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ABSTRACT

The biodegradation kinetics of phenol, 2-chlorophenol (2-CP) and a mixture of phenol and 2-CP
by acclimated activated sludge were investigated in aerobic batch reactors. The packed bed reactor
filled with dewatered sludge—fly ash composite ceramic particle (DFCCP) was tested for continuous
treatment of phenol plus 2-CP to validate the biofilm model. Batch experiments were conducted in
a culture medium containing various initial concentrations of phenol (15.5-97.6 mg L) and 2-CP
(16.8-96.9 mg L). The phenol was completely degraded within 10 h. Complete degradation of 2-CP
occurred within 12 d for all levels of substrates. Based on the specific growth rate of the biomass vs.
initial concentrations of phenol and 2-CP, the maximum specific growth rate using phenol was much
greater than that of 2-CP. The magnitude of the K value revealed that the biomass had a much stron-
ger affinity to phenol compared with 2-CP. The larger K, value for 2-CP (127.6 mg L) revealed that
the biomass had a higher resistance to 2-CP inhibition compared with phenol (54.5 mg L™). A mixture
of phenol and 2-CP in the batch experiments resulted in the complete removal of phenol within
4.2 d, however, the percentage of 2-CP removal was 55%-79% at this stage. Furthermore, the initial
phenol and 2-CP concentrations were 25.2 and 19.3 mg L corresponding to the removal efficiencies
of 98% and 89%, respectively, while the packed bed biofilm reactor reached a steady-state condition.
The experimental and modeling schemes proposed in this study could be employed to control and
optimize the full-scale packed bed bioreactor performance of simultaneous biodegradation of mixed
substrates in wastewater.
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1. Introduction

Phenol and chlorophenols produced from chemical
industries such as petroleum refineries, pharmaceuticals,
pesticides and plastic manufacturing have caused the seri-
ous ecological problem of environmental pollutants [1-3].
Concentrations of phenolic compounds in wastewater from
oil refineries, coal gasification, coal liquefaction, coke orens,
petrochemical and plastic as well as glass fiber manufactures

* Corresponding author.

are 10-70, 710, 6,800, 10-3,900, 50-600, 600-2,000 and
40-400 mg L7, respectively [4]. Chlorophenol concentra-
tions of up to 190 mg L have been reported in groundwater
downstream of a sow mill or in the wastewater of a kraft
mill [5]. In addition to being carcinogens and mutagens,
phenols and chlorophenols are toxic to reduce the enzyme
activity of living organisms and are lethal to fish at rela-
tively low-level concentrations [6]. Conserving the quality of
natural water resources is urgently needed to save aqueous
environments. The removal of phenolic and chlorophenolic
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compounds from wastewater is required before safe disposal
in water bodies [2,7]. Various treatment methods, such as
activated carbon adsorption, chemical oxidation, and aerobic/
anaerobic biodegradation, have been extensively applied
to treat chlorophenolic compounds in wastewater [8,9].
Compared with physico-chemical methods, biodegradation
has been widely used to address the issue of phenolic and
chlorophenolic compounds in wastewater because of the
low treatment and operational cost and low possibility of
byproduct formation [10].

Aerobic microorganisms, including Pseudomonas sp.,
Alcaligenes sp., Azotobacter sp., Rhodococcus sp., and Cryptococcus
sp., have been proven to be more efficient at degrading toxic
aromatic compounds because they have a higher growth
yield compared with anaerobic microorganisms. Moreover,
aerobes have a high capacity in achieving complete miner-
alization of toxic aromatic compounds, rather than transfor-
mation, as in the case of anaerobic biodegradation [11]. Many
studies have shown that mixed cultures have the ability to
achieve complete mineralization of toxic organics to carbon
dioxide [12-14]. For large-scale wastewater treatment, mixed
consortia rather than pure cultures are preferred because
they are easier to handle and contain diverse microorgan-
isms capable of withstanding various unfavorable influent
fluctuations. Additionally, the acclimation of inoculum can
enhance the degradation capacities of a mixed culture [15].

The cost of treating sewage waste sludge and disposal is
nearly 50% of the total cost incurred in municipal wastewater
treatments. Therefore, identifying an economical method
to reuse dewatered sludge is an important environmen-
tal issue [16]. Dewatered sludge is currently used in many
applications including the production of bricks, an additive
of cement, and cultivated soil [17]. Fly ash, produced from
coal-fired power generation and other industrial sources,
has been applied to cement and brick production as a fill-
ing in road works [18]. However, the utilization of both
dewatered sludge and fly ash in civil engineering is limited.
Thus, a mixture of dewatered sludge and fly ash to produce
ceramic particles for water and wastewater treatment have
attracted considerable attention because it not only reduces
the impact of environmental pollution, but also solves the
solid waste disposal problem, benefitting the environmental
balance and the economy [18].

Biological processes used in wastewater treatment can
be generally divided into two categories: suspended growth
and attached growth processes [19]. Attached growth
processes have many advantages over suspended growth pro-
cesses, which include high surface area available for biofilm
formation, high volumetric degradation rates of organics,
high tolerance in concentration fluctuations of the toxic
organics in the influent, and little residual sludge production
[20]. Moreover, fixed attached-growth processes have also
been successfully conducted to treat various organic pollut-
ants in wastewater [21,22]. They are also easier to operate
with an associated lower cost because it is not necessary to
suspend the supporting media in the treatment processes.

Several studies have investigated the biodegradation
kinetics of single phenol or 2-chlorophenol (2-CP) with
pure or mixed cultures of microorganisms [7,13,14,23].
However, the simultaneous biodegradation kinetics of phenol
and 2-CP using a mixed culture is yet to be demonstrated.

Thus, this work was focused on developing a mathematical
model system to describe the kinetics of simultaneous bio-
degradation of phenol and 2-CP in a biofilm process. In
addition, the mathematical model system was verified by
conducting a continuous flow packed bed biofilm reactor
using a dewatered sludge—fly ash composite ceramic particle
(DFCCP) as a supporting medium.

