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Abstract: The kinetics and performance of a biological activated carbon (BAC) reactor were evaluated
to validate the proposed kinetic model. The Freundlich adsorption capacity (Ka) and adsorption
intensity constants (n) obtained from the batch experiments were 1.023 ± 0.134 (mg/g) (L/mg)1/n

and 2.036 ± 0.785, respectively. The effective diffusivity (Ds) of the substrate within the activated
carbon was determined by comparing the adsorption model value with the experimental data to
find the best fit value (4.3 × 10–4 cm2/d). The batch tests revealed that the yield coefficient (Y) was
0.18 mg VSS/mg COD. Monod and Haldane kinetics were applied to fit the experimental data and
determine the biokinetic constants, such as the maximum specific utilization rate (k), half-saturation
constant (KS), inhibition constant (Ki), and biomass death rate coefficient (kd). The results revealed
that the Haldane kinetics fit the experimental data better than the Monod kinetics. The values of k,
KS, Ki, and kd were 3.52 mg COD/mg VSS-d, 71.7 mg COD/L, 81.63 mg COD/L, and 4.9 × 10−3 1/d,
respectively. The BAC reactor had a high COD removal efficiency of 94.45% at a steady state. The
average influent color was found to be 62 ± 22 ADMI color units, and the color removal efficiency
was 73–100% (average 92.3 ± 10.2%). The removal efficiency for ammonium was 73.9 ± 24.4%, while
the residual concentration of ammonium in the effluent was 1.91 ± 2.04 mg/L. The effluent quality
from the BAC reactor could meet the discharge standard and satisfy the reuse requirements of textile
dye wastewater.

Keywords: kinetics; biological activated carbon reactor; kinetic model; COD; textile dye wastewater

1. Introduction

Dyes are widely applied in various industries, including textile, tannery, leather, food,
paint, paper, and cosmetic industries [1,2]. A large amount of water is used during the
dyeing process that generates substantial wastewater, which is considered to be the most
contaminated among various industrial wastewaters due to its complex constituents [3–5].
It is toxic to aquatic living organisms and human beings due to its mutagenicity and geno-
toxicity [6,7]. Moreover, colored and turbid textile dye wastewater containing suspended
solids blocks sunlight from penetrating the water’s surface, which adversely affects the
photosynthesis of aquatic plants and microorganisms [8]. Without photosynthesis, the
dissolved oxygen decreases rapidly, leading to the death of aquatic life and deterioration
of water quality. Therefore, treatment of textile dye wastewater to achieve the discharge
standard of effluents received more attention to minimize its environmental impact [5].

The textile dye wastewater treatment techniques, including advanced oxidation pro-
cesses, nanophotocatalyst application, ceramic membrane filtration, nanophotocataly-
sis coupled with ceramic membrane filtration, biofilm processes, and the combined ad-
vanced chemical and biological processes, were summarized by Donkadokula et al. [9].
Kozak et al. [10] employed a sequencing anaerobic moving bed biofilm reactor (AnMBBR)
and powdered activated carbon-aerobic membrane bioreactor (PAC-AeMBR) to treat textile
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wastewater. Experimental results indicated that the removal efficiencies for dissolved or-
ganic carbon and color were 96% and 95% in a hybrid AnMBBR coupled with PAC-AeMBR
system, respectively. Mahmoud [11] applied graphene-based nanomaterials to remove
methylene blue (MB) and acid orange 7 (AO7) as representative cationic and anionic dyes,
respectively. The experimental results showed that high removal efficiencies of 99.7% MB
and 93.6% AO7 were achieved. The synthesized graphite oxide as a nanomaterial offered a
better uptake value than porous carbon. Mahmoud et al. [12] successfully developed an
inexpensive synthesized graphene-related materials using graphite flakes and graphite
powder as two graphitic precursors by mechanochemical treatment. The removal of MB
and AO7 with mechanochemical synthesized graphite oxides reached >93.8% at 30 min in
their study. Thus, the development of inexpensive and effective adsorbents for micropollu-
tant removal in the textile dye wastewater become an important issue for the industrial
sectors and decision makers on the national and international levels.

Several physical and chemical treatment methods such as chemical flocculation, filtra-
tion, wet oxidation, and membrane separations can be applied to effectively treat textile dye
wastewater [13–15]. However, the removal of dye from the wastewater by these approaches
is a non-complete mineralization process, because the dye is merely transferred from the
liquid phase into solid wastes. The disadvantages of physico-chemical methods include a
high chemical requirement, an excess amount of chemical sludge, and expensive mainte-
nance and operation of the treatment units [16–18]. In recent years, biological treatment
processes have gained attention due to their environmentally friendly characteristics and
low-cost operation [19–21]. Furthermore, decolorization of the textile dye in wastewater
by microbial degradation could not be effectively achieved in aerobic conditions, and
anaerobic conditions proved to be better in this regard [22].

