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Abstract

This research was focused on developing a non-steady-state numerical model to differentiate the adsorption and biodegradation quantities of a
biological activated carbon (BAC) column. The mechanisms considered in this model included adsorption, biodegradation, convection and diffusion.
Simulations were performed to evaluate the effects of some parameters such as specific biodegradation rates and diffusivities on adsorption and
biodegradation performances for the removal of dissolved organic matter from water. The results show that the developed model can predict the
experimental data well.

The biofilm developed around the BAC granules can hinder the mass transfer of the substrate onto the GAC surface, and the adsorption process
will be restricted by the biofilm thickness. Although increasing the specific biodegradation rate can increase the performance of biodegradation, the
adsorption efficiency will be decreased by lowering the boundary concentration in the interface of GAC. On the contrary, increasing the diffusivity
can increase both the adsorption and biodegradation efficiencies simultaneously; so that the overall removal efficiency can be promoted through

the improvement of mass transfer.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In water treatment processes, using biological activated car-
bon (BAC), which includes both adsorption and biodegradation
mechanisms, to reduce ozonation by-products (OBPs) has the
advantages of lowing the regeneration cost and prolonging the
life of granular activated carbon (GAC) beds [1,2]. Besides the
removals of the typical OBPs, the BAC process is also capable
of removing other contaminants, such as non-ionogenic syn-
thetic surfactants [3], ammonia [4], and bromate as bromide in
source waters reacting with ozone [5]. In our previous study,
adsorption is the prevailing mechanism for the removal of p-
hydroxybenzoic acid, and biodegradation is responsible for the
removal of ozonation intermediates [6].

The adsorption and biodegradation mechanisms overlap in
the BAC bed, and it is difficult to recognize the predominant
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mechanism in removing contaminants. In the review of the lit-
erature regarding biofilter models [7], limited information was
mentioned about the removal mechanism. Most researches for
the development of biofilter models were focused on the evo-
lution of biodegradation [8—16], and some of the representative
models are listed in Table 1. Chang and Rittmann [10] developed
a mathematical model of biofilm on activated carbon, which
could quantify the extent of adsorption and biodegradation. The
most important contribution was to elucidate the substrate pass-
ing through the biofilm and then absorbed by the GAC; that is,
the flux from biofilm is identical to the substrate absorbed on a
GAC granule. However, it could not be applied under unsteady
or plug-flow conditions. In an experimental study on column
breakthrough, the capacities of GAC and BAC columns were
derived, but the interaction between the two mechanisms still
remains unclear [17]. Sakoda et al. [12] suggested a theoretical
model in 1996 for a BAC column. The transport mechanisms
in the column included dispersion, convection, biodegradation
and adsorption, and the basic simplifying assumption was that
the substrate concentration in the interface between the biofilm
and the GAC was identical to that in the bulk solution. In 1997,
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Table 1
Some of the representative BAC models
Reactor type  Terms in governing  Kinetic condition Mass transport  Solution Authors
equation® : - - description® method
Substrate in ~ Substrate  Biofilm Substrate in GAC
bulk phase in biofilm  amount
Complex A B Non-steady ~ Monod Non-steady  Non-equilibrium 1,2, 3,4, 5 Analytical ~ Chang and Rittmann, [10]
mixing
Column A,B,C,D Non-steady  n.a.c Steady Equilibrium 1 Analytical ~ Sakoda et al. [12]
Column A,B Uniform Monod Non-steady n.a. 1 Analytical ~ Walker and Weatherley [14]
Column A,B,C Non-steady =~ Monod Steady Non-equilibrium 1,5 Analytical ~ Abumaizar et al. [15]
Column B,C,D Non-steady ~ Monod Non-steady n.a. 1,2,3 Numerical Hozalski and Bourer [16]

% A: adsorption, B: biodegradation, C: convection, D: dispersion.

b 1: bulk phase, 2: interface between bulk phase and biofilm, 3: biofilm, 4: interface between biofilm and GAC, 5: GAC.

¢ Not analyzed in the article.

