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Abstract A mathematical model was developed to
describe the reduction of Cr(VI) by Escherichia coli
(E. coli) 33456 in a fixed biofilm reactor. A laboratory-
scale column reactor was conducted to verify the model
system. The batch kinetic tests were independently con-
ducted to determine the biokinetic parameters used in the
model simulation. With the assumed values of initial bio-
film thickness (Lg), the mathematical model simulated
well the experimental results for Cr(VI) effluent concen-
tration, effluent concentration of suspended E. coli cells,
and Cr(Ill) production. The concentration of suspended
E. coli cells reached up to 1.2 mg cell/L while the thick-
ness of attached E. coli cells was estimated to be 32.6 pm
at a steady-state condition. At the steady state, the removal
efficiency of Cr(VI) was about 92 % and the effluent
concentration of Cr(III) was approximately 1.6 mg/L. The
approaches presented in this study can be employed for the
design of a pilot-scale or full-scale fixed biofilm reactor to
treat Cr(VI)-containing wastewater.

Keywords Reduction - Chromium(VI) - Chromium(III) -
Batch test - Continuous-flow column test - Kinetic model
Introduction

Chromium ions occur infrequently in nature, and their

presence in soil and water is generally the result of
industrial and domestic discharges (Lazaridis and
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Charalambous 2005; Kanmani et al. 2012). Like all tran-
sition metals, chromium can exist in several oxidation
states ranging from Cr(0), the metallic form, to Cr(VI), the
hexavalent form (Baran et al. 2007). Only the trivalent and
hexavalent forms are environmentally important, the latter
being of particular concern because of its greater toxicity
(Goyal et al. 2003). Moreover, chromium is found in the
environment mostly as hexavalent chromium(VI) (Cr(VI)).
Cr(VI) is classified by the US EPA as a group A carcinogen
based on its chronic and subchronic effects (Yassi and
Nieboer 1988). Effects of chronic exposure to Cr(VI)
include dermatitis, skin ulceration, and chromosome aber-
rations. Cr(VI) often originate from such industrial sources
as dyes and pigments, leather tanning, photographic film-
making, wood preservation, metal cleaning, car manufac-
turing, petroleum refining, galvanometry and electric, and
agriculture activity (Nkhalambayausi-chirwa and Wang
2001; Baran et al. 2007). Thus, Cr(VI) removal has gained
a great attention in water and wastewater treatment
processes.

Conventional chemical treatment involves reduction of
Cr(VI) to Cr(IIl) by adding a reducing agent under low pH
(2-3) conditions and subsequent adjustment of solution pH
to near-neutral pH ranges to precipitate Cr(II). Unlike the
conventional chemical treatment methods for Cr(VI)
reduction, biological treatment processes do not require the
addition of costly chemical agents for pH adjustment and,
therefore, may provide an attractive alternative to the
existing technique for Cr(VI) removal (Wang and Chirwa
1998). The ability of some microorganisms to reduce
highly soluble and toxic Cr(VI) to less toxic and soluble
Cr(IIT) has been reported (Lovley and Phillips 1994; Wang
and Xiao 1995). E. coli cells reduced Cr(VI) under both
aerobic and anaerobic conditions as described in the earlier
study by Wang and Shen (1997). They demonstrated
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Cr(VID) reduction by Cr(VI)-reducing organism, E. coli
ATCC 33456 in the batch tests. However, relatively few
efforts have been directed toward the development of fixed
biofilm process to treat Cr(VI)-containing wastewater,
mainly due to insufficient knowledge about the kinetics of
Cr(VI) reduction from a non-steady-state to a steady-state
condition in a continuous-flow fixed biofilm process.