Granular activated carbon (GAC) is extensively used for the treatment of water,
wastewater, and other liquid wastes in water and wastewater treatment plants [13]. The
high adsorption capability of GAC has been utilized to remove the odor-bearing organic
compounds from drinking water in the early stages. The activated carbon reactor generally
receives a low concentration of refractory organic pollutants. Thus, biological activity was
ignored in the reactor. However, there is always a possibility of biological activity in the
reactor. Studies have shown that biological activity in activated carbon reactors can regener-
ate activated carbon [23,24]. Traditionally, the adsorption of GAC and biological treatment
are consecutive processes. The combination of GAC adsorption and biodegradation in
one process improves the effluent quality, lowers the operational cost, and enhances GAC
use. Thus, a biological activated carbon (BAC) process was employed to treat textile dye
wastewater to meet the discharge standard and reuse requirements.

Most BAC kinetic models use Monod kinetics to describe substrate biodegradation in
the biofilm and suspended biomass [25], which would ignore the effect of dye toxicity on
the biomass growth in the model system. The assessment of dye toxicity on microorganisms
was reported by Haddad et al. [5]. Therefore, we use Haldane kinetics in the BAC kinetic
model to express dye inhibition on acclimated sludge. Moreover, application of BAC model
predictions aided in the design of a full-scale BAC reactor to treat textile dye wastewater.
However, information about BAC model predictions for various organic loading rates was
still scarce.

The present study aims to evaluate the kinetics and performance of BAC reactors
using GAC as a supporting medium to treat chemical oxygen demand (COD), color, and
other substances in textile dye wastewater. The objectives of this work are to (1) determine
the adsorption constants; (2) develop the batch kinetic model to fit the experimental results
with Monod and Haldane kinetics; (3) determine the biokinetic constants by comparing
experimental data with model simulation; (4) develop a BAC kinetic model with Haldane
kinetics; (5) operate a BAC reactor to validate the BAC kinetic model; (6) simulate COD
utilization with a mixed culture at different organic loading rates; (7) observe the treat-
ment performance of substances in the influent and effluent from the BAC reactor; and
(8) examine the effluent water quality from the BAC reactor to meet the reuse requirements.



Processes 2022, 10, 129 3 of 20

2. Materials and Methods
2.1. Textile Dye Wastewater

The textile dye wastewater was taken from a mid-scale textile dye industry located at
the Dayuan industrial zone in Taoyuan, Taiwan. The dye wastewater was collected from
the effluent port in the wastewater treatment plant for several days. It was then transported
to the laboratory and frozen at 4 ◦C for further use. The effluent quality from the discharge
point and effluent criteria of the Taiwan EPA are listed in Table 1 [26]. It was noted that the
COD concentration exceeded the discharge standard. Table 2 lists the wastewater reuse
criteria of the Taiwan EPA [26]. It was observed that the COD and color were too high for
effluent reclamation.

Table 1. Characteristics of the dye wastewater effluent used in this study after biological treatment
and Taiwan EPA effluent criteria.

Parameter Range Mean Taiwan EPA Effluent Criteria [26]

pH 6.08–7.04 6.80 ± 0.28 –
COD (mg/L) 82–180 113 ± 32 100
BOD5 (mg/L) – – 30

Color (ADMI units) 28–89 59 ± 17 550
SS (mg/L) – – 30

TKN (mg/L) 66.69–146.82 100.72 ± 20.76 –
NH4

+ (mg/L) 2.14–16.50 7.23 ± 3.21 –
NOx

− (mg/L) 0.06–18.6 5.71 ± 5.20 –
PO4

3− (mg/L) 0.0–1.8 0.74 ± 0.59 –
Conductivity (µs/cm) 1754–2360 2014 ± 299 –

Table 2. Taiwan EPA wastewater reuse criteria [26].

Parameter Criteria

1 a E. coli (CFU/100 mL) ND
2 BOD5, 20 ◦C (mg/L) <10

3 Color NU c

4 Odor NU c

5 Turbidity (NTU) <5
6 Total hardness (mg/L as CaCO3) <450
7 Total alkalinity (mg/L as CaCO3) <350

8 Chloride (mg/L) <500
9 TDS b (mg/L) <1000
10 SS b (mg/L) <10

a Treated water reused for toilet flushing: criteria 1, 2, 3, and 4; treated water reused for landscaping and irrigation
criteria 1, 2, 3, 4 and 5; and treated water reused for cooling water: criteria 2, 6, 7, 8, 9, and 10. b TDS: total
dissolved solids; SS: suspended solids. c NU: not uncomfortable when it was used.