Walker and Weatherley [14] proposed a simplified predictive
model for biologically activated carbon fixed beds based on
Monod kinetics. Their mathematical development was based on
the assumptions that the BAC system was a simple combination
of adsorption and biodegradation, so that the detailed analysis
of simultaneous diffusion and biodegradation in the biofilm was
not needed. A detailed biofilter model was reported by Hozalski
and Bourer [16]. In their model the length of the biofilm was
dynamic and controlled by biotic parameters as well as mass
transport.

This research developed a numerical model to simulate both
adsorption and biodegradation quantities of a BAC column
under a non-steady-state condition, so as to predict the efflu-
ent concentration, biomass profiles, and the residual capacity
of adsorption. The basic assumptions of the models are: (1)
the granules used in BAC are sphere in shape; (2) biodegra-
dation reaction can be neglected in the pores of the granules,
because the size of most meso or micro pores (<0.05 wm) of
GAC are less than the size of a microbe, so cannot permit
bacteria to penetrate; furthermore, desorption after the satura-
tion of the GAC was not taken into considered because this
model was focus on the simulation of a virgin GAC; (3) the
biofilm is homogeneous and the density of the biofilm is con-
stant; (4) mass transfer phenomenon is dominated by Fick’s
law; (5) transport of substrate through the column is by disper-
sion and advection; (6) transport of substrate within the biofilm
is by diffusion; (7) substrate is utilized by both immobilized
and suspended bacteria. In addition, a series of bench-scale
continuous column tests were performed for the purpose of
model calibration and validation, and for the assessment of the
effect of empty bed contact time (EBCT) on the removal of
OBPs.

2. Materials and methods
2.1. Model development
The conceptual diagram of a granule is shown in Fig. 1,

and the governing equation based on mass balance for the
substrate concentration in the liquid phase of the BAC

column is:
Sh %S,  0S 11—«
e— =Dp—5 —v— —
ot ax2 ax Ve
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where ¢ is the bed porosity of the BAC column; Sy the substrate
concentration in the liquid phase (M/L3); Dy, the dispersion coef-
ficient in the liquid phase (L?/T); x the distance along the BAC
column (L); v the superficial velocity (L/T); V, the volume of
a GAC granule (L?); Ly the length of the biofilm (L); kf the
maximum utilization rate in the biofilm (M/T-cell); X; the cell
density of the biofilm (cell/L?); S¢ the substrate concentration in
the biofilm (M/L3); K¢ the Monod half-velocity coefficient in the
biofilm (M/L?); rf and R, the radius of the biofilm and the GAC
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Fig. 1. Conceptual basis of biological activated carbon coordinate system.



318 C.-H. Liang, P.-C. Chiang / Journal of Hazardous Materials B139 (2007) 316-322

granule, respectively (L); o the GAC granule apparent density
(M/L3); ¢a the adsorption capacity (M/M); kp the maximum uti-
lization rate in the liquid phase (M/T-cell); X}, the cell density in
the liquid phase (cell/L3); Ky, is the Monod half-velocity coeffi-
cient in the liquid phase (M/L3).

The boundary conditions (BC) of the dispersion—advection-
reaction equation are shown below:

BC1: S =580, x=0,t>0 2)
05

BC2: P _y )
0x x=L.

where L. is the length of the BAC column (L).

The non-steady-state form of mass transfer and biodegrada-
tion reaction within biofilm, based on Fick’s law and Monod
equation, can be expressed as:

asy %St keSt

=Df—H — —
Ks+Sf

Xr, 0<r<L 4
o o2 f <rf < Lg¢ @

where Dy is the diffusivity within the biofilm (L%/T). Eq. 4)
describes a non-steady-state biofilm condition where diffusion
and reaction are simultaneously occurred.

One BC for Eq. (4) is that a diffusion layer exists between
the bulk solution and the biofilm, and the BC can be simplified
as:

Stlr=0 = kbt Sb 5

where kpr is a factor to estimate the concentration reduction
within the diffusion layer.