To optimize the design and operation of fixed biofilm
process for Cr(VI) reduction, a thorough understanding of
the kinetic characteristics of microbial transformation of
Cr(V]) is needed. The aim of this work was to evaluate the
performance of Cr(VI) reduction using ceramic pearl as a
supporting medium in a fixed biofilm reactor. A kinetic
model system was developed and verified using the column
test. The effluents of Cr(VI) concentration and Cr(III)
production were evaluated and compared by the modeling
and experimental results. In addition, the growth of
attached and suspended E. coli cells was determined during
the continuous-flow column test. Furthermore, the flux of
Cr(VI) into biofilm and the concentration profiles of Cr(VI)
at different operation time were evaluated. The study was
done at the environmental microbiology laboratory in
Taichung of Taiwan from August 2008 to July 2009.

Kinetic model
Reaction stoichiometry

The reaction stoichiometry of simultaneous Cr(VI) reduc-
tion and organic acids (as acetic acid) utilization by E. coli
cells in an anaerobic fixed biofilm reactor is suggested as
follows (Chirwa and Wang 2000):

CH;COO™ + 1.5CrO;” + 6.5H"
— 1.5Cr’* + 2HCOj + 2H,0 + 1.75H,yq) (1)

Based on the above reaction stoichiometry, the E. coli
cells used acetate as an electron donor and Cr(VI) as an
electron acceptor for their growth. The E. coli cells reduced
Cr(VD) to form Cr(III).

Model development

The basic assumptions of the model system include, they
are as follows: (1) the ceramic pearls are spherical in shape;
(2) the biofilm is homogeneous and the density of the
biofilm is constant; (3) there is no adsorption on ceramic
pearl; (4) no inhibition on E. coli 33456 occurred from
Cr(VI) concentration; (5) mass transfer phenomenon of
Cr(VI) in biofilm is dominated by diffusion based on Fick’s
law; (6) acetate as electron donor for E. coli 33456 growth
is a non-limiting substrate; and (7) Cr(VI) as electron
acceptor for E. coli 33456 growth is a single species for
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Fig. 1 Cr(VI) concentration profile distributed in fixed biofilm
reactor

both diffusion and reduction limiting in the biofilm. Fig-
ure 1 shows the conceptual basis of a biofilm attached on
ceramic pearl.

The governing equations for the Cr(VI) concentration in
the liquid phase of a completely mixed, packed-bed reactor
were described as follows (Chang and Rittmann 1987):

sy, 0 Ar kSy

20 X (S0 — Sb) — ke(Sp — S) = — X 2
4~ v o0 = So) — kilSo = So) Ko+ 8, ° 2)
de Yka Q Af

b _ b= Z )Xy + b LeX, 3
dr (Ks+Sb Ve )b Ty ek (3)

where S, is the Cr(VI) concentration in the bulk liquid
(M, L™%); Spo is the Cr(VI) concentration in the feed
(M, L™%); S, is the Cr(VI) concentration at liquid/biofilm
interface (M; L™°); X, is the concentration of suspended
E. coli cells in the bulk liquid (M L7%); ks is the film
transfer coefficient (L T_l); k is the maximum specific
reduction rate of Cr(VI) (M; M, Tfl); Y is the growth yield
of E. coli cells (M, M;"); by is the specific shear-loss
coefficient of E. coli biofilm (T~ '); Q is the flow rate of the
feed solution (L* T™'); V is the effective volume of reactor
(L?); A is the total surface area of media (L?); and ¢ is the
bed porosity of the reactor. The non-steady state form of
mass transfer diffusion across the liquid—biofilm interface
and reduction in the biofilm for Cr(VI) can be described by
Fick’s law and Monod kinetics (Tsai et al. 2005):
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where S; is the Cr(VI) concentration in the biofilm
(M, L73); Dy is the diffusion coefficient of Cr(VI) in the
biofilm (L? T~'); and r¢ is the radial distance in the biofilm
(L). Equation (4) requires two boundary conditions. First,
the slope of the Cr(VI) concentration at the surface of a
supporting medium must be zero. Second, the flux entering
the interface from the liquid film must be equal to the flux
leaving the interface into the biofilm.
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The Cr(VI) diffusing into biofilm can be reduced by
E. coli cells for biosynthesis. The E. coli cells can increase
with time until the cells growth rate reaches a steady-state
condition. Concerning the biofilm thickness, the major
enhancing factors include the cell growth, shear loss from
liquid flow, and self-loss of E. coli cells. Its temporal
variation can be described by the following equation
(Liang et al. 2007):
d(Ly) OLf (Zi’sf)hcrfzdrf