2.2. Microorganisms

The mixed culture that was used as an inoculum was obtained from an activated
sludge tank (9.0 m × 4.2 m × 3.5 m) in the textile dye industry treatment plant. The
inoculum was enriched by adding 25 mL mixed culture with 100 mL growth medium
in a 250-mL Erlenmeyer flask. The composition of the growth medium was as follows:
glucose, 3 g/L; yeast extract, 1 g/L; NaCl, 0.1 g/L; CaCl2, 0.02 g/L; MgSO4·7H2O, 0.2 g/L;
and FeSO4, 0.01 g/L [27]. The flask was incubated with an incubator (JSL-530, Lenon
Instruments, Taichung Taiwan) at an ambient temperature of 27 ◦C and shaken at 150 rpm.
After 3 days of incubation, 20 mL mixed culture was drawn from the flask and transferred
into the centrifuge tube for biomass concentration by centrifugation at 3500 rpm for 15 min.
The concentrated mixed culture was then used as inocula for batch and continuous-flow
column tests.
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2.3. Supporting Media

The specifications of G-340 were used as the supporting media in this study. The
particle size was an 8 × 30 mesh, and the average particle diameter was 0.9–1.1 mm. The
hardness was ≥93%, and the bulk density was 0.46–0.50 g cm−3. The total surface area was
≥950 m2 g−1, being ~8.675 × 104 cm2 in the BAC reactor.

2.4. BAC Reactor Design

The BAC reactor was operated to validate the proposed kinetic model. It was inocu-
lated with the acclimated and concentrated mixed culture and maintained at a homogenous
condition for 24 h using a one-strip porous air diffuser to form the initial biofilm attachment.
Figure 1 is the schematic diagram of the BAC reactor set-up. The BAC reactor was com-
posed of a glass cylinder, and GAC was used as a supporting medium for immobilization
of the biofilm. The porosity of the reactor was ~85%. An iron plate with a perforated
sieve was placed at the top of the activated carbon to set its position and prevent washing
away. The BAC reactor required an effective operating volume of 1.568 L to produce a
hydraulic retention time (HRT) of 4 h with an influent flow rate of 9.408 L/d. The reactor
temperature was maintained at 27 ± 0.1 ◦C using a circulating water bath for the inlet
and outlet of the envelope jacket [5]. The influent port was located at the bottom of the
reactor and fed with a peristaltic pump. A one-strip air diffuser operating at 1.2 L/min
was employed to assure a completely mixed condition in the bulk liquid phase of the BAC
reactor performance. Samples were regularly collected for the COD, total suspended solids
(TSS), and volatile suspended solids (VSS) measurements from the influent and effluent of
the BAC column test.

2.5. Analytical Methods

The dissolved substrate samples were prepared through filtering with a 0.45-µm
membrane filter [13]. The dissolved COD, TSS, VSS, total Kjeldahl nitrogen (TKN), ammo-
nium ion (NH4

+), nitrite (NO2
−), Nitrate (NO3

−), American Dye Manufacturers Institute
(ADMI), and phosphate (PO4

3−) were analyzed according to APHA [28]. The pH and
conductivity were detected using a pH meter (ST3100, OHAUS Corporation, Parsippany,
NJ, USA) and a CD810 conductimeter, respectively. The COD was measured using the
close reflux titrimetric method. The 5-mL sample and 3-mL digestion solution as well as
7 mL of sulfuric acid reagent were added into a digestion tube with a size of 20 × 150 mm.
The tube with a screw cap was placed in a block digester preheated to 150 ± 2 ◦C and
refluxed for 2 h. The tube cooled to room temperature in the test tube rack. The tube cap
was removed, and the solution was poured into a flask for titrating. Two or three drops of
ferroin indicator were added to the solution, and it was stirred on a magnetic stirrer while
titrating with 0.025 M ferrous ammonium sulfate (FAS). The end point was a sharp color
change from blue-green to reddish brown. A blank test was performed using distilled and
deionized water.
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2.6. Adsorption Experiments

The logarithmic form of the Freundlich isotherm model was used to determine the
Freundlich capacity (Ka) and Freundlich intensity (n) constants by linear regression as [29]

log(qa) = log(Ka) + 1/n × log(Sa) (1)

where qa is the quantity of COD adsorbed per unit weight of activated carbon (mg/g), Sa is
the final equilibrium concentration of COD after adsorption by activated carbon (mg/L), Ka
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is the Freundlich capacity (mg/g) (L/mg)1/n, and n is the Freundlich intensity (dimension-
less). The GAC adsorption capacities were evaluated by adsorption isotherm studies for
dye wastewater. The experiments were performed in a 1-L beaker and stirred at 120 rpm at
room temperature. To determine the adsorption isotherm, different masses of activated
carbon between 5 and 45 g were added into the beaker with 900 mL of 88–136 mg/L initial
COD, and the mixture was agitated until it reached equilibrium. Samples were collected
for COD and ADMI analysis at 0, 24, and 52 h. Isotherm data obtained from the batch tests
were analyzed to estimate the Ka and n constants [30].