The objectives of this study were intended to (1) acclimate
activated sludge by stepwise re-feeding of phenol and 2-CP
as well as phenol plus 2-CP, respectively; (2) evaluate the
biokinetic parameters (n_, K, K, YX/S, and k) and inter-
action parameters (I.,, and I,.,) of acclimated activated
sludge; and (3) operate a packed bed reactor to verify the
kinetic model for the simultaneous biodegradation of phenol
and 2-CP.

2. Materials and methods
2.1. Acclimation of activated sludge

The aerobic activated sludge was obtained from a
municipal wastewater treatment plant located in central
Taiwan. The acclimation of activated sludge was performed
separately for phenol and 2-CP in two batch reactors with
working volumes of 200 mL. The flask contains 25 mL of seed
inoculum and 175 mL of nutrient medium with phenol, 2-CP
and phenol plus 2-CP, respectively. The cultures were grown
in 250 mL Erlenmeyer flasks and shaken at 120 rpm on a
rotary shaker. They were incubated at 30°C with 4.0 mg L™
of phenol, 5.0 mg L™ of 2-CP, and 8.0 mg L™ of phenol plus
44 mg L7 of 2-CP, respectively. The concentrations of phenol
and 2-CP were periodically monitored to observe biodeg-
radation by cultures. After complete biodegradation, the
concentrations of phenol, 2-CP and phenol plus 2-CP were
spiked to enrich the phenol-degrading, 2-CP-degrading
and phenol-2-CP-degrading organisms. Then the activated
sludge or the turbid supernatant (containing the bacteria)
was used for further experiments.

2.2. Culture medium

The batch and packed bed biofilm reactors were fed
with a nutrient medium containing phenol, 2-CP, and phe-
nol plus 2-CP, respectively. The nutrient medium contained
the following ingredients (per liter) [18]: peptone, 0.12 g;
yeast extract, 0.12 g; NaCl, 0.007 g; MgSO,-7H,0, 0.002 g;
CaCl,-2H,0, 0.004 g; and trace metal solution, 200 uL. The
trace metal solution contained the following ingredients
(per liter): FeSO,7H,O, 1.36 g NaMoO,2HO, 0.24 g;
CuSO,-5H,0, 0.25 g; ZnSO,'7H,O, 0.58 g; NiSO,-6H,O, 0.11 g;
MnSO,'H,O, 1.01 g; and H,SO,, 1 mL. All of the inorganic
chemicals were of analytical reagent grade, purchased from
Merck Co. (Darmstadt, Germany). Phenol and 2-CP were
obtained from Sigma-Aldrich (Darmstadt, Germany).

2.3. Preparation of ceramic particles

The ceramic particles were composed of two waste
materials (dewatered sludge and fly ash) with a mass ratio
of 1:1; the dewatered sludge was obtained from a leachate
treatment plant and fly ash was collected from coal-fired
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power generation plant in Taichung, Taiwan. The waste
raw materials were mixed in a muller and transported into
a rotational disk; meanwhile tap water was injected to keep
powdered materials slightly wet [24]. The powdered materi-
als were then transported to a granulator to produce ceramic
particles of similar diameter. The ceramic particles were
desiccated using an oven with a temperature of 1,100°C.
Finally, a DFCCP of diameter 0.5 cm and height 0.95 cm was
obtained and cooled after screen separation.

2.4. Batch experiments

Three batch biodegradation experiments for phenol,
2-CP and phenol plus 2-CP were performed in 250 mL batch
reactors with acclimated activated sludge. The initial mixed
liquor volatile suspended solids (MLVSS) concentration in
the batch reactors for the single substrate of phenol and 2-CP
was 22.1 and 22.4 mg L7, respectively. The initial MLVSS
for phenol plus 2-CP ranged between 52.0 and 63.4 mg L.
During the batch experiments, samples were periodically
taken for the phenol and 2-CP concentrations and density
(OD,,,) analyses. The samples collected from each flask at
predetermined time intervals were allowed to settle for
30 min, and optical density (OD,, ) values of the supernatants
were measured at 550 nm. The OD__ values were converted

550
to MLVSS concentrations using a linear relationship [12].

2.5. Continuous flow bioreactor

A schematic diagram of the laboratory scale fixed
biofilm process is shown in Fig. 1. A continuous fixed bio-
film reactor was initiated by introducing the supernatant
of the previous acclimated activated sludge after gravity
sedimentation of the solids for 2 h as a seed inoculum. The
fixed biofilm reactor (Fig. 1) consisted of a glass cylinder
that was 70% packed with DFCCPs as the supporting media
for biofilm attachment. The reactor porosity was 45.6%. The
seed inoculum was placed in the reactor containing the
DEFCCPs. The liquid in the reactor was circulated by pump
for 72 h to ensure the attachment of seed inoculum on the
DECCPs. A single plastic sieve was provided at the top
of the packing DFCCPs to keep them in place and avoid
initial floating. The effective working volume of biofilm
reactor was 1.6 L, which yielded a hydraulic retention time
(HRT) of 6 h. The reactor was maintained at 30 + 0.2°C
through a water jacket using a circulating water bath
(Yih Der Inc., Taipei, Taiwan). The influent was provided
at the bottom of the reactor using a digital peristaltic pump
(Model HT1001], Longer Pump, China). The influent feed
was a synthetic wastewater containing phenol and 2-CP
as binary substrates. The pH was buffered at 7.1 + 0.2 by
HPO;/H,PO; in the feed solution. The influent flow rate
was 2.11 mL min™. The effluent and recirculation loop were
separated with a trigeminal tube to connect the tubing.
The flow rate of the recirculation loop was maintained at
31.65 mL min™ to ensure a recycle ratio (Q /Q) of 15 and the
reactor reached an almost completely mixed condition.

