biofilm at this stage could be called ‘‘fully penetrated’’

according to the definition of Rittmann and McCarty

(1981). The concentration profile that occurred in activated

carbon changed to a different pattern at 29.2 days. At this

time, bioregeneration occurred and 2-CP diffused out of

activated carbon then degraded by biofilm. The thickness

of biofilm was 142 lm at this time. The concentration

profile pattern at 50 days was similar to that at 29.2 days.

At 50 days, the 2-CP concentration in activated carbon was

lower than that at 29.2 days since more 2-CP diffused out

of activated carbon for biodegradation by attached biomass

due to bioregeneration. The BAC process had reached a

steady state from 70.8 to 137 days. At this period, the

concentration profiles presented a similar pattern of flat line

in the activated carbon, biofilm, and diffusion layer. The

biofilm had almost completely stopped bioregenerating

activated carbon since the concentration profile of 2-CP

was relatively flat in activated carbon at this period.

Conclusions

As can be derived from this study, the acclimatization

strategy seems to play an important role in successful

treatment of toxic compounds such as 2-CP. Acclimation to

the biodegradation of approximately 10 mg L-1 of 2-CP

was possible within less than 10 days. The removal effi-

ciency increased considerably with successive feedings.

The acclimated sludge could be used as an inoculum for an

anaerobic BAC reactor to achieve high 2-CP removal

efficiency under continuous-flow condition. The mathe-

matical model system was derived to describe the adsorp-

tion and biodegradation of 2-CP by 2-CP degrading

bacteria in BAC process. The completely mixed, packed-

bed BAC process was conducted to validate the model. The

experimental data and model simulation in effluent con-

centration of 2-CP agreed well with each other. The 2-CP

flux across the biofilm–carbon interface quantitatively

illustrated bioregeneration rate. Concentration profiles of

2-CP in the activated carbon showed a complete reversal as
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2-CP was diffusing out of the activated carbon during the

period of bioregeneration. Biofilm bioregenerated the

activated carbon by lowering the 2-CP concentration at the

biofilm-activated carbon interface as the biofilm grew

thicker. The 2-CP previously adsorbed inside the activated

carbon simply desorbed out of the activated carbon through

a reversal of the concentration profile in the activated

carbon. The experimental data and model simulation in

effluent concentrations of 2-CP and suspended biomass

agreed well with each other. The results of this study can

be applied to aid the design and operation of the biological

activated carbon process.

Acknowledgements The author thanks the Ministry of Science and

Technology of Taiwan for supporting this research under Contract

No. NSC 102-2221-E-166-001-MY2. Ted Knoy is appreciated for his

editorial assistance.

Open Access This article is distributed under the terms of the

Creative Commons Attribution 4.0 International License (http://

creativecommons.org/licenses/by/4.0/), which permits unrestricted

use, distribution, and reproduction in any medium, provided you give

appropriate credit to the original author(s) and the source, provide a

link to the Creative Commons license, and indicate if changes were

made.

Appendix

2-CP utilization rate

The concepts and kinetic models for suspended-growth and

attached-growth substrate utilization rate were developed

and verified by many researchers (Williamson and

McCarty 1976; Tchobanoglous 1991; Chang and Rittmann

1987a, b). For the suspended biomass, Haldane kinetic

equation is commonly used to calculate the 2-CP utilization

rate by suspended biomass (Rus) (Tchobanoglous 1991)

Rus ¼
kSb

Ks þ Sb þ
S2
b

Ki

XbVe

For the attached biomass, a substrate concentration

profile is established in the biofilm due to the diffusional

resistance to the transport of the substrate. To calculate the

2-CP utilization rate (Rua) by the biofilm, the utilization

rate within a differential thickness (dzf) must be integrated

over the entire thickness of the biofilm (Lf).

Rua ¼ Va

Z Lf

0

kSf

Ks þ Sf þ
S2
f

Ki

Xfdzf ¼ VaJf

Figure 13a presents the 2-CP utilization rate by

suspended biomass (Rus) that varied with time. The Rus

first increased steadily to about 2.1 mg d-1 at 12.5 days

due to the significant growth of suspended biomass. The

second part of Rus curve ran from 12.5 to 37.5 days. The

Rus decreased rapidly during this transient period of time.

The third part of Rus curve ran from 37.5 to 146 days and

reached a steady-state condition. At this period, the Rus

reached a constant value of approximately 0.7 mg d-1. The

comparison of model prediction with experimental results

for Rus is satisfactorily acceptable with a correlation

coefficient (r2) of 0.906. Figure 13b shows the 2-CP

utilization rate by biofilm (Rua) that varied with time. The

trend of Rua in Fig. 13b is very similar to the flux into

biofilm in Fig. 11d. The Rua decreased rapidly from 8399

to 4844 mg d-1 as the biofilm started to grow from 0 to

19 days because adsorption slowed the development of a

biofilm by decreasing the 2-CP concentration ‘‘seen’’ by

the biofilm during this period of time. Then, the Rua began

to increase reversely after bioregeneration of activated

carbon from 19 to 58 days because the flux was diffusing

from activated carbon into biofilm. In sequence, Rua

reached a constant level at the steady-state condition

from 58 to 146 days. Comparing the value of Rus with Rua,

the Rua value is greatly higher than Rus value, which

indicated that the amount of overall substrate utilization of
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2-CP is almost achieved by biofilm. However, suspended

biomass only contributed to a small amount of overall

substrate utilization in BAC reactor. The biofilm which

degrades substrate at a much higher rate is the dominant

form of the biomass in the BAC reactor.
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Häggblom MM, Knight VK, Kerkhof LJ (2000) Anaerobic decom-

position of halogenated aromatic compounds. Environ Pollut

107:199-207
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