2.7. Batch Biokinetic Tests

A batch test run was carried out to evaluate the biokinetic constants of the mixed
culture at an ambient temperature of 27 ◦C [27]. A total of 1500 mL of effluent textile
dye wastewater added with the acclimated mixed culture of 27.54 mg was mixed in a
3-L batch reactor by stirring to evaluate the COD utilization and suspended biomass
growth. The initial COD and suspended biomass concentration were 124 mg/L and
18.36 mg VSS/L, respectively.

2.8. Kinetic Model Development
2.8.1. Kinetic Model in a Batch Reactor

Monod and Haldane kinetics were employed to describe the biomass growth rate
as [31,32] follows.

The Monod-type kinetics of the biomass growth rate can be expressed as

dX
dt

=
µmaxS
KS + S

X − kdX (2)

The Monod type kinetics of the substrate utilization rate can be expressed as

dS
dt

= − µmaxS
Y(KS + S)

X (3)

The Haldane type kinetics of the biomass growth rate can be expressed as

dX
dt

=
µmaxS

KS + S + S2/Ki
− kdX (4)

Finally, the Haldane type kinetics of the substrate utilization rate can be expressed as

dS
dt

= − µmaxS
Y(KS + S + S2/Ki)

X (5)

where X is the biomass concentration (mg VSS/L), t is the time (h), µmax is the maximum
specific growth rate of the biomass (1/d), S is the substrate concentration (mg COD/L), KS
is the half-saturation constant of the substrate in the dye wastewater (mg COD/L), kd is the
death rate coefficient (1/d), and Ki is the inhibition constant of the substrate (mg COD/L).
The yield coefficient of the mixed culture was evaluated from the slope of a plot between
the increased biomass and consumed COD as follows [33]:

Y =
∆VSS
∆COD

(6)

where Y represents the yield coefficient (mg VSS/mg COD), ∆VSS represents the in-
crease in biomass concentration (mg/L), and ∆COD represents the decrease in COD
concentration (mg/L).
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2.8.2. Kinetic Model in a Biological Activated Carbon Reactor

The governing equations for the liquid phase based on the mass balances of the
substrate and biomass were written as

dSb
dt

=
Q
Vε

(Sb0 − Sb)− k f

(
Sb − S f s

)3XW

(
R + L f

)2

VερR3 − kSbXb

Ks + Sb + S2
b/Ki

(7)

where Q is the flow rate (mL/d), V is the working volume (mL), ε is the reactor porosity
(dimensionless), Sb0 is the feed substrate concentration (mg/L), Sb is the substrate concen-
tration in the bulk liquid phase (mg COD/L), kf is the mass-transfer coefficient (cm2/d),
Sfs is the substrate concentration at the liquid/biofilm interface (mg COD/L), Xw is the
activated carbon weight (g), R is the activated carbon radius (cm), Lf is the biofilm thickness
(µm), ρ is the activated carbon apparent density (g/cm3), and k is the maximum specific
utilization rate (mg COD/mg VSS-d).

The initial condition is
IC : Sb = Sb0 t = 0 (8)

The governing equation for the suspended biomass in the bulk liquid phase can be
represented by

dXb
dt

=

(
YkSb

KS + Sb + S2
b/Ki

− kd −
Q
Vε

)
+

3XWbsL f X f

VερR
(9)

where Xb is the biomass concentration in the bulk liquid phase (mg VSS/L), bs is the shear
loss coefficient (1/d), and Xf is the biofilm density (mg VSS/mL).