Another BC for Eq. (4) is the interface between the biofilm
and the GAC surface which is based on the equilibrium of the
substrate. In the study conducted by Chang and Rittmanns [10],
they assumed that there existed an interface between the acti-
vated carbon and the biofilm, and used a Fruendlich isotherm
to describe the equilibrium at the interface. In this study, the
Langmuir isotherm was used for the calculation of the bound-
ary concentration of the biofilm near the GAC side, which was
derived from the solid phase concentration of the adsorbates.
For single-component adsorbate:
gs = qoKLCq (6)

1+ KLCa
where ¢s is the surface concentration (M/M); go the unit-
layer adsorption capacity (M/M); K1, the Langmuir coefficient
(L3/M); C, is the concentration on the boundary of the biofilm
(M/L3).

The calculation for the adsorption capacity is based on the fact
that the flux from biofilm is identical to the substrate absorbed
on a GAC granule:

0S¢ 0qa

47r? Di— = m
& o o e

(N
re=Lg
where my is the mass of a GAC granule (M).

Substrate diffusing into biofilm will be utilized by bacteria
for metabolism. In this research, biodegradation reaction can be
neglected in the pores of the granules, because the sizes of pores

are too small for most bacteria to penetrate. In a control volume,
the average biodegradation rate can be derived by integrating the
Monod reaction expression and the amount of biofilm volume:

[/Lf keSt Xedn(re + e dre| Ny O<rp<L (8)
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where AV is a control volume unit of the BAC bed (L?); N is
the number of BAC granules in a control volume.

On the other hand, the thickness of biofilm will increase due
to growth, and decrease by the shear of water, and the self decay
of bacteria. In an arbitrary location of the column, the biofilm
thickness can be described as an initial value problem:

0 K5+Sf
dt Ar Xt

0<r<Ls (10)

dL¢ YfLr ke St Xidn(rg + re)? dre
— = — bt L,

where Y is the yield coefficient of biomass (CFU/M); Ag is the
surface area of a BAC granule (L.

The parameter by is the overall loss rate of bacteria due
to both endogenous decay and detachment. The detachment
of biofilm includes two mechanisms, sloughing and erosion.
Under steady-state the biofilm is dynamic-equivalent; that is, the
detachment rate is equal to the growth rate. However, it should
be noted that this equivalence may be the result of local stochas-
tic fluctuations of the biofilm [18]. Many conditions can affect
the detachment behavior of biofilm. Telgmann et al. [19] sum-
marized the difficulties for describing the detachment of biofilm
by average parameters, including thickness and density, growth
rate, and shear force, but there still existed a weak relation-
ship between the amount of detached biomass and the average
biofilm thickness before detachment [20]. Moreover, the biofilm
microstructure can result in different flow patterns and bound-
ary layers, so as to cause different shear stress on the attached
biofilm [21]. In this model study two mechanisms, i.e. endoge-
nous decay and detachment were considered, for the calculation
of the loss of biofilm, and the values were cited from the litera-
ture [22].

The factors affecting bacterial density in the bulk solution
include the mass transfer rates of dispersion and advection,
growth and decay of bacteria, peeled bacteria from biofilm due
to shear force, and the interception loss by the granule. How-
ever, the dispersion term, and the affects of growth and decay
are insignificant in a macro scope [16]. In this research, the gov-
erning equation for the bacterial density in bulk solution can be
simplified as an advection-reaction form:

0Xp 0X Yk, Sp Xp

=—v —_— an
ot ox Ky + Sy
The boundary conditions of Eq. (11) are shown below:
BCl: Xy,=Xg9, x=0, t>0 (12)
0Xp
BC2: — =0 (13)
ox x=Le



C.-H. Liang, P.-C. Chiang / Journal of Hazardous Materials B139 (2007) 316-322 319

