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In this work, a mathematical model for the biological reduction of Cr(VI), carbon and
nitrogen sources consumption, and biomass growth under fully aerobic conditions was
developed. The model comprises three types of aerobic heterotrophic cells (non-growing
cells, growing cells with chromate reductase activity, and growing cells that have lost the
chromate reductase activity), and five soluble compounds (organic substrate, ammonia
nitrogen, non-metabolizable soluble products, dissolved oxygen, and hexavalent chro-
mium). Two processes are considered responsible for the reduction of Cr(VI). The first one
is the reduction of Cr(VI) coupled with growth, the second process is coupled with the
endogenous decay of the biomass. The model was calibrated using the results obtained in
batch cultures in the absence of carbon and nitrogen sources, using different initial Cr(VI)
concentrations (0—100 mgCr L%, two carbon sources (cheese whey and lactose), and
different initial nitrogen to carbon ratio (0—50 mgN gCOD?). The calibrated model was
used to calculate steady-state values of TSS, soluble COD, TAN and Cr(VI) in continuous
systems, obtaining a good agreement with the experimental data. The model also accu-
rately predicted the transient concentration of Cr(VI) as a function of time in response to
step changes of the inlet Cr(VI) concentration in continuous systems.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Guertin et al., 2005). Although chromium has several oxida-
tion states, chromium compounds mainly occur as Cr(III) or Cr

Biotransformation of metals is a promising technique to
convert more toxic heavy metals into less toxic forms, and
therefore, can be potentially useful for bioremediation of
industrial wastewaters. A good example of biotransformation
is the case of chromium.

The extensive use of chromium in several industries such
as petroleum refining, metal finishing, leather tanning, iron
and steel industries, inorganic chemical production, textile
manufacturing and pulp production have largely contributed
to its wide spread in the environment (Katz and Salem, 1994;

(VI). The former is the most stable under reduced conditions, it
is relatively immobile because it has a strong affinity for
negative charged ions and colloids in soils, and gives sparingly
soluble compounds such as Cr(OH); that dominate at pH
values from 4 to 8. Conversely, Cr(VI) is more soluble, mobile,
and bio-available than Cr(Ill). Cr(VI) occurs in the form of
oxoanions under most environmental conditions. Equilibria
of hexavalent chromium compounds are pH and concentra-
tion dependent. Chromate ion (CrO,?") represents more than
98% of the total Cr(VI) species for pH higher than 8. Chromate
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Nomenclature

Model compounds

Cr (mgCr L") soluble hexavalent chromium concentration

S (mgCOD L) organic substrate concentration

P (mgCOD L) soluble products concentration released
during the biomass decay

NH (mgN L") total ammonia nitrogen (TAN) concentration

Xnc (MgCOD L~ non-growing biomass concentration

Xea (MgCOD L™Y) growing active (with chromate reductase
activity) biomass concentration

Xena (mgCOD L) growing non-active (without chromate
reductase activity) biomass concentration

Stoichiometric coefficients

Y (mgCOD mgCOD %) true biomass yield

in.em (MgN mgCOD ™) nitrogen content of the biomass

inp (mgN mgCOD™?) nitrogen content of the products
released during the endogenous decay

fr (mgCOD mgCOD %) fraction of the endogenous biomass
converted into soluble inert products

Re (mgCr mgCOD 1) Cr(VI) removed per unit mass of Xca
converted into Xgna

iss (mgTSS mgCOD ™) conversion factor from biomass COD
to TSS units

Kinetic coefficients

ka (h™%) first order lag phase constant

tmo (h~?) maximum specific growth rate in the absence of
Cr(VI)

tme (h™Y) maximum specific growth rate at infinite Cr(VI)

dsmo (MgCOD mgCOD ! h™!) maximum specific substrate
consumption rate in the absence of Cr(VI)

Qsme (MgCOD mgCOD ! h™!) maximum specific substrate
consumption rate at infinite Cr(VI) concentration

K (L mgCr %) inhibition constant due to Cr(VI) toxicity

Ks (mgCOD L~%) half-saturation coefficient for S

Knu (mgN/L) half-saturation coefficient for NH

b (h™%) specific endogenous decay rate

dcrem (MgCr mgCOD ! h~!) maximum specific Cr(VI)
consumption rate associated to the growth phase

derpm (mgCr mgCOD* h™') maximum specific Cr(VI)
consumption rate associated to the decay phase

monoacid (HCrO4~), and dichromate (Cr2072*) ions are the
main species when pH is lower than 5. In addition, as the total
Cr(Vl) concentration increases, the fraction of HCrO,"
decreases due to the formation of dichromate. In all cases, the
fraction of chromic acid (H,CrO,4) is negligible. Within the
normal pH range of most biological wastewater treatment
systems (pH about 5-9) and for Cr(VI) concentrations usually
found in wastewaters (usually less than 2 mM), Cr,0,?~ ion
account for less than 3% of the total Cr(VI); thus, HCrO,~ and
Cr0,*" are the dominant species (Contreras et al., in press).