The initial condition is
IC : Xb = Xb0 t = 0 (10)

The governing equation for intraparticle transport diffusion in the activated carbon
can be represented by [34]

∂q
∂t

= Ds

[
∂2q
∂r2 +

2
r

∂q
∂r

]
0 ≤ r ≤ R (11)

where q is the substrate concentration within the activated carbon (mg COD/L), Ds is the
effective diffusivity of the substrate (cm2/d), and r is the radial distance along the center of
the activated carbon (cm). The initial and boundary conditions are

IC : q = 0 0 ≤ r ≤ R, t = 0 (12)

BC1 :
∂q
∂r

= 0 r = 0, t ≥ 0 (13)

BC2 : D f
∂S f

∂z
=

ρ

R2
∂

∂t

∫ R

0
qr2dr r = R, t ≥ 0 (14)

BC3 : qa = KaSa
1/n r = R, t ≥ 0 (15)

The kinetic model for substrate diffusion and biodegradation within the biofilm can
be expressed as

∂S f

∂t
= D f

∂2S f

∂z2 −
kX f S f

Ks + S f + S2
f /Ki

0 ≤ z ≤ L f (16)

where Sf is the substrate concentration within the biofilm (mg COD/L), z is the radial
distance within the biofilm (cm), and Df is the substrate diffusivity (cm2/d). The initial and
boundary conditions are

IC : S f = 0 0 ≤ z ≤ L f , t = 0 (17)
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BC1 : D f
∂S f

∂z
= k f (Sb − Ss) z = L f , t ≥ 0 (18)

BC2 : D f
∂S f

∂z
=

ρ

R2
∂

∂t

∫ R

0
q(r, t)r2dr r = R, t ≥ 0 (19)

The kinetic model for biofilm growth with the decay rate can be written as

dL f

dt
= kY

∫ S f

KS + S f + S2
f /Ki

dz − bsL f 0 ≤ z ≤ L f , t ≥ 0 (20)

where z is radial coordinate along the interface between the biofilm and activated carbon.
The initial condition is as follows:

IC : L f = L f 0 t ≥ 0 (21)

3. Results and Discussion
3.1. Determination of Adsorption Constants

The variation of COD and ADMI with different activated carbon dosages after 24
and 54 h is shown in Figure 2. Dosages of 45 and 30 g of activated carbon were required
to completely remove the COD by adsorption of the dye wastewater for 24 and 52 h,
respectively, under an initial COD concentration of 88–136 mg/L (Figure 2a,b). Variation in
the decrease and removal trend of ADMI with the respective activated carbon dosages for
24 and 52 h were similar to the COD variation (Figure 2c,d). The ADMI decreased with an
increase in the dosage of activated carbon. After 24 and 52 h of adsorption by activated
carbon, the residual ADMI were 4–5 and 5–7, respectively. The removal efficiency of ADMI
increased from 88–96% to 90–95% as the dosage of activated carbon became ≥30 g.

Ka and n represent the index of adsorption capacity and intensity, respectively [35,36].
A plot of log qa versus log Sa yielded a straight line, which was used to determine Ka
and 1/n. Ka was computed from the y-intercept, and 1/n was determined from the
slope of the regression line. The logarithemic form of the Freundlich isotherm model
for COD adsorption by GAC at 24 and 52 h is illustrated in Figure 3. The values of Ka
and n, determined from linear regression in Figure 3a, were 1.117 (mg/g)(L/mg)1/n and
2.591, respectively, with a correlation coefficient (R2) of 0.9220. The values of Ka and n,
determined from Figure 3b, were 0.928 (mg/g)(L/mg)1/n and 1.481, respectively, with an
R2 of 0.8288. The obtained average values of Ka and n were 1.023 ± 0.134 (mg/g)(L/mg)1/n

and 2.036 ± 0.785, respectively. The R2 values decreased from 0.9220 to 0.8288 at different
sampling times, probably due to the collision of activated carbon particles by stirring.
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3.2. Evaluation of Effective Diffusivity

The intraparticle diffusion model (Equation (11)) combined with the substrate mass
balance in the bulk phase can be used to fit the experimental data to determine the effective
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diffusivity (Ds) in the batch kinetic test of adsorption. The substrate utilization rate can be
expressed as follows:

dS
dt

= −
3Xwk f

VερR
(S − Sw) (22)

where Sw is the substrate concentration at the interface between the liquid and activated
carbon (mg COD/L). Figure 4 shows that the COD concentration varied over time. Kinetic
model simulation data was obtained by assuming various Ds values, and they were com-
pared with the experimental data. The model and the experimental results were in good
agreement, while Ds was equal to a best fit value of 4.3 × 10−4 cm2/d with a correlation
coefficient (R2) of 0.9973.
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3.3. Evaluation of Biokinetic Parameters