= — (b s )L
dt Afo ( +b) f (5)

where L¢ is the biofilm thickness (L); and A¢ is the total
surface area of a ceramic pearl (L?). To compute the
concentration of Cr(Ill) produced from the reduction of
Cr(VI) by E. coli cells, a mass balance for Cr(III) must be
formulated according to the Cr(IIl) effluent concentration,
and the net fluxes of Cr(VI) reduced to Cr(Ill) by the
attached E. coli cells as well as the Cr(VI) concentration in
the bulk liquid was reduced to Cr(IIl) by the suspended
E. coli cells. The Cr(IIT) production can be described as the
following equation

ac, 0 oArkg
?*%( P)JFIXS?(Sb Ss)(1—7)
+O<(1—Y)K +bSbXb (6)
S

where C, is the Cr(III) concentration in bulk liquid and « is
the conversion factor for the reduction of Cr(VI) to Cr(III).
A quantity for Cr(VI) flux is important for the
understanding of the fixed biofilm process. This quantity
is easily computed using the orthogonal collocation method
(OCM) solution. Since the Cr(VI) flux from the bulk liquid
phase into the biofilm is linear, the flux is easily computed
with

Je = ke(Sp — S5) (7)

where J¢ is the flux of Cr(VI) from bulk liquid into E. coli
biofilm (M, L2 T ).

Model solution

One partial differential equation with four ordinary dif-
ferential equations in this model can be simplified and
made dimensionless by defining dimensionless variables.
The Legendre polynomials (even function) were used to
approximate the exact Cr(VI) concentration profile in the
liquid film and biofilm. The roots of the Legendre poly-
nomials were used as the collocation points. The number of
internal collocation points in the biofilm was fixed at 9. The
dimensionless partial differential equations can be con-
verted into nine ordinary differential equations by orthog-
onal collocation method. All of the computer programs
were coded in Fortran language and run using a Fortran

complier in a Quadra 840 Macintosh computer at the
computer laboratory of Central Taiwan University of Sci-
ence and Technology (Taichung, Taiwan).

Materials and methods
Supporting media

To verify the model system, the ceramic pearl with the
diameter 0.6 cm was chosen as the supporting media for
biofilm attachment because they are inert media and have
an accurately known surface area for E. coli cells
attachment.

E. coli 33456 culture inoculum

Escherichia coli ATCC 33456 was originally purchased
from the American Type Culture Collection (ATCC) and
has been in our laboratory collection since 2006. The
E. coli culture used in all experiments was prepared by
washing the harvested E. coli cells three times in 0.85 %
NaCl solution and then re-suspended and obtained through
gradient centrifugation in a modified basal mineral medium
supplemented with trace metal and vitamin solutions
(Chirwa and Wang 2000). The mineral salt medium for
E. coli culture was similar as described by Chirwa and
Wang (2000). The mineral salt medium for E. coli culture
was prepared by dissolving (per liter): NH,Cl, 1.013 g;
NaH,PO,4-2H,0, 0.62 g; K,HPO,, 2.5 g; MgSO,-7H,0,
0.0103 g; CaCl,-2H,0, 0.00425 g; FeCl;-3H,0 0.00085 g.
The trace metal stock solution contained FeCls-6H,0,
0.243 g; MnCl,-2H,0 0.06 g; ZnCl,, 0.041 g; CuCl,-2H,0
0.036 g; CoCl,-2H,0, 0.036 g; Na,B,0;-10H,0, 0.015 g;

Nas-Citrate, 2.205 g; (NHy)¢Mo,0,7-4H,0O, 0.026 g;
KH2PO4, 5.104 g5 NaH2P04'H20, 3.105 g5 (NH4)2SO4,
1.980 g; NH,Cl, 18.450¢g; CaCl,-2H,0, 2.205 g;

MgCl,-6H,0, 3.049 g; NiCl,-6H,O, 0.025 g in 1L of
deionized water; along with 5 mL of a trace vitamin B,
stock solution. The 5.0 mM sodium acetate was added as
an electron donor for E. coli growth in the mineral salt
medium. A sterilized stock solution of potassium chromate
(K>CrO,4) was prepared for the use of Cr(VI). E. coli cells
were harvested during the log growth phase in nutrient
broth after incubation at 35 °C for 16 h.