2.6. Analytical techniques

HPLC-UV with an Alliance 2695 liquid chromatography
(Waters Co., Milford, MA, USA) was used for the
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Fig. 1. Laboratory scale fixed biofilm process.

measurement of phenol and 2-CP. The apparatus consisted
of a Waters 2707 autosampler and Waters 2487 UV/Vis
detector, and was equipped with a Symmetry® C18 column
(particle size, 5 pm). The diameter of the column size was
3.9 mm and a height of 150 mm. The samples were filtrated
through a Millipore filter (0.22 um) before the analysis
of phenol and 2-CP. A mobile phase composed of 50 mM
potassium phosphate/acetonitrile (70/30, v/v) was used to
elute the samples at a flow rate of 0.7 mL min™. The UV/Vis
spectrophotometric detector was set to 254 nm. The injec-
tion volume in each sample was 6 uL. The average reten-
tion times for phenol and 2-CP was approximately 5.69 and
8.96 min, respectively. Three calibration plots were obtained
and used to estimate the concentrations of unknown phe-
nol, 2-CP and biomass. The concentrations of phenol and
2-CP were expressed by the following regression equation:
Phenol (mg L) =0.0957 +2.0 x 10* x (Area), R*=1.0000; 2-CP
(mg L) =0.1597 + 4.0 x 10* x (Area), R?=0.9999, respectively.
The MLVSS were monitored spectrophotometrically by mea-
suring the absorbance at a wavelength of 550 nm using an
UV/Vis spectrophotometer (Shimadzu, model UV-1700, Kyoto,
Japan). The MLVSS concentration was detected using standard
methods [25]. The observed biomass concentration followed
the following regression equation: MLVSS (mg L™) = -1.480
8 +327.72 x OD,,, R*=0.9927. All of the measurements were
performed in duplicate and arithmetic averages were taken
throughout the data analysis and calculations [13].
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3. Model descriptions
3.1. Batch growth kinetics

The specific growth rate in the exponential phase of the
batch reactor is calculated by:

~ ln(Xz/Xl)
) v

where X, and X, are the biomass concentrations (MLVSS) at
times ¢, and t,, respectively. The value of u can be computed
from the linearized plot of InX vs. time in the exponential
phase of the growth of activated sludge. Haldane kinetics
was used to describe the specific growth rate for phenol and
2-CP, respectively:

_dinX _ WS

2
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K
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where p_ is the maximum specific growth rate (d7);
S is the substrate concentration (mg L™); K, is the Monod
half-saturation constant (mg L) and K, is the substrate
inhibition constant (mg L™).

The yield of biomass (MLVSS) on phenol and 2-CP
was determined by the following equation:

_(XM_XO)

x/s (CS _CO) (3)

where X, and X are the maximum and initial biomass con-
centrations (MLVSS), respectively; and C_and C, are the sub-
strate concentrations at the maximum biomass and initial
substrate concentration, respectively (mg L7).

A typical growth curve for the biomass includes an
endogenous phase after the complete consumption of the
substrate. During the endogenous phase, some part of
the biomass becomes food for the rest of the biomass. The
declining phase in the batch system can be modeled by the

following equation:

aX
—=—kX 4
T 4)
where X is the biomass concentration (MLVSS) and k, is the
decay coefficient (h! or d™'). After integration and arrange-
ment of Eq. (4), the value of k, can be expressed as follows:

L _ In(X,/X)) )

‘ iz _t1

where X, and X, are the biomass concentrations at ¢, and ¢,
respectively.

For the substrate mixtures, the specific growth rate on the
binary inhibitory substrates is described by the sum kinetics
model [26]:

umax S umax S
Hmix — S; P + ,CI’2 cr (6)
KS,P + SP + KP + ICP,PSCI’ KS,CP + SCP + < + IP,CPSP
i,P i,CP

where the subscripts P and CP represent phenol and 2-CP,
respectively; w ., and p__ ., are the maximum specific
growth rate of biomass on phenol and 2-CF, respectively;
S, and S_, are the phenol and 2-CP concentrations in the
reactor (mg L™), respectively; K , and K__, are the Monod
half-saturation constants of phenol and 2- CP (mg L), respec-
tively; K, , and K, ., are the inhibition constants of phenol and
2-CP (mg L), respectlvely, cpp is the inhibition constant
of 2-CP to biomass growth on phenol (dimensionless); and
I, ., is the inhibition constant of phenol to biomass growth

p,CP
on 2-CP (dimensionless).

3.2. Continuous flow biofilm kinetics

To derive the mathematical expressions for the utilization
of the binary substrates in the aerobic biofilm process, various
assumptions are made: (1) there are substrate interactions
between phenol and 2-CP [3,26,27]; (2) the biofilm and sus-
pended biomass are homogeneous; (3) the biofilm density
is constant; (4) a stagnant layer covers the biofilm [28]; (5)
concentrations of phenol and 2-CP within the biofilm vary
only in the direction normal to the biofilm surface; (6) syn-
chronous phenol and 2-CP utilization by acclimated activated
sludge [29]; (7) the growth of the biofilm does not affect the
flow pattern of liquid in the reactor; (8) phenol and 2-CP are
transported from the bulk liquid to biofilm phase through
the stagnant-liquid layer by molecular diffusion; (9) Fick’s
law governs diffusion within the biofilm; and (10) the shear
loss of the biofilm increases the amount of suspended bio-
mass in the bulk liquid phase.