Table 2
Operation conditions and parameters used for model simulation
Parameter (symbol) Value Unit Source
BAC filter and operation specifications
Column length (L) 50 cm
Column diameter (d..) 5 cm
Porosity (&) 04 -
Superficial velocity (v) 1200 cm/h (23]
GAC granule radius (Ry) 0.15 cm
GAC granule apparent density (og) 0.88 g/em®
Initial biofilm thickness 0.2 pm
Temperature 25 °C
Substrate properties
Influent concentration (Spo) 0.4 mg DOC/L [23]
Dispersion coefficient (Dy) 1620 cm?/h 4
Diflg.lsivity in biofilm (Dr) 2.9 %102 cm?/h Caleulated®
Biokinetic and bioassay constants
Maximum specific substrate utilization rate in water, biofilm (kp, k) 1.7x 10710 mg DOC/CFU h
Half-velocity concentration in water, biofilm (Kp, Kr) 0.1 mg DOC/L
e 6.45 x 108 CFU/mg [16]
Specific yield (¥) 0.33 cell/substrate
Biofilm density (X¢) 5.0x 1013 CFU/L
Total decay coefficient (byor) 0.25 day*1 [22]
Adsorption constants
Langmuir unit-layer adsorption capacity (go) 0.3 gDOC/g GAC 23]
Langmuir coefficient (K.) 18 L/mg

2 Wilke and Chang equation in [10].
2.2. Numerical solution

The governing equation of the substrate concentration in
bulk solution is a second-order partial differential equation, and
can be approximated by the Crank—Nicolson finite difference
method, with the Crout factorization method for solving tridi-
agonal linear system. The initial condition is:

Sp(x, ) =0, =0 (14)

qa(t) = 05

The non-steady-state substrate concentration within the biofilm
was also approximated by the Crank—Nicolson finite difference
method, and the initial condition is:

t=0 (15)

Siri, ) =0, =0 (16)

The program was written in FORTRAN 90 developed by the
Microsoft PowerStation. The parameters used for simulation are
listed in Table 2.

2.3. Lab-scale column system

The effective length of each experimental column was 50 cm
with EBCTs controlled at 2.5 and 10 min. The GAC was washed
in de-ionized water (Milli-Q SP) and then dried at 250 °C for
24 h, and then packed with a dry weight of 304 g. The feed solu-
tion consisted of four OBPs, including two aldehydes (formalde-
hyde and glyoxal, Sigma) and two ketoacids (glyoxalic and
ketomalonic acid, Sigma); the total dissolved organic carbon
(DOC) was 0.4 mg/L. The detailed experimental procedure and
results were described in our previous study [23].

3. Results and discussion
3.1. Influences of the biofilm thickness

The biomass activity represented as biomass respiration
potential (BRP) on the GAC granules was shown in Fig. 2, and
the sampling location was at the top (L=0+cm) of the col-
umn. This method was reported by Ufer and Huck [24] who
successfully employed the BRP method to determine the activ-
ity of biomass attached to the drinking water biofilter media.
On the same time, Fig. 2 also shows the biofilm thickness
simulated by this model. In this study, one of the major roles
of the biofilm thickness is for the calculation of biodegrada-
tion. Generally, the magnitude of bioactivity depends not only
on the biomass quantity, but also on the composition of the

———— biofilm thickness

600 16
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Fig. 2. The biofilm thickness and specific BRP profiles of the BAC column
(EBCT =10 min, sampled on the top of the column).
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Fig. 3. Biodegradation and adsorption rates as functions of the biofilm thickness.

microbe itself. Despite the heterogeneity, our model used an
integrated value for the calculation of biodegradation, and the
result of the simulated biofilm thickness shows a similar trend to
the BRP.

Another key influence of the biofilm thickness is to determine
the mass transfer rate outside GAC granules for adsorption. The
influences of biofilm thickness on adsorption and biodegradation
are shown in Fig. 3. The dimensionless adsorption ratio is the
adsorption rate (as a function of the biofilm thickness) divided
by the maximum adsorption rate (L¢ = 0); and the dimensionless
biodegradation ratio is the biodegradation rate divided by the
maximum biodegradation rate occurring when the biofilm thick-
ness is maximum (here 600 wm was assumed). The other input
parameters are the same in Table 2. For biodegradation, at half
of the maximum thickness, the dimensionless biodegradation
rate was 0.8. This result indicated that the quantity of biodegra-
dation was not linearly proportional to the biofilm thickness.
On the other hand, the dimensionless adsorption rate dramati-
cally decreased as the biofilm thickness increased. It was found
that at 0.4 maximum thickness, the adsorption rate decreased
from 1.0 to ~0.2. This result showed that the inter-particle
mass transfer for adsorption was hindered by the biofilm. More-
over, as the substrate passing through the biofilm, the driving
force for adsorption was lowered as the consequence of biomass
uptake.