The reduction of Cr(VI) to Cr(Ill) is of great environmental
importance, because Cr(IIl) is less hazardous. Chromium is an
essential micro-nutrient in the diet of animals and humans,
as it is indispensable for the normal sugar, lipid and protein
metabolism of mammals (USEPA, 1998a). Conversely, Cr(VI) is
highly toxic to all forms of living organisms, mutagenic in
bacteria, mutagenic and carcinogenic in humans and animals
(USEPA, 1998b). For these reasons, reducing Cr(VI) to Cr(IIl) is
beneficial in eliminating the toxicity of Cr(VI) from the
environment.

For many years, conventional Cr(VI) removal was achieved
by chemical reduction, ion exchange or adsorption. Recently,
researchers have focused attention on biodetoxification of
hexavalent chromium. In contrast to the conventional
methods, biodetoxification is cost-effective (Li et al., 2007).
Trivalent and hexavalent forms of chromium can inter-
convert; within normal conditions, the reduction of Cr(VI) to
Cr(Ill) due to the presence of organic compounds is favored.
For example, the change of free energy at pH 7.0 and 25 °C
corresponding to the reaction between acetic acid (electron
donor) and chromate ion (electron acceptor) is about —83.3 kJ
per mole of electrons transferred. Thus, from a thermody-
namic point of view, Cr(VI) is capable of oxidizing acetic acid
and also most of the organic compounds commonly found in
wastewaters (Contreras et al, in press). However, the

reduction of Cr(VI) to Cr(Ill) by organic compounds is
frequently slow; thus, in the absence of a catalyst, such as the
activated sludge biomass, redox systems are far from equi-
librium (Stumm and Morgan, 1996). Therefore, the presence of
cells that act as catalyst, and a suitable electron donor are
necessary to achieve the reduction of Cr(VI).

The ability of Cr(VI) reduction has been found in many
bacterial genera including Pseudomonas, Micrococcus, Bacillus,
Achromobacter, Microbacterium, Arthrobacter, and Corynebacte-
rium (McLean et al., 2000; Pattanapipitpaisal et al., 2001;
McLean and Beveridge, 2001; Megharaj et al., 2003). The
mechanisms through which bacterial strains reduce Cr(VI) to
Cr(Ill) are variable and species dependent (McLean et al., 2000).
Anaerobic bacteria may use chromate as a terminal-electron
acceptor or reduce chromate in periplasmatic space by
hydrogenase or cytocrome c3 (Michel et al., 2001; Puzon et al.,
2002). In aerobic bacteria, Cr(VI) reduction may be carried out
by cellular reducing agents (the primary reductant is gluta-
thione) and NADH-dependent chromate reductase (Shen and
Wang, 1994; Garbisu et al., 1998). The mechanisms for Cr(VI)
reduction might be a secondary utilization or cometabolism as
suggested for Shewanella onoidensis MR-1 (Middleton et al.,
2003).

Although there are many studies concerning the removal
of Cr(VI) by pure cultures of different microorganisms, its
applicability to field removal processes is limited. The main
disadvantage of using pure cultures to remove chromium
compounds is related to the use of sterile conditions to
prevent external microbial contamination, increasing the
treatment costs. If sterile conditions are not employed (due to
economic reasons, for example), indigenous bacteria may
overcome the added Cr(Vl)-reducing microorganisms.
Besides, most countries have severe restrictions concerning
the introduction of new species. For these reasons, results
obtained in the study of Cr(VI) removal by mixed cultures,


http://dx.doi.org/10.1016/j.watres.2011.03.011
http://dx.doi.org/10.1016/j.watres.2011.03.011

3036

WATER RESEARCH 45 (2011) 3034—3046

such as activated sludge, are more relevant to optimize design
and operation of actual biological Cr(VI) reduction systems.