Figure 5 presents the plot of the biomass produced (∆VSS) vs. the COD consumed
(∆COD). The yield coefficient (Y) was determined from the slope of ∆VSS/∆COD (Figure 5),
which was calculated to be 0.18 mg VSS/mg COD. Monod and Haldane kinetics were
used to fit the experimental results to determine the maximum specific utilization (k),
half-saturation constant (KS), inhibition constant (Ki), and death rate coefficient (kd). The
experimental results for COD depletion and suspended biomass growth were fitted by
the Monod and Haldane kinetic models, respectively (Figure 6). The R2 for the COD
depletion and biomass growth were calculated by a comparison of the experimental data
and Monod model simulation and were 0.8134 and 0.8938, respectively. However, the
R2 values calculated by comparing the experimental results with the Haldane model
were 0.9939 and 0.9846 for COD consumption and biomass production, respectively. It
was observed that the COD utilization and biomass growth represented by the Haldane
model better fit the experimental results than those of the Monod model. The maximum
specific utilization rate (k), half-saturation rate (KS), inhibition constant (Ki), and death rate
coefficient (kd) obtained from the Haldane model simulation were 3.52 mg COD/mg VSS–d,
71.7 mg COD/L, 81.63 mg COD/L, and 4.9 × 10–3 1/d, respectively. The biofilm shearing
coefficient (bs), which was calculated by an empirical equation developed by Speitel Jr. and
DiGiano [37], was 9.02 × 10–3 1/d.
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Figure 5. Batch kinetic experiment to evaluate the yield coefficient (Y).
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Figure 6. Experimental data were fitted by the Monod and Haldane kinetic models to evaluate
the maximum specific utilization rate (k = 3.52 mg COD/mg VSS–d), half-saturation constant
(KS = 71.7 mg COD/L), inhibition constant (Ki = 81.63 mg COD/L), and death rate coefficient
(kd = 4.9 × 10–3 1/d).

3.4. Evaluation of Mass Transfer Coefficients

Disperse Red 4 (C15H11NO4) was chosen as the representative dye because it is widely
used in the local textile dye industry. The empirical formula developed by Wilke and
Chang [38] was applied to estimate the molecular diffusion coefficient (Dw) of Disperse
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Red 4 in water. Williamson and McCarty [39] found that the molecular diffusion coefficient
in biofilm (Df) was 0.8 times Dw in water, which were 0.470 and 0.376 cm2/d, respectively.

The liquid film mass transfer coefficient (kf) was evaluated by calculating the di-
mensionless parameters, such as the Reyonlds (NRe), Schmidt (Sc), and Sherwood (NSh)
numbers. The dimensionless groups could be represented as follows [25,40]:

NRe =
ρwvD

µ
(23)

NSc =
µ

ρD
(24)

NSh =
k f R
D f

(25)

NSh = 2 + 1.1 × N1/2
Re N1/3

Sc (26)

where ρw is the mass density of the flowing fluid (g/cm3), D is the diameter of the activated
carbon (cm), v is the superficial flow velocity through the reactor (cm/s); and µ is the
absolute viscosity of water (g/cm−s). The calculated kf value was 420.52 cm/d.

3.5. COD Utilization in the BAC Reactor

Table 3 shows the operational and biokinetic constants as input parameters for the
model simulation. The effluent of the textile dye wastewater from the on-site treatment
plant was used to evaluate the COD removal efficiency via adsorption along with biodegra-
dation in the BAC reactor. Speitel Jr. et al. [24] assigned the initial biofilm thickness to
be 0.2–9 µm as input values to mathematical model. Kim and Pirbazari [41] assumed the
initial biofilm thickness was 1.0–1.5 µm for BAC model prediction. Therefore, the initial
biofilm thickness assumed to be 5.5 µm fell within the literature range of 0.2–9 µm. The
measured and predicted data were compared to validate the BAC kinetic model system.
The effluent COD concentration in continuous flow in the BAC reactor varied against time
as shown in Figure 7a. The COD concentration started to increase abruptly at the onset
of the test run due to the BAC reactor acting as an activated carbon adsorber. The COD
value peaked after 2 days of test runs at ~100.8 mg/L (0.892 Sb0). The COD reduction was
monitored during a transient phase of 2–10 d. The decrease in the COD concentration was
due to the active biofilm growth during this period. The COD utilization became stable
during the test run of 10–34 d because the biofilm growth stabilized. The experimental
results at the steady state phase indicated that the average COD removal efficiency was
~94.45%. The COD values of the experimental results were higher than those obtained from
model simulation at the steady stage. This was probably due to soluble microbial products
produced in the effluent [42]. The BAC model simulated the experimental data fairly well,
with an R2 of 0.9524.
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Table 3. Operational and biokinetic constants as input parameters to model simulations.