3.2. Model calibration and validation—the effluent
concentration

During the calculation process of simulation, the liquid-film
mass transfer coefficient (kpfr) played an important role as a cor-
recting factor. In our previous study [23], glass beads were used
as packing media, the model can be simplified as only biodegra-
dation and the best kp¢ value for simulation could be acquired
by adjusting the simulation curve to the experimental data. The
results can be represented quantitatively by the least square value
(N is the number of data points):

; 2
1 CSi — Cet
Average least square value = — %
(Cett)

all data points

7)

Table 3

The average fit value for kn¢ value in the glass bead case

EBCT =2.5min EBCT =10 min

kpr value Average least kot value Average least
square value square value

0.2 0.20 0.2 0.33

0.3 0.16 0.3 0.26

0.4 0.14 04 0.18

0.5 0.13 0.5 0.14

0.6 0.14 0.6 0.13

0.7 0.18 0.7 0.15

0.8 0.25 0.8 0.27

The average least square value provides a quantitative compar-
ison of the agreement between a simulation and experimental
data. As the average least square value increases, the level of
agreement between the two simulations decreases. According
to the results of the glass bead column, shown in Table 3, the ky¢
value are chosen within a range of 0.5-0.6, and then the model
can get a good approximation to the experimental data for the
glass bead column. It should be noted that a higher ky¢ per-
mits a higher driving force on the biofilm boundary, and makes
substrate concentration profile higher within the biofilm; as a
consequence, the amounts of biodegradation and adsorption can
be increased.

The simulation effluent curves of the substrate concentration
of the BAC column under EBCT=2.5 and 10 min are shown
in Fig. 4. The removal efficiencies of the two EBCT cases at a
steady-state show a trend that the removal efficiencies increased
as the EBCT increased. However, the increment was insignifi-
cant in comparison with the increase of the EBCT. It should also
be noted that the kpr value is a little higher for EBCT = 10 min
than that for EBCT =2.5 min. This phenomenon suggests that
extending EBCT can derive a stronger driving force for the mass
transfer within the biofilm. From the simulation and experimen-
tal results, it was concluded that the BAC column could not effec-
tively remove the substrate until biodegradation reached equilib-
rium. In this research, biodegradation changed from an unsteady

a exp. data, EBCT=2.5

08
x exp. data, EBCT=10 (min)

effluent (mg/L

0.0 . . . L ! )
0 10 20 30 40 50 60

day

Fig. 4. Simulation effluent curves and the experimental data of the substrate
concentration of the BAC column.
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Fig. 5. Simulation removal efficiencies of adsorption and biodegradation under
various specific substrate utilization rates in the biofilm (k).

to a steady-state after approximately 2-3 weeks of operation
when the effluent concentrations varied within a narrow range.

3.3. Effects of adsorption/biodegradation ratios on the
performance of DOC removal

To determine the effects of adsorption/biodegradation ratio
on the removal efficiencies of the BAC column, a simulation pro-
cedure was computed to calculate the amount of DOC adsorbed
and biodegraded in the BAC column. For changing the properties
of the target compound, the maximum specific substrate utiliza-
tion rate in the biofilm (kf) was multiplied by 4 and 0.3 for sim-
ulation. The input parameters except influent DOC (2.0 mg/L)
and kf were the same of Table 2 in all simulation cases, and
the results are shown in Fig. 5. It was expected that decreasing
k¢ can decrease the biodegradation quantity (dotted line), as a
result the adsorption efficiency increased at the same time. A
reasonable explanation is that less substrate was biodegraded,
which increased the boundary concentration in the interface of
GAC. On the other hand, increasing k¢ increased the amount
of substrate biodegraded (broken line), but the adsorption effi-
ciency was decreased at the same time. This is likely because
more substrate was biodegraded and the equilibrium concentra-
tion for adsorption was lower.