Many factors affect the reduction of Cr(VI) by activated
sludge. In previous works it was demonstrated that the pres-
ence of suitable carbon and nitrogen sources are necessary to
enhance the Cr(VI) reduction capacity of activated sludge
(Ferro Orozco et al., 2007, 2010a). Several studies (Shen and
Wang, 1994; Wang and Shen, 1995, 1997) demonstrated that
the rate and extent of Cr(VI) reduction in batch cultures
depend on the initial biomass concentration, regardless of the
subsequent growth. Recently, Ferro Orozco et al. (2010a)
demonstrated that the net biological Cr(VI) removal is the
consequence of two processes: a fast Cr(VI) removal process,
associated to the biomass growth, and a slow removal process
that is independent of the presence of both the carbonaceous
substrate and the nitrogen source. While the former process is
important when there is no limitation in carbon or nitrogen
sources (within the exponential growth phase in batch
systems, for example), the latter may be significant in
continuous cultures in which substrate concentrations are
normally low (Ferro Orozco et al., 2010a).

The utilization of biological processes for the treatment of
wastewaters containing toxic compounds, such as Cr(VI),
emphasizes the practical requirement for developing
adequate mathematical models to be used for the design and
operation of these processes. The knowledge of microbial
substrate utilization kinetics and the effect of toxic
compounds on the growth rate are both important for the
accurate prediction of the quality of the treatment process
effluent. Accurate models and kinetic parameters also help
engineers to optimize operational conditions in order to meet
discharge requirements minimizing the operational costs.

In this work, a mathematical model that describes the
biological removal of Cr(VI) coupled with biomass growth,
biomass decay, and multiple substrate limitation was devel-
oped. The model takes into account the effect of the initial Cr
(VI) and substrates (carbon and nitrogen sources) concentra-
tions, and Cr(VI) toxicity on the observed growth rate of acti-
vated sludge and on Cr(VI) removal. The model was calibrated
using batch experiments under different conditions, and it
was validated by comparing model results with those
obtained in continuous systems.

2. Mathematical model
2.1. General description

Three types of aerobic heterotrophic cells were considered in
the model: non-growing cells (Xyg), growing cells with chro-
mate reductase activity (Xga), and growing cells that have lost
the chromate reductase activity (Xgna). Non-growing cells
(Xng) are converted to growing cells with chromate reductase
activity (Xga) following a first order kinetics; this process was
introduced to simulate the lag phase observed in batch
cultures (Ferro Orozco et al., 2010b). In addition, due to toxic
effects of Cr(VI), Xga cells loose its chromate reductase activity
to produce Xgna (Yamamoto et al.,, 1993; Wang and Shen, 1997;
Ferro Orozco et al., 2008). Organic substrate (S ) and ammonia
nitrogen (NH ) can limit the growth rate of Xgs and Xgna; for

this reason, Monod saturation terms corresponding to each
substrate were included. Under endogenous decay, the three
types of cells release non-metabolizable soluble products (P),
and ammonia nitrogen (NH ). Growth of Xga produces new Xga
cells, however, during the growth of Xgya new cells with
chromate reductase activity (Xga) are formed. In addition, to
reduce model complexity, growth kinetics corresponding to
Xca and Xgna Were assumed identical.

Two processes are considered responsible for the reduc-
tion of Cr(VI) to Cr(Ill) (Ferro Orozco et al., 2010a). The first one
is the reduction of Cr(VI) coupled with the growth of Xga;
during this process some electrons of the organic substrate
are transferred to Cr(VI). Although this process is fast, it
depends on the availability of S and NH. Because both S and
NH can limit the growth of Xga, if one or more of those
substrates are absent then this process stops. The second Cr
(VI) reduction process is coupled with the endogenous decay
of the biomass; in this case, the source of electrons to reduce
Cr(VI) is the biomass itself. This process is slower than the first
one but not depends on the availability of substrates (Ferro
Orozco et al., 2010a).

2.2. Definitions of model compounds
The following compounds are used in the model:

S (mgCOD L™%) = organic substrate concentration, carbon and
energy source for biomass growth.

P (mgCOD L) = soluble products concentration, released
during the biomass decay.

NH (mgN L™%) = total ammonia nitrogen (TAN) concentration,
nitrogen source for biomass growth.

Xne (mgCOD LY = non-growing biomass concentration
(biomass in Lag phase).

Xga (MgCOD L™ = growing active (with chromate reductase
activity) biomass concentration.

Xena (mgCOD L1 = growing non-active (without chromate
reductase activity) biomass concentration.

Cr (mgCr L™%) = soluble hexavalent chromium concentration.