Symbol Parameter Description (Unit) Value Remarks

Sb0 COD concentration in the feed (mg/L) 113 Measured
k Maximum specific utilization rate of COD (mg COD/mg VSS-d) 3.52 Measured
Y Yield coefficient (mg VSS/mg COD) 0.18 Measured
KS Half-saturation constant (mg COD/L) 71.7 Measured
Ki Inhibition constant (mg COD/L) 81.63 Measured
kd Death decay rate coefficient (1/d) 4.9 × 10−3 Measured
Df Diffusion coefficient in biofilm (cm2/d) 0.376 Computed
kf Liquid film mass-transfer coefficient (cm/d) 420.52 Computed
bs Biofilm shearing coefficient (1/d) 9.02 × 10–3 Computed
Xf Biofilm density (mg VSS/mL) 9.36 Measured
Xb0 Initial suspended biomass concentration (mg VSS/L) 4.5 Measured
Lf0 Initial biofilm thickness (µm) 5.5 Assumed
V Effective working volume of reactor (L) 1.568 Measured
Q Influent flow rate (1/d) 9.408 Measured
Ds Effective diffusivity coefficient (cm2/d) 6 × 10–4 Measured
Ka Freundlich capacity constant (mg/g)(L/mg)1/n 1.023 ± 0.134 Measured
n Freundlich intensity constant (dimensionless) 2.036 ± 0.785 Measured
R Activated carbon radius (cm) 0.05 Measured
ρ Activated carbon apparent density (g/mL) 0.48 Measured
Xw Weight of activated carbon (g) 112 Measured

3.6. Biomass Growth

The growth of biofilm and suspended biomass varied with time, as shown in Figure 7b.
The two growth curves presented a similar pattern with a lag phase, log-growth phase,
and stationary phase. The lag phase lasted 2–3 d, which was the time required for the
biomass to acclimate to the environment. Sequentially, the log phase during the transient
period of 5–10 d showed significant growth for both the biofilm and suspended biomass
due to the active biodegradation of the substrate. At the stationary phase, the entire system
stabilized and maintained maximum growth after ~15 d until the end of the test. The
biofilm thickness and suspended biomass were estimated to be 328 µm and 193 mg VSS/L,
respectively, during a steady state condition.

3.7. Fluxes into Biofilm and Activated Carbon

Figure 7c illustrates the variation of fluxes into the biofilm and activated carbon against
time. At the start of testing, the flux into the biofilm and activated carbon started out high
values of 0.382 and 0.367 mg/cm2-d, respectively, and then decreased rapidly during a
period of 3 d, because adsorption was the main mechanism of substrate removal and
biofilm growth was negligible. Notably, the flux into activated carbon became zero on
day 3, which represented the initiation of bioregeneration. During the period of 3–8 days,
the flux into the biofilm increased significantly, owing to the active biofilm growth for
substrate utilization. The flux into the activated carbon became negative after 3 d, due
to which the substrate diffused out from the activated carbon because of the negative
concentration gradient of the adsorbate. At the steady state in 13–34 days, the flux into
the biofilm remained at a constant value of 0.265 mg/cm2-d while that into the activated
carbon approached 0, since biofilm biodegradation was the main mechanism of substrate
removal as substrate adsorption had reached up to the activated carbon capacity.

3.8. COD Removal by Model Simulation

Adsorption and biodegradation were responsible for the substrate removal in the
BAC reactor. The substrate removal from the model simulation is shown in Figure 7d. It
was observed that COD removal by adsorption increased abruptly, reaching a maximum
value after 3 days due to the BAC reactor acting as an efficient COD adsorber. However,
the COD removal started to decline after 3 days due to active growth of the biofilm for
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bioregeneration. COD removal by adsorption ran from day 10 until the end of the test,
showing a constant value since the flux into activated carbon approached zero. During
days 3–10 of the test, COD removal by biofilm degradation became dominant due to a
significant increase in the biofilm thickness at the log-growth phase. The overall COD
removal was almost ascribed to biodegradation by the biofilm.
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3.9. Concentration Profiles

Figure 7e shows the varying COD concentration profiles in the diffusion layer, biofilm,
and activated carbon phases. On day one, the COD within the activated carbon increased
abruptly because the BAC reactor acted as an adsorber. The biofilm thickness was only
9.42 µm at this stage and was recognized as a “fully penetrated biofilm” [43]. On day 3, the
COD concentration found within all the three phases was high. Bioregeneration started
at this stage, and COD began to diffuse out from the activated carbon to the biofilm and
diffusion layer, which increased the COD concentration in the bulk phase, being 100.4 mg/L
(0.8883 Sb0). The biofilm thickness at this stage was 26 µm. The flux remained negative
on day 8, which indicated that the COD in the activated carbon transferred to the biofilm
phase. This phenomenon rapidly decreased the COD concentration due to a lower COD
concentration gradient at the interface of the activated carbon and biofilm. On day 11, the
concentration profile in the activated carbon almost became a flat line, which indicated
vigorous biofilm utilization, while the flux into the activated carbon approached zero. The
biofilm thickness was 277 µm at this time. On day 15 and 30, the flux into the activated
carbon reached zero, while the flux into the biofilm was constant. Low COD concentration
profiles were obtained in all three phases, which indicates that biofilm utilization became
the dominant COD removal mechanism at the steady state condition. A fully grown biofilm
was obtained at this stage with a biofilm thickness of ~328 µm.