Continuous-flow column test

The reactor was inoculated by charging a 75 mL E. coli
with 4.5 mg cell/L. An anaerobic fixed biofilm reactor with
a high recycle flow rate (Q,/Q = 30) for maintaining a
completely mixed stirred tank reactor (CSTR) was applied
to conduct the experiments of Cr(VI) reduction. Into the
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reactor was fed an Cr(VI) at an initial concentration of
5 mg Cr(VI)/L with mineral salt medium at 720 cm3/day.
The reactor volume was 320 cm’ , which yielded a
hydraulic retention time (HRT) of 10.7 h. The reactor
temperature was maintained at 35 £ 0.1 °C using a cir-
culating water bath (Yih Der Inc., Taipei, Taiwan) for
water jacket of the bioreactor. The ceramic pearls were
placed in the reactor zone between two plates used for
fixation. Earlier work has shown that Cr(VI) reduction by
E. coli cells was inhibited in the presence of oxygen (Shen
and Wang 1994). The test column was purged using
99.999 % nitrogen gas filtered by a Whatman glass filter to
establish an anaerobic condition for the experiments. The
pH was buffered at 7.1 & 0.2 by adding HPO,* /H,PO,~
in the feed solution (Nkhalambayausi-chirwa and Wang
2001). Figure 2 depicts the laboratory-scale experimental
setup of the fixed biofilm reactor for Cr(VI) reduction.

Measurement of E. coli biofilm density

E. coli biofilm grown on ceramic pearls was used to
measure biofilm density. At the end of the column test, 150
ceramic pearls with biofilm were transferred, one by one
with tweezer to preclude the inclusion of interstitial water,
to a tared aluminum pan. The ceramic beads containing
E. coli biofilm were weighed before and after drying in the
oven to determine the E. coli biofilm mass. Clean ceramic

Fig. 2 Experimental setup for
E. coli cells biofilm model
verification

Water Recirculation Out

Ceramic Pearls

pearls were immersed in clean water and picked out to
measure the amount of attached water on ceramic pearls by
the same methods. The E. coli biofilm volume was
obtained by calculating the difference of the two mea-
surements. The density of E. coli biofilm thus computed by
dividing the biofilm mass by biofilm volume was 0.836 mg
cell/mL.

Analytical methods

Cr(VI) content was determined spectrophotometrically at
540 nm using a UV-Vis spectrophotometer (Shimadzu,
model UV-1700), following the colorimetric method with
1,5-diphenyl-carbazide in acid solutions, as described in
Section 3500 B of the Standard Methods (APHA 2005).
The concentration of Cr(Ill) was measured using an ICS
1500 Ion Chromatograph system (Dionex Corporation,
Sunny-vale, CA) that was equipped with an HPIC-CS5
column and quantified at 520 nm using a UV—-Vis detector
(Wang and Shen 1997; Chirwa and Wang 2000). All tests
were duplicated, and the relative experimental error of
Cr(VI) analysis was estimated to be within £5 %. The
optical density of the E. coli cells suspension was deter-
mined by turbidimetric measurement in a UV-Vis spec-
trophotometer (Shimadzu, model UV-1700) at 610 nm and
correlated to dry cell weight (Wang and Shen 1997; Bae
et al. 2000).
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Results and discussion
Determination of biokinetic parameters

Figure 3 depicts the experimental data on the variations of
Cr(VI) and suspended E. coli cells versus operation time. It
can be observed that the experimental data of the sus-
pended E. coli cells represent a typical growth and decay
curve with a well-defined growth phase, followed by a
constant growth phase and the endogenous phase (Pirbazari
et al. 1996). The experimental data of Cr(VI) and sus-
pended E. coli cells concentrations facilitate a priori esti-
mation of biokinetic parameters by evaluating the growth
rate of suspended E. coli cells and Cr(VI) reduction. The
relevant techniques employed for the determination of bi-
okinetic parameters from the experimental data of the batch
test are discussed as follows.