According to the simulation above, the simulated effluent
and the ratio of biodegradation to total removal efficiency are
shown in Fig. 6. It is clear that increasing kf could improve the
overall removal efficiency, even though the adsorption slightly
decreased; and, in this case, biodegradation was the domi-
nated mechanism for the organic matter removal (about 88%)
after biodegradation equilibrium. However, as the biofilm grew
thicker, the adsorption process was hindered thereafter, and the
overall performance became worse until biodegradation reach-
ing an equilibrium state. By that time, biodegradation was the
dominated mechanism for the organic matter removal (about
68%). Moreover, the results reflect the role of adsorption at
the beginning, and the importance of biodegradation after bio-
equilibrium for the performance of a BAC column.
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1 - 100
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Fig. 6. Simulation effluents and the ratio of biodegradation to total removal
efficiency under various specific substrate utilization rates in the biofilm (k¢).

3.4. Effects of diffusivity on adsorption/biodegradation for
the BAC column

As mentioned previously, the mass transfer within in biofilm
was the key factor for the performance of BAC, especially for
the adsorption process. The substrate mass flux from bulk liquid
transferring to the surface of GAC granules was controlled by the
thickness of the biofilm, the diffusivity within the biofilm (Dy),
and the uptake of microbes. Moreover, Df can also influence
the concentration profile within the biofilm, so as to change the
magnitude of the amount of biodegradation.

To determine effects of Df value on the removal efficien-
cies of the BAC column, a simulation procedure was developed
to calculate the amount of DOC adsorbed and biodegraded in
the BAC column. For changing the magnitude of the Dy, the
diffusivity was multiplied by 0.2—-10. The influent DOC were
2.0mg/L in all simulation cases, and the results are shown in
Fig. 7. It was expected that increasing Df (D x 10, broken
line) can improve the mass transfer process. On the contrary,
decreasing Dy can decrease both the adsorption and biodegrada-
tion efficiencies (Df x 0.2, dotted line). The effect of changing

1.0 Dy* 1
— — D% 10 Spo= 2.0 mg/L
08 | === =Dpx 0.2

removal efficiency (1-C/Cy)

Fig. 7. Simulation removal efficiencies of adsorption and biodegradation under
various diffusivities in the biofilm (D).
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Fig. 8. Simulation effluents and the ratio of biodegradation to total removal
efficiency under various diffusivities in the biofilm (Dy).

diffusivities on adsorption and biodegradation is different from
that of changing specific biodegradation rates. Increasing the
diffusivity can increase both the adsorption and biodegradation
efficiencies simultaneously. However, increasing the substrate
utilization rate can only increase biodegradation efficiency, so
that the amount of substrate that can be adsorbed decreases under
a fixed mass transfer rate.

According to the simulation above, the simulated effluent and
the ratio of biodegradation to total removal efficiency are shown
in Fig. 8. It is clear that increasing Df could improve the over-
all removal efficiency; and, in this case, the biodegradation/total
ratio slightly decreased to 77% after the biodegradation equilib-
rium was reached. On the other hand, decreasing Dy could reduce
the overall removal efficiency, and the biodegradation/total ratio
slightly increased to 86% after the biodegradation equilibrium
was reached.

4. Conclusions

This model achieves a good approximation of the experimen-
tal data under the liquid-film mass transfer coefficients (kyf) of
0.5 and 0.6 for EBCT =2.5 and 10 min, respectively. A higher
kot permits a higher pressure gradient on the biofilm boundary,
and results in a higher substrate concentration profile within the
biofilm; as a consequence, the amounts of biodegradation and
adsorption can be increased.

The biofilm developed around the BAC granules could hinder
the mass transfer of the substrate onto the GAC surface, and this
implied that the adsorption process would be restricted by the
biofilm. Decreasing ks can decrease the biodegradation quantity,
as aresult the adsorption efficiency increased at the same time by
increasing the boundary concentration in the interface of GAC.

The effect of changing Dy on adsorption and biodegradation
is different from that of changing k¢. Increasing the diffusivity
can increase both the adsorption and biodegradation efficiencies
simultaneously. It was concluded that improving the efficiency
of mass transfer can improve the overall removal efficiency.
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