A kinetic model used to predict phenol and 2-CP within
the biofilm must be able to provide estimations of phenol
and 2-CP biodegradation by biofilm simultaneously. The
unsteady state form of mass transfer diffusion across the
liquid-biofilm interface and biodegradation of phenol and
2-CP in the biofilm can be described by Fick’s law and the
Haldane kinetics on the binary inhibitory substrates [30]:

asf’P — azsfrp l”Lmax Psf [’Xf
=D p—5"- > @)
ot IPg
Z/ 5 f,P
Yp KS,P + Sf,P + K + ICP,PSf/CP
i,P
65;,@ -D 82Sf,cp B Minax, CPSf C[’X

8
ot f.CcP 52; S;VCP ( )
Yep| K cp + Sf,CP + K + IP,CPSf,P
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IC1:S, ,(2,,0)=0 ©)

IC2:8, ,(2,,0)=0 (10)
where S, and S, are concentrations of phenol and 2-CP in the
biofilm (mg L), respectively; D, and D, ., are the diffusivities
of phenol and 2-CP, respectwely, in the biofilm (cm? d7),
respectively; u_ ,and u__ ., are the maximum growth rates
by phenol and 7- CP (d- 1) respectlvely, Y, and Y, are the
growth ylelds on phenol and 2-CP (mg VSS mg substrate’l),
respectively; K , and K Lcp are the Monod half-saturation
constants of phenol and 2-CP (mg L), respectively; K,, and
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K, ., are the inhibition constants of phenol and 2-CP (mg L),
respectively; I, is the inhibition constant of 2-CP to biomass
growth on phenol (dimensionless); I, o, is the inhibition con-
stant of phenol to biomass growth on 2-CP (dimensionless);
X, is the density of the biofilm (mg VSS mL™); z is the axial
Coordmate in the biofilm (um). Egs. (7) and (8) require two
boundary conditions. The fluxes of the phenol and 2-CP at the
wall of the inert medium were zero; thus, the concentration

gradients of phenol and 2-CP at the wall must be zero:

as

—L=0 (11)
8zf

S, &

<L -0 (12)
sz

At the liquid/biofilm interface, the flux diffusing into the
interface from the liquid film is equal to the flux diffusing
out of the interface into the biofilm:

oS, ,

Jo =Dy g Lot =y (S0r =5r) (13)
oS

Jer = Df cp af < (Lf’t):kf,CP (Sb,CP 7Ss,cp) (14)

where k, and k, ., are the liquid-film mass transfer coefficients
of phenol and 2- CP (cm d7'), respectively; and S_, and S_,
are the concentrations of phenol and 2-CP at the liquid/
biofilm interface (mg L), respectively.

Since the density of the biofilm is assumed constant, the
volume and thickness of the biofilm must increase with time
as the biofilm grows. The growth kinetics of the biofilm can
be described by the following equation:

di _ J‘Lf “max,PSf,P
dt % 5; ,
Ks,P + Sf/P + Ki + ICP,PSf/CP
’; (15)
Hmax,CP f,CP
+ = X, dz,
K o +S I 4T, S
s T f.cP +K7+ P,CPYf,P
i,CP
IC:L,(0)=L,, (16)

In the above equation, L, is the biofilm thickness (um);
k,, and k,, are the decay coefficients of the biomass on
phenol and 2-CP (d), respectively; and f. is the specific
shear-loss coefficient of biomass (d™*). The change of the
phenol and 2-CP concentrations, as well as the suspended
biomass concentration with time in the liquid phase of
the biofilm reactor can be described using the following
unsteady state mass balances [30]:

s, Q A
it = V*E(Sb,po - Sh,[’) _(‘/8]]1‘

_ Hmax,Psb/PXh (17)
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IC2:S, ,(0)=S, o 21)
IC3:X,(0)=X,, (22)
where S, and §, ., are the concentrations of phenol and

2-CP in the feed (mg L), respectively; S, , and S, ., are the
concentrations of phenol and 2-CP in the bulk hqu1d (mg L),
respectively; X, is the initial suspended biomass concen-
tration in the bulk liquid (mg VSS L™); X, is the suspended
biomass concentration in the bulk liquid (mg VSS L™); Q is
the influent flow rate (mL d™'); Vis the working volume of the
reactor (mL); € is the reactor porosity (dimensionless); and
A is the total surface area of the medium (cm?).

3.3. Continuous flow biofilm model solution

The biofilm model system can be solved as a transient
problem from the unsteady-state to steady-state conditions.
The model system contains two partial differential equations
and four ordinary differential equations, including several
boundary and initial conditions. All of the differential equa-
tions can be simplified by defining dimensionless variables
leading to dimensionless forms. Applying the orthogonal
collocation method to the dimensionless forms of the partial
differential equations yields ordinary differential equations,
which can then be solved using Gear’s method. Legendre
polynomials in planar geometry were applied to approx-
imate the concentration profiles of the phenol and 2-CP in
the biofilm. The computer programs were coded in Fortran
and executed with a Macintosh computer with an accelerator
located at the Central Taiwan University of Science and
Technology (Taichung, Taiwan).

4. Results and discussion
4.1. Acclimation of activated sludge to phenol and 2-CP

Aerobic sewage sludge was inoculated into the culture
medium (200 mL) with phenol and 2-CPin 250 mL Erlenmeyer
flasks to obtain phenol and 2-CP acclimated cultures. Fig. 2a
shows the acclimation of aerobic activated sludge to phenol.
The time required for the complete degradation of 4 mg L™ of
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Fig. 2. Acclimation of aerobic activated sludge to: (a) phenol and
(b) 2-CP.

phenol by non-acclimated activated sludge sludge was 10 h.
When the activated sludge was spiked a second time with
phenol, the complete removal of 13.7 mg L took only 17 h.
The second feeding of phenol upon complete substrate deple-
tion significantly reduced the lag time before the biodegra-
dation started. This experimental result is consistent with
that obtained by Bajaj et al. [20] who used quick successive
feeding of 2-CP to observe the lag time of biodegradation.
The 2-CP degradation by non-acclimated activated sludge is
depicted in Fig. 2b. When the initial concentration of 2-CP
was 5.0 mg L7, the time required for complete degradation
was only 0.85 d, which increased to 2.4 and 8.3 d as the ini-
tial 2-CP concentration was increased to 5.3 and 9.2 mg L,
respectively. A decreased degradation rate with increasing
initial 2-CP concentration was also observed, which implied
that the 2-CP acted as an inhibitor. Acclimation and addition
of the growth substrates are two methods to enhance the
biodegradation efficiency of 2-CP. Majumder and Gupta [31]
reported that the adaptation of microorganisms was found to
improve the extent of biodegradation of chlorophenols even
though chlorophenols are inhibitory to microorganisms.
Moreover, addition of growth substrates to the medium has
shown to improve the extent of biodegradation of chlori-
nated aromatic compounds [32].