3.10. Effects of the Organic Loading Rate

The effects of the organic loading rate (OLR) on the COD effluent curve are shown in
Figure 7f. The COD curve at the unsteady state changed with the change in the OLR. A
higher OLR resulted in a higher flow rate and shorter HRT. It was observed that higher
OLRs made the breakthrough curve steeper and reached a higher peak. However, the
decrease in the COD curve remained almost same due to the very close biofilm degradation
rate. The COD effluent concentration under different OLRs stabilized, since the OLR did
not affect the biofilm utilization kinetics.

3.11. Treatment Performance for Other Analyzed Substances

Figure 8a plots the variation in the TKN influent and effluent over time. The BAC
reactor was able to remove 55.3 ± 28.3% of the TKN with an effluent concentration of
43.9 ± 27.4 mg/L, revealing the occurrence of nitrification. It was observed that the TKN
concentration in the effluent increased after an operational time of 15 d because of the
inhibition of the nitrifying biomass activity by many textile dye compounds [44]. Figure 8b
plots the NH4

+ concentration in the influent and effluent against time. The time course of
the NH4

+ concentration change in the effluent was similar to that of the TKN. The removal
efficiency for NH4

+ was 73.9 ± 24.4, while the residual concentration of NH4
+ in the

effluent was 1.91 ± 2.04 mg/L. The influent and effluent concentrations of NOx
– are shown

in Figure 8c. It was observed that a very low influent concentration was detected during the
period of 2–25 days. An influent NOx

– concentration in the range of 0.06–18.6 mg/L (mean:
5.71 ± 5.20) and effluent NOx

– values between 13.39 and 82.0 mg/L (mean: 32.91 ± 18.01)
were reported. The NOx− concentration in the effluent was higher than that in the influent
due to nitrification. Figure 8d presents the high fluctuations of PO4

3– in the influent and
effluent over time. The PO4

3– removal was satisfactory in terms of both the influent and
effluent concentrations. The PO4

3− concentrations in the influent and effluent from the BAC
reactor were 0.74 ± 0.9 mg/L and 0.31 ± 0.31 mg/L, respectively. The removal efficiency
of PO4

3– ranged from a minimum of ~16.7% to a maximum of 100% throughout the whole
period. The average PO4

3– removal efficiency was found to be 60.70 ± 26.43%. High color
fluctuations (as ADMI units) were observed in the influent (Figure 8e), which were always
above the reuse criteria. A very high color removal was achieved during the whole period
of the test run. The average influent color was found to be 62 ± 22 ADMI color units, and
the color removal efficiency was in the range of 73–100% (average 92.3 ± 10.2%). Figure 8f
plots the pH of the influent and effluent over time. It became nearly constant at an average
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value of 6.80 ± 0.28 and 7.11 ± 0.66 in the influent and effluent, respectively. The time course
of the solution conductivity for the influent and effluent is illustrated in Figure 8g. Similar
trend conductivity records were observed in the influent and effluent during the whole test
run of the BAC reactor. The average conductivity in the influent and effluent was 2014 ± 299
and 2150 ± 573 µs/cm, respectively. A slight increase in the conductivity of the effluent of
BAC reactor probably resulted from the increase in ionic strength for the effluent [45].
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4. Conclusions

Batch experiments were conducted for adsorption by GAC to determine the adsorption
constants, including the Freundlich capacity constant (Ka) and Freundlich intensity constant
(n). Biokinetic parameters including the yield coefficient (Y), maximum specific utilization
rate (k), half-saturation constant (KS), inhibition constant (Ki), and biomass death rate
coefficient (kd) were determined from the experimental data and model simulations. An
intraparticle diffusion model combined with the substrate utilization rate model in the bulk
liquid phase was used to simulate the experimental data and estimate a best fit value of
the effective diffusivity (Ds). The BAC model developed in this study was validated by
running a BAC reactor to treat the real textile dye wastewater from the final discharge point.
The dominant mechanisms of adsorption and biodegradation were investigated during the
course of time for the tests. Experimental results for the COD and suspended biomass in
the effluent had good agreement with the model simulation. High removal efficiencies for
the COD, NH4

+, and color were achieved to meet the discharge standard and satisfy the
reuse requirements of textile dye wastewater. The modeling and experimental approach
presented in this work could be employed to design a full-scale BAC reactor for treating
textile dye wastewater to meet the discharge standard and reuse criteria.
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