Escherichia coli cells are responsible for Cr(VI) reduc-
tion in this anaerobic fixed biofilm process. To predict the
performance of an anaerobic fixed biofilm process cor-
rectly, the batch suspended-growth kinetic tests were used
to determine four biokinetic coefficients, namely the
Monod maximum specific reduction rate of Cr(VI) (k),
Monod half-velocity coefficient (K), growth yield for
E. coli cells (Y), and the decay coefficient (b) for E. coli
cells, respectively.

A batch test with Cr(VI), acetate, and suspended E. coli
cells was conducted to determine the biokinetic parame-
ters. The initial Cr(VI) and suspended E. coli cells con-
centration were 10 mg Cr(VI)L and 8 mg cell/L,
respectively. The yield coefficient (Y) of E. coli cells was
approximately constant over the range of Cr(VI) concen-
tration encountered in the growth phase. Under these cir-
cumstances, the growth yield for E. coli cells can be
expressed by:
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Fig. 3 Batch kinetic test for Cr(VI) reduction and the growth of
E. coli cells

AX
Y:_TS (8)

where AX is the increase in E. coli cells concentration and
AS is the change in Cr(VI) concentration. The growth yield
for E. coli cells was determined from the slope shown in
Fig. 4. The growth yield for E. coli cells was 0.24 mg cell/
mg Cr(VI).

The Monod maximum specific growth rate (u,,) was
determined from the slope of the growth curve of E. coli
cells at the log growth phase in the yield experiment. The
following equation was employed to compute ,:

My = IntXs%o) (X;/XO) 9)

where X, and X, are E. coli cells concentration at time zero
and t. The Monod maximum specific growth rate of E. coli

2.5 [

Y=0.24 mg cell/mg Cr(VI), r?= 0.998

_.
- o N

Generating E. coli cells, X (mg cell/l)
o
o

0 - A A A L A A A L A A A L A A A A A A
0 2 4 6 8 10

Consumed Cr(VI), S (mg/l)

Fig. 4 Batch kinetic test to determine growth yield (Y) for E. coli
cells
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Fig. 5 Batch kinetic test to determine Monod maximum specific
growth rate (1,,) and Monod maximum specific utilization rate (k) for
E. coli cells
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Fig. 6 Batch kinetic test to determine decay coefficient (b) for E. coli
cells

cells, as depicted in Fig. 5, was equal to 0.439 day . The
k value can be computed by /Y. The k value for E. coli
cells was 1.83 mg Cr(VI)/mg cell-day.

The concentration data of E. coli cells in the endogenous
phase were applied to evaluate the decay coefficient (b) of
E. coli cells. In the endogenous phase, the E. coli cells
concentration was decreased with time and the decay
coefficient (b) was determined from the slope of a linear-
ized plot of InX versus time shown in Fig. 6. The decay
coefficient (b) can be represented by the following
equation:
b= —l“(X;’/X ) (10)
where X, and X, are biomass at time zero and f, respec-
tively. The decay coefficient for E. coli cells was
1.25 x 107 1/day.

Once the yield growth of E. coli cells (¥Y), Monod
maximum specific utilization rate of Cr(VI) (k), and the
decay coefficient of E. coli cells (b) were determined from
the slopes of growth and endogenous phrases, respectively,
in the batch kinetic test, then the Cr(VI) reduction rate with
the growth rate of suspended E. coli cells described by
Monod kinetics was used to determine the value of the
Monod half-velocity coefficient of Cr(VI) (K;). The Cr(VI)
reduction rate with the growth rate of suspended E. coli
cells can be represented by the following Egs. (11)-(12),
respectively (Ucun et al. 2010):

ds kXS
= _ 11
dt Ki+ S (1)
dx YkS
— = —-b|X 12
dt (Ks +S ) (12)

where S is the concentration of Cr(VI) (M, L™%) and X is
the concentration of E. coli cells (M, L_3).