4.2. Degradation of single substrate by acclimated activated sludge

The degradation of single substrate and biomass growth
using acclimated activated sludge are shown in Figs. 3
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Fig. 3. Time course of the change in concentration for different
initial phenol contents with acclimated activated sludge:
(a) phenol and (b) MLVSS.

and 4. Batch experiments were conducted in a culture
medium containing various initial concentrations of phenol
(15.5-97.6 mg L") and 2-CP (16.8-96.9 mgL™). Samples
drawn from the batch reactors at different time were ana-
lyzed for phenol and 2-CP as well as MLVSS. The degrada-
tion of phenol and 2-CP started with no lag phase. This result
was similar to that reported by Sahinkaya and Dilek [33] who
found that the lag phase for non-acclimated culture disap-
peared after acclimation. It is evident that the time required
for complete degradation of phenol and 2-CP is significantly
different at each substrate level. The time needed for the
complete removal of phenol is significantly shorter than
that of 2-CP. Our experiments indicated that the phenol was
completely degraded in a range of 2.5-9.5 h for all substrate
levels, however, the time required for complete degradation
of 2-CP was 7-12 d for all substrate levels. Buitron et al. [23]
reported a time of 10 h for the complete transformation of
approximately 25 mg L phenol in a mixture of phenolic
compounds, which is comparable with our study because the
acclimated activated sludge was also used in their studies.
Sivarajan et al. [34] conducted a batch reactor experiment and
found that the time needed for the maximum 2-CP removal
efficiency was achieved after 15 d at a mixing ratio of 80/20
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Fig. 4. Time course of the change in concentration for different
initial 2-CP contents with acclimated sludge: (a) 2-CP and

(b) MLVSS.

for a synthetic 2-CP-starch solution, which was close to the
time required in this study.

4.3. Biomass growth on single substrate

Fig. 5 shows the specific growth rates of the biomass on
phenol and 2-CP, respectively. The maximum specific growth
rates, p__; the half saturation constant, K; and inhibition
constant, K, were obtained using the non-linear least-squares
regression method and fitting the experimental data with
correlation coefficients (R?) of 0.948 for phenol and 0.958
for 2-CP, respectively. The experimental results indicated
that the maximum growth rates of the phenol-degrading
and 2-CP-degrading enrichments were obtained at approx-
imately 28 mg L™ phenol and 69 mg L™ 2-CP, respectively.
Below the concentrations of 28 mg L™ phenol and 69 mg L
2-CP, respectively, growth seemed to be suboptimal due to
substrate limitation and above these concentrations growth
was inhibited increasingly due to substrate inhibition [14].
The best-fit values of the parameters were obtained in the
following model equations for phenol and 2-CP:

6.552S
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Fig. 5. Specific growth rate (u) as a function of initial
concentrations: (a) phenol and (b) 2-CP.

where i, and p, are the specific growth rates of the phenol-
degrading and 2-CP-degrading enrichment cultures (d™),
respectively. The p__, K, and K, values for phenol obtained
from this study was 6.552 d7, 6.3 mg L7, and 54.5 mg L7,
respectively, which fall within the ranges in the literature
of 3.144-10.512 d', 3.9-74.65 mg L™ and 72.4-648.13 mg L,
respectively [12]. In the case of 2-CP biodegradation, the
Haldane biokinetic parameters, n__, K, and K, obtained
in this study were 0.185 d*, 25.8 mg L™, and 127.6 mg L7,
respectively. This indicated that the biomass degraded phe-
nol more rapidly than for 2-CP, since the maximum specific
growth rate on phenol was much greater than that on 2-CP.
In addition, the magnitude of the K_ value revealed that the
biomass had a much stronger affinity to phenol than to 2-CP.
The larger K, value on 2-CP (127.6 mg L) obtained from this
study revealed that the biomass had a higher resistance to
2-CP inhibition than to phenol (54.5 mg L™). Moreover, the
growth of the biomass was inhibited more significantly by
phenol than by 2-CP at an initial concentration greater than
69 mg L.

The growth yield and decay coefficient of the biomass
on phenol and 2-CP were determined from experimental
data using Egs. (3) and (4). The estimated biokinetic param-
eters (Y . and k,) on phenol and 2-CP obtained in the batch

x/s
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growth experiments are listed in Tables 1 and 2, respectively.
The growth yields on phenol ranged from 0.461 to 0.467
mg mg™ for initial phenol concentrations of 15.5-97.6 mg L.
The obtained decay coefficients of the biomass ranged from
4.87 x 10 - 5.19 x 102 d™! for initial phenol concentrations of
15.5-97.6 mg L. The average growth yield on single phe-
nol (Y, ,) was 0.464 mg mg™ with a standard deviation value
of 2.324 x 107. The decay coefficient on single phenol was
5.01 x 10 + 1.235 x 10 The growth yield on 2-CP alone var-
ied from 0.320 to 0.339 mg mg™ with a mean value of 0.334
and a standard deviation value of 6.868 x 10~. The obtained
decay coefficient on single 2-CP measured from various
batch experiments was 2.22 x 107 +2.944 x 107>