2.3. Stoichiometry and kinetics

The stoichiometric matrix »;; of the model is shown in Table 1;
all empty elements of »;; indicate zero values. The model has
six stoichiometric coefficients:

Y (mgCOD mgCOD %) = true biomass yield

in.m (MgN mgCOD %) = nitrogen content of the biomass

inp (MmgN mgCOD™!) = nitrogen content of the products
released during the endogenous decay

fp (mgCOD mgCOD %) = fraction of the endogenous biomass
converted into soluble inert products

Rc (mgCr mgCOD™Y) = Cr(VI) removed per unit mass of Xga
converted into Xcgna

iss (mgTSS mgCOD 1) conversion factor from biomass COD to
TSS units

A first order kinetics with a constant k, was assumed for
the conversion of non-growing cells (Xng) to growing cells
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Table 1 — Stoichiometric matrix (v;;) of the proposed model and process rate expressions (p;).

Process (j) Compound (i) Rate (p;)

1 XNG 2 XGA 3 XGNA 4S 5 NH 6 DO 7P 9Cr
1 Activation of Xng to Xca =i 1 1 T ka XnG
2 Growth of Xga 1 -7 —iN,BM - (T) i Xga

1 . 1-Y

3 Growth of Xgna 1 v —IN,BM - (T) K XeNa
4 Decay of Xnc —il (in,BM—1n,p) —(1-fp) fe b Xne
5 Decay of Xca -1 (in,BM—1n,) —(1-fp) fe b Xca
6 Decay of Xgna a a -1 (in,BM—1n,p) —(1—fp) fe b Xana
7 Cr reduction by growth of Xga = = =il qcrc Xca
8 Cr reduction by decay of Xng ¢ ¢ =il decp XnG
9 Cr reduction by decay of Xga -1 qcrp Xca
Observed conversion rates

T =3_vjipj
j

where p, gs, gcra, darp, and Y are defined by Egs. (1)—(5), respectively.

with chromate reductase activity (Xga) to simulate the lag
phase (Ferro Orozco et al., 2010b). In addition, the following
kinetic expressions corresponding to the specific growth rate
(1), specific substrate consumption rate (gs), specific Cr(VI)
consumption rate associated to growth phase (qcrc) and to
endogenous decay phase (qcrp) Were proposed:

_ [Hmo + #m=KCr] (S NH (1)
W= 1+ KCr Ks +S/) \Knu + NH
_ [dsmo + smuKCr] (S Al @
qs = 1+ KCr Ks +S/ \Knu + NH
B KCr S NH ©)
derc = ferem | 7 +KCr/ \Ks +S/ \Knu + NH
KCr
qcrd = qcrbm <m) (4)
where:

tmo (h™1) = maximum specific growth rate in the absence of Cr
(V1)

tme (h™!) = maximum specific growth rate at infinite Cr(VI)
concentration

Gsmo (MgCOD mgCOD ™! h™') = maximum specific substrate
consumption rate in the absence of Cr(VI)

Qsme (MgCOD mgCOD~* h™!) = maximum specific substrate
consumption rate at infinite Cr(VI) concentration

K (L mgCr~?) = inhibition constant due to Cr(VI) toxicity

Ks (mgCOD L% = half-saturation coefficient for S

Knu (mgN L) = half-saturation coefficient for NH

b (h™?) = specific endogenous decay rate

dcrem (mgCr mgCOD™! h™) = maximum specific Cr(VI)
consumption rate associated to growth

derom (mgCr mgCOD ™! h™!) = maximum specific Cr(VI)
consumption rate associated to decay

Egs. (1) and (2) take into account the toxic effect of Cr(VI) on
the specific growth rate (u) and specific substrate consump-
tion (gs) of activated sludge. The removal of Cr(VI) associated
with the growth and the endogenous decay of activated sludge
were represented by Egs. (3) and (4), respectively. Because

both carbon (S) and nitrogen sources (NH) can limit the
growth process, Monod-type saturation terms were included.

The true biomass growth yield (Y) can be calculated by
combining Egs. (1) and (2) as follows:

=
qus (5)

From model outputs, soluble COD (CODs), total suspended
solids (TSS), and oxygen uptake rate (OUR) can be computed as
follows:

CODs = S +P ©6)

TSS = iss(Xne + Xca + Xena) )
1-Y

OUR= ( Y >:“(XGA +Xana) + (1 fp) b(Xnc +Xoa+Xona) ®)

It must be pointed out that the present model was devel-
oped for fully aerobic conditions. Aeration conditions were
assumed high enough