Batch kinetic test was conducted to obtain the experi-
mental result of Cr(VI) concentration versus time. The
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Fig. 7 Comparison of experimental data and model prediction to
yield a best-fit value of Monod half-velocity coefficient of Cr(VI) (K)

predicted Cr(VI) concentration versus time is determined
using the suspended E. coli kinetic model by assuming Kj
value for model prediction. A best-fit K; value was
obtained by minimizing the sum of least-square value
(LSV) between and the experimental and the predicted
results for Cr(VI) reduction from the batch test (Liang et al.

2007):

2

Lsv=-%" (Sorei = Sepi)”
N n (Sexpﬁi)

where Sy.; and Seyp; are Cr(VI) concentration of model
prediction and experimental data, respectively. N is the
number of data point. The least-square value (LSV) pro-
vides a quantitative comparison of the agreement between
the predicted and the experimental data. As the LSV
increases, the level of agreement between the model pre-
diction and the experimental data decreases. The experi-
mental data and the model prediction for Cr(VI) reduction
are plotted in Fig. 7. The best-fit K value for Cr(VI) was
14.8 mg Cr(VI)/L.

(13)

Determination of mass transfer coefficients

Diffusion coefficients in biofilm are generally less than
those in the liquid phase due to the diffusional resistance to
the transport of the chemical species, which is posed by
bacteria and their extracellular materials. Therefore, the
diffusion coefficient in the biofilm is obtained by multi-
plying the diffusion coefficient in the bulk liquid phase
(Dy) by a factor of 0.8 to correct the additional diffusional
resistance in the biofilm (Williamson and McCarty 1976).
Lazaridis and Charalambous (2005) found that the diffu-
sion coefficient of Cr(VI) in bulk liquid has a mean value
of 2.1 x 107'° m?/s (0.18 cm?/day), which was applied as
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Table 1 Reactor and biokinetic parameters used for model prediction

Symbol Parameter description (unit) Value Remarks
Sbo Cr(VI) concentration in the feed (mg Cr(VI)/L) 5 Measured
k Maximum specific reduction rate of Cr(VI) (mg Cr(VI)/mg cell-day) 1.83 Measured
Y Growth yield of E. coli cells (mg cell/mg Cr(VI)) 0.24 Measured
K, Monod half-velocity coefficient of Cr(VI) (mg Cr(VI)/L) 14.8 Compared
b Decay coefficient of E. coli cells (1/day) 125 x 1077 Measured
Dy Diffusion coefficient of Cr(VI) in biofilm (cmz/day) 0.144 Calculated
ke Liquid film transfer coefficient of Cr(VI) (cm/day) 4.144 Calculated
by Specific shear-loss coefficient of E. coli biofilm (1/day) 23 x 1072 Calculated
Xr Density of E. coli biofilm (mg cell/mL) 0.836 Measured
X0 Concentration of suspended E. coli in the feed (mg cell/mL) 45 x 1073 Measured
Ly Initial E. coli biofilm thickness (pm) 5.5 Assumed
Vv Effective working volume 320 Measured
0] Influent flow rate (mL/day) 720 Measured
£ Reactor porosity 0.87 Measured
o Conversion factor for the reduction of Cr(VI) to Cr(III) (mg Cr(III)/mg Cro,>) 0.45 Calculated
d, diameter of ceramic pearl (cm) 0.6 Measured
Ag Total surface area of ceramic pearl (sz) 2,787 Calculated

Dy, in this study. Thus, the computed value of molecular
diffusion coefficient for Cr(VI) in the biofilm was equal to
0.144 cm?/day.