4.4. Acclimation of activated sludge to phenol plus 2-CP

The acclimation of aerobic activated sludge to phenol
plus 2-CP by the re-feeding of a fresh medium with sub-
strates is shown in Fig. 6. The data points represent the mean
of three replicate cultures. After two feedings of the medium,
as well as with phenol and 2-CP, and an incubation period
of 18.8 d, the degradation rate of phenol was enhanced
from 10.2 to 13.2 mg L d! at the first re-feeding. At the

Table 1
Summary of biokinetic parameters for single phenol degradation

Biokinetic parameters

Run number Initial phenol Y, k,»(d™)
concentration (mgmg™)
(mg L)
1 15.5 0.464 5.04 x 102
2 28.2 0.467 4.94 x 102
3 43.7 0.461 4.90 x 102
4 61.4 0.466 5.19 x 102
5 76.8 0.462 5.09 x 102
6 97.6 0.465 4.87 x 102
Mean - 0.464 5.01 x 102
Standard deviation - 2324 x10° 1.235x10°°

Table 2
Summary of biokinetic parameters for single 2-CP degradation

Biokinetic parameters

Run number Initial phenol Y, , kycp (d7)
concentration (mgmg™)
(mg L)
1 16.8 0.320 219 x10°®
2 29.3 0.330 222 x10°
3 41.8 0.335 218 x10°®
4 55.6 0.336 2.25x 10
5 68.7 0.338 223 x 107
6 78.2 0.339 2.21x107°
7 96.9 0.339 2.26 x 107°
Mean - 0.334 222 x107°
Standard deviation - 6.868 x 10 2.944 x 10-°

second re-feeding, the degradation rate was approximately
11.5 mg L? d™. The results suggest that acclimation and
growth of the phenol-degrading microbial population were
apparent. The degradation rates of 2-CP was 5.11, 1.78 and
1.96 mg L d'. The values of the degradation rates for 2-CP
were much lower than that of phenol. The experimental
results also indicated that the time required for complete
degradation of phenol was much shorter than that of 2-CP,
which revealed that the 2-CP produced more inhibition
to non-acclimated activated sludge than that of phenol.
However, the time required for complete removal of 2-CP
at the second re-feeding was shorter than that at the first
re-feeding indicating that activated sludge was gradually
adapted to 2-CP.

4.5. Simultaneous degradation of phenol plus 2-CP
in batch experiments

The ability of the acclimated activated sludge to
simultaneously degrade phenol and 2-CP was evaluated by
monitoring the disappearance of phenol and 2-CP at their
different initial concentrations in the batch culture over a
23 d period. Fig. 7 shows the variations in the phenol and
2-CP concentrations with time by acclimated activated
sludge with different initial phenol (17.2-30.4 mg L) and
2-CP (14.3-29.1 mg L) contents. The phenol and 2-CP con-
centrations in the batch reactors decreased steeply with
time at lower initial phenol and 2-CP concentrations, as
compared with those containing higher levels of phenol and
2-CP. It is noted that the phenol was completely removed
within 4.2 d, however, the percentage of 2-CP removal was
79%, 59%, 60%, and 55% at initial 2-CP concentrations of
14.3, 18.6, 23.4, and 29.1 mg L, respectively. Based on the
data presented in Fig. 7, the degradation of 2-CP started
without lag period. The highest degradation rates of 2-CP
were observed before 2.6 d, and consequently prolonged
the intermediate lag length of 12-18 d for an initial 2-CP
concentration of 18.6-29.1 mg L. The acclimated bio-
mass was able to achieve complete biodegradation within
9-23 d for an initial 2-CP concentration of 14.3-29.1 mg L.

16 L] L] L]
—O— Phenol
=== 2-CP

re-feeding

$ re-feeding

Concentration (mg L™)

Time (days)

Fig. 6. Acclimation of aerobic activated sludge by both phenol
and 2-CP.
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Fig. 7. Time course of the change in phenol and 2-CP
concentrations in the batch reactors.

An interesting finding of these experiments was that the
2-CP as cometabolic compound was completely biodegraded
successfully by the acclimated biomass after depletion of
phenol under resting cell conditions [33]. A similar result
was also reported in Aktas [35] in which the 2-CP and 2-NP
were biodegraded successfully only after the phenol was
completely biodegraded.

Changes in the final phenol and 2-CP concentrations
and phenol and 2-CP removal efficiencies at different initial
phenol and 2-CP concentrations after 15 d batch experi-
ments are illustrated in Fig. 8. The results revealed that the
removal percentage decreased and final 2-CP concentration
was proportionally higher with increasing initial 2-CP
concentration. The 2-CP percentage removal was 100% at an
initial 2-CP concentration of 14.3 mg L, dropping to 70%
at an initial concentration of 18.6 mg L™ and to only 63% at
an initial concentration of 29.1 mg L, with final 2-CP concen-
trations of 0, 5.5, and 10.9 mg L, respectively. The removal
efficiencies of phenol were 100% at the initial phenol
concentrations of 17.2-30.4 mg L™ after 15 d batch tests.

The specific growth rates estimated from the slope of
the linearized plots of InX vs. time in the log growth phrase
are shown in Fig. 9. The specific growth rates for all batch
experiments on binary substrates performed at 30°C ranged
from 0.185 to 0.204 d' at different initial phenol and 2-CP
contents. As mentioned earlier, the interaction parameters
of I, and I, indicate the degree to which 2-CP affects
the biodegradation of phenol and vice versa for I, ... Larger
values indicate stronger inhibition [36]. Fig. 10 presents the
specific growth rate of the biomass on phenol plus 2-CP. As
in the case of single substrate systems, the biokinetic param-
eters of I, and I, ., were determined using the non-linear
least-squares regression method. The kinetic parameters
(u,, K, and K)) in the equation are the same as for the phenol
and 2-CP experiments [26]. Based on the experimental and
modeling results, the best fit of Eq. (6) is:

6.5525 0.185S,
l'lmix = SZ - SZCP (25)
6.3+S,+—-+3585., 258+S., +—L+77.6S,
54.5 127.6
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Fig. 8. Variation in the final concentration and removal efficiency
after a 15 d batch operation with initial concentrations of
(a) phenol and (b) 2-CP.

The obtained value of the correlation coefficient (R?)
was 0.998. The values of ICRP and I[,,CP were 35.8 and 77.6,
respectively.

4.6. Determination of mass transfer coefficients

The diffusivities of phenol and 2-CP in water were
determined using the Wilke-Chang correlation [37]. The
diffusivities of phenol and 2-CP in water (D, ) calculated at
30°C were 0.949 and 0.861 cm? d', respectively. A ratio of
D/D, = 0.8, applied by Jih and Huang [38] for model cal-
culations of an anaerobic filter, was used to determine the
diffusivity in biofilm in this study. Thus, the D, values for
phenol and 2-CP were equivalent to 0.759 and 0.689 cm? d-,
respectively. The liquid-film mass transfer coefficient (k)
was determined using a formula suitable for packed bed
reactors [39]. The computed k, values for phenol and 2-CP
were 478.7 and 448.4 cm d’{, respectively. An empirical
formula derived by Speitel and DiGiano [40] was used to
determine the specific shear-loss coefficient (f,) of the biofilm
on DFCCPs. The value of f, for the acclimated biomass was
equal to 0.29 d™.
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4.7. Determination of biofilm density

At the end of continuous flow experiment, 50 DFCCPs
were transferred, one by one with tweezer to preclude
inclusion of interstitial water, to a tared aluminum pan. The
DFCCPs containing biofilm were weighed before and after
drying in the oven. Since water comprises about 99% of
the total biofilm mass [41], the weight loss upon drying is
assumed to be the summation of biofilm and adsorbed water.
Clean DFCCPs were immersed in clean water and picked
out to measure the amount of adsorbed water by the same
method. The biofilm volume was obtained by the difference
of the two measurements. The biofilm density thus computed
by dividing the biofilm mass by biofilm volume was equal to
8.52 mg MLVSS mL™.

4.8. Simultaneous degradation of phenol plus 2-CP
in a packed bed reactor

Table 3 summarizes the biokinetic and reactor parameters
of acclimated activated sludge as well as the operating
conditions of the reactor for the model predictions. An inter-
esting finding of the continuous-flow experiment that 2-CP
could be cometabolically biodegraded with acclimated sus-
pended and attached biomasses in the presence of phenol as
growth substrate. Phenol-degrading bacteria could induce
the necessary enzymes for cometabolic transformation of
2-CP [35]. The degrees of phenol and 2-CP removal obtained
under continuous flow conditions are illustrated in Figs. 11a
and b. The biodegradation of phenol and 2-CP was observed
from non-steady-state to steady-state conditions. The aver-
age effluent concentrations of phenol and 2-CP reached 0.52
and 2.14 mg L7, respectively, at the steady-state condition.
The initial phenol and 2-CP concentrations were 25.2 and
19.3 mg L7 corresponding removal efficiencies of 98% and
89%, respectively, while the system was stable. Satisfactory
agreements between the model predictions and actual
experimental data for phenol and 2-CP were obtained with
correlation coefficients (R?) of 0.922 and 0.967, respectively.
Large differences in the model predictions and actual exper-
imental data for the steady-state period can be attributed
to the difficulties encountered in analysis at low effluent
concentrations of phenol and 2-CP.

4.9. Biomass growth on phenol plus 2-CP

The acclimated activated sludge with 8.36 mg L™
of MLVSS was inoculated into the fixed biofilm reactor. The
MLVSS of the activated sludge increased from a transient
period to the steady-state condition as shown in Fig. 11c. No
significant lag phase occurred from the start of the suspended
biomass growth. A period of exponential growth within 10 d
was observed when the phenol and 2-CP were degraded
at a faster rate. The suspended biomass growth reached a
maximum of 38.9 mg L™ in the steady-state condition due
to biodegradation. The model prediction was in good agree-
ment with the experimental result with a correlation coeffi-
cient (R?) of 0.970. The model curve for the biofilm growth
as a function of time is shown in Fig. 11d. By comparing
Figs. 11a and b, the variation of suspended and attached bio-
mass (biofilm) with respect to time showed the same growth
trend, indicating that the suspended biomass and biofilm
simultaneously biodegraded the phenol and 2-CP in the bio-
reactor. The growth of the biofilm abruptly increased with
time during the period of 10 d. The biofilm then achieved
a steady-state condition during the period of 10-30 d. The
growth of the biofilm reached a maximum value of around
60 pm at the steady state.

4.10. Fluxes into the biofilm on phenol plus 2-CP

Fig. 1le illustrates that the model-predicted fluxes of
phenol and 2-CP into the biofilm varied with time. At the
start of the experiment, there were significant fluxes of phe-
nol and 2-CP diffusing into the biofilm as the biofilm growth
was vigorous. It is noted that the phenol flux increased much
faster than that of the 2-CP because phenol has a larger
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Table 3

Summary of the biokinetic and reactor parameters, as well as the operation conditions for the model predictions

Symbol Parameters description, unit Value Remarks

€ Reactor porosity, dimensionless 0.456 Measured
A Total surface area of ceramic particles, cm? 4.039 x 10° Calculated
k,p Decay coefficient of biomass on phenol, d-! 5.01 x 10 Measured
ko Decay coefficient of biomass on 2-CP, d 222 x107° Measured
1. Specific shear-loss coefficient of biomass, d* 0.29 Calculated
Dﬁ » Diffusivity of phenol in the biofilm, cm? d-! 0.759 Calculated
D Diffusivity of 2-CP in the biofilm, cm? d™ 0.689 Calculated
Iopp Inhibition constant of 2-CP to biomass growth on phenol, dimensionless 35.8 Measured
L Inhibition constant of phenol to biomass growth on 2-CP, dimensionless 77.6 Measured
k., Mass transfer coefficient of phenol, cm d! 478.7 Calculated
kf,CP Mass transfer coefficient of 2-CP, cm d™ 448.4 Calculated
K, Inhibition constant of phenol, mg L 54.5 Measured
Ko Inhibition constant of 2-CP, mg L™ 127.6 Measured
K, Saturation constant of phenol, mg L™ 6.3 Measured
K, Saturation constant of 2-CP, mg L™ 25.8 Measured
Ly Initial biofilm thickness, pm 7.5 Assumed

Q Influent flow rate, mL d! 6.4 x10° Measured
Su Concentration of phenol in feed, mg L™ 252 Measured
Secro Concentration of 2-CP in feed, mg L™ 19.3 Measured
Vv Effective working volume, mL 1.6 x10° Measured
X, Initial biomass concentration in bulk liquid, mg MLVSS L™ 8.36 Measured
X, Biofilm density, mg MLVSS mL~" 8.52 Measured
Y, Growth yield of biomass on phenol, mg MLVSS (mg phenol)™ 0.464 Measured
Yep Growth yield of biomass on 2-CP, mg MLVSS (mg 2-CP)* 0.334 Measured
[V Maximum specific growth rate of biomass on phenol, d™ 6.552 Measured
Mina.cp Maximum specific growth rate of biomass on 2-CP, d! 0.185 Measured

maximum specific utilization rate (k). The time required to
attain a maximum value of the phenol and 2-CP fluxes was
1 and 10 d, respectively. The biofilm vigorously degraded
the phenol and 2-CP and became thicker during the tran-
sient period. Thus, the concentration gradient of phenol
and 2-CP between the bulk liquid and biofilm/liquid inter-
face increased, significantly increasing the phenol and 2-CP
fluxes into the biofilm due to the vigorous biodegradation by
the biofilm. After transient periods of 1 and 10 d for phenol
and 2-CP, the fluxes reached maximal constant values of
0.037 and 0.026 mg cm™ d, respectively.

4.11. Concentration profiles of phenol plus 2-CP

Fig. 11f shows the concentration profiles of phenol and
2-CP in the biofilm, liquid film, and bulk liquid obtained
at days 4.4 and 30. The phenol and 2-CP in the bulk liquid
diffused into the biofilm through the liquid film to form con-
centration profiles due to diffusional resistance. On day 4.4,
the thickness of the biofilm was approximately 47 pm and
the biofilm significantly utilized the phenol and 2-CP. The

biofilms for phenol and 2-CP at this stage are classified as
shallow and penetrated biofilm, respectively [42]. On day 30,
the fixed biofilm reactor approached a steady-state condition,
in which the concentrations of phenol and 2-CP in the biofilm
decreased abruptly near the surface of the ceramic particles.
It was noted that the 2-CP encountered a smaller diffusional
resistance compared with phenol due to a low maximum
specific growth rate on 2-CP. In this stage, the biofilms for
phenol and 2-CP are called shallow and penetrated biofilms,
respectively.

4.12. Proposed practical application

Many physico-chemical and biological methods were
employed for phenol removal. In physio-chemical methods,
the efficiency of phenol by polymerization, electro-
coagulation, photodecomposition, electro-Fenton and adsorp-
tion was 90%, 97%, 90%, 96%, and 95%, respectively [43]. In
biological methods, the removal efficiency of phenol was
90% and 98% by stabilization pond process and moving bed
biofilm process, respectively [43]. Zilouei et al. [5] performed
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two packed bed bioreactors for continuous treatment of a
mixtures of 2-chlorophenol, 4-chlorophenol, 2,4-dichlorophe-
nol, and 2,4,6-trichlorophenol at two different temperatures.
They found that the removal efficiencies of all chlorophenolic
compounds were more than 99%. Furthermore, Bajaj et al.
[44] conducted a continuous treatment of 2-CP at increasing
concentrations up to 2,600 mg L™ in an anaerobic fixed bed
reactor and found that the removal efficiency of 2-CP was
81%. In this study, the removal efficiency of phenol and 2-CP
was 98% and 89% by a packed bed bioreactor at a steady-
state condition, respectively. The approaches of experi-
ments and kinetic model presented in this study could be
employed to design a pilot-scale or full-scale packed bed
bioreactor system for synchronous removal of phenol and
chlorophenols by acclimated activated sludge in wastewater.

5. Conclusions

This study demonstrated that non-acclimated and
acclimated activated sludge has a higher capacity for the
biodegradation of phenol than that of 2-CP. The biodegra-
dation time of 2-CP by a non-acclimated activated sludge
in binary substrates via re-feeding was improved by 4 d
upon the second re-feeding of the same amount of 2-CP.
Batch biodegradation experiments were performed in order
to investigate phenol and 2-CP, as well as the growth of
acclimated activated sludge. Our experiments indicated
that the phenol was completely degraded within 10 h, how-
ever, the time required for complete degradation of 2-CP
was within 12 d for all levels of substrates. In addition, the
Haldane model was applied to fit the results of the batch
growth experimental data of phenol and 2-CP to determine
the biokinetic parameters (n_, K, and K). The growth
yield (Y,,) and decay coefficient (k,) were determined by the
batch growth results. The sum kinetic model was used to
fit the experimental data of phenol plus 2-CP to determine
the interactions parameters (I, and I, ;). Furthermore, a
continuous-flow packed bed reactor was conducted to eval-
uate the biodegradation of phenol plus 2-CP. The results of
the kinetic experiments indicated that the removal efficien-
cies of phenol and 2-CP were 98% and 89%, respectively.
The experimental results of the effluent concentrations for
phenol plus 2-CP, as well as the suspended biomass, agreed
well with the results of the model predictions.
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