The film transfer coefficient (kf) computed from the
empirical formula for the packed-bed reactor was described
in the following equation (Cussler 1984):

ke = 1.17vg(R) "4 (5) "% (14)

where vy is the superficial flow velocity through column
(L T~Y); R is the Reynolds number = %; S is the Schmidt

y
number = 7-; d,, is the diameter of the ceramic pearl (L);

and v is the kinematic viscosity (L? T~'). The computed
value of film transfer coefficient for Cr(VI) was equal to
4.144 cm/day.

An empirical formula suitable for spherical particle was
used to evaluate specific shear-loss coefficient (bs) of the
E. coli biofilm on the ceramic pearl (Speitel Jr. and DiG-
iano 1987). The value of by was calculated from the fol-
lowing equation:

(1 — 8)3 0.58
“71 (15)

_ —6
by = 2.29 x 10 l 2

where p is the viscosity of water (M, L! T_l); and a is
the specific surface area of bed (L_l). The computed value
of by was equal to 2.3 x 107> day~'. Moreover, the con-
version factor for the reduction of Cr(VI) to Cr(IIl) was
equal to 0.45 mg Cr(Ill)/mg Cr(VI) according to the
reaction stoichiometry.

Cr(VI) reduction and Cr(IIl) production

The kinetic model was verified by investigating Cr(VI)
reduction by conducting a column test fed with 5 mg
Cr(VI)/L and mineral salt medium. The reactor and bi-
okinetic parameters obtained from the batch kinetic test
were used for model prediction are listed in Table 1. Fig-
ure 8a presents the Cr(VI) effluent concentration varied
with time. The effluent curve of Cr(VI) concentration can
be described in three parts. First, the Cr(VI) concentration
increased sharply to approximately 2.7 mg Cr(VI)/L (0.53
Spo) at the first day. There was no significant reduction of
Cr(VI) during the period of 5 days. Second, the E. coli
biofilm was vigorously reducing Cr(VI) for the transient
period at 5-25 days. During this period, the Cr(VI) con-
centration rapidly decreased due to the significant growth
of E. coli biofilm. The third part of the effluent of Cr(VI)
concentration ranging from 25 to 146 days ran at a steady-
state condition. The effluent Cr(VI) concentration was
around 0.39 mg Cr(VI)/L (0.078 Spg) when the E. coli
biofilm and suspended E. coli cells reached a maximal
growth at a steady-state condition. The removal efficiency
of Cr(VI) was about 92 % at a steady-state condition. The
least-square value (LSV) for Cr(VI) reduction was 0.174.

To verify Cr(VI) reduction in fixed-bed reactor, pro-
duction of Cr(III) was observed in this test. The production
of Cr(IIl) varied with time presented in Fig. 8b. The Cr(III)
concentration at the steady state was approximately
1.6 mg/L (0.32 Sy,0). The model-predicted concentration of
Cr(Il) maintained the same trend with the experimental
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growth curve, e flux into E. coli biofilm, f Cr(VI) concentration profiles in E. coli biofilm

result after 20 days. The model simulation is fair agree-  Growth of E. coli cells

ment with the experimental results because a moderate

least-square value (LSV) of 0.037 was obtained. Approx-  Figure 8c shows the growth curve of E. coli biofilm varied
imately 33 % of Cr(VI) was converted to Cr(Ill) at a  with time. There was no elapsed time required for E. coli
steady-state condition. biofilm to start to grow. E. coli biofilm is vigorously
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reducing Cr(VI) at a transient period of 40 days. Then,
E. coli biofilm thickness reached a maximum value of
32.6 um at a steady-state condition from day 40 to day 146
while Cr(VI) was vigorously reduced by E. coli biofilm.

One indicator of the generating cells growth was the
concentration of suspended E. coli cells in the effluent. The
general trend of the suspended E. coli cells concentration in
effluent by model prediction was similar to the experi-
mental data obtained from completely mixed continuous-
flow column test, as depicted in Fig. 8d. Good agreement
existed between the model prediction and the experimental
data for suspended E. coli cells growth in the fixed biofilm
reactor owing to low least-square value (LSV) of 0.122.
The growth curves of E. coli biofilm and suspended E. coli
cells presented the same trend of variation with time, which
indicated attached and suspended E. coli cells bio-reduced
Cr(VI) simultaneously in the fixed biofilm reactor. The log
growth rate during 20 days represented that the suspended
E. coli cells actively bio-reduced Cr(VI). At the steady
state, the concentration of suspended E. coli cells was
approximately 1.2 mg cell/L.

Cr(V]) flux into biofilm

Figure 8e presents the model-predicted Cr(VI) flux dif-
fusing from bulk liquid into biofilm. Cr(VI) flux represents
E. coli biofilm reduction. At the beginning of the test, the
Cr(VI) flux started out at zero as E. coli biofilm growth was
negligible. The Cr(VI) flux increased abruptly as the E. coli
biofilm grew at logarithmic rate during 40 days. During
this period, the E. coli biofilm thickened and consumed
Cr(VI) vigorously in the fixed biofilm reactor. Thus, the
difference in Cr(VI) concentration in bulk liquid and the
biofilm/liquid interface increased, which significantly
increased the Cr(VI) flux into biofilm due to reduction
activity. During 5-10 days, the Cr(VI) concentration in
effluent continued to decrease and then reached a constant
concentration under a steady-state condition. The Cr(VI)
flux reached a constant value and remained maximal,
which was about 1 x 107 mg/cm? day.

Concentration profiles of Cr(VI)

The Cr(VI) concentration profiles in liquid film and biofilm at
75 and 146 days are shown in Fig. 8f. The Cr(VI) diffused
through the liquid film into E. coli biofilm to form a concen-
tration profile due to diffusional resistance. The Cr(VI) con-
centration profiles at 75 and 146 days exist the similar trends
because both the concentration profiles were determined at the
steady state. The E. coli biofilm at 75 and 146 days was
32.6 um at a steady-state period. The biofilm at this stage
could be called a “shallow” biofilm (Suidan et al. 1987).

Conclusion

The model system was derived to describe the Cr(VI)
reduction using ceramic pearl as a supporting medium in a
fixed biofilm reactor. Experimental results demonstrate that
the fixed biofilm process is able to reach a high removal
efficiency for Cr(VI) reduction. With assumed values of
initial biofilm thickness (L), the mathematical model
simulated fairly well the experimental results for the
Cr(VI) effluent concentration, effluent concentration of
suspended E. coli, and Cr(Ill) production. Attached and
suspended E. coli cells simultaneously reduced Cr(VI) and
approached a maximum growth at the steady state. The
Cr(VI) flux diffusing from bulk liquid into biofilm
increased rapidly as E. coli biofilm grew vigorously during
the transient-state period. The effluent concentration of
Cr(Ill) at a steady-state condition was approximately
1.6 mg/L. The approaches of modeling and experiments
used in this study can be applied to scale up the fixed
biofilm reactor to treat Cr(VI)-containing wastewater.
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Nomenclatures

u Viscosity of water (M L't

a Specific surface area of bed L™

Ag Total surface area of ceramic pearl (L%

b Decay coefficient of E. coli cells (T™hH

by Shear-loss coefficient of E. coli cells (T™")

Cp Concentration of Cr(IIl) in bulk liquid
M, L™

Dy Diffusion coefficient of Cr(VI) in biofilm
L>Th

dp Diameter of ceramic pearl (L)

Dy, Diffusion coefficient in the bulk liquid
phase (L T~

Jg Flux of Cr(VI) from bulk liquid into E. coli
biofilm (M, L™> T}

k Monod maximum specific reduction rate of
Cr(VD) M, M, T

k¢ Liquid film transfer coefficient of Cr(VI)
LT

K, Monod half-velocity coefficient of Cr(VI)
(M, L%

L Biofilm thickness (L)

Leo Initial biofilm thickness (L)

M, Mass of chromium

M, Mass of E. coli cells
Influent flow rate (L* T~1)

s Radial distance in biofilm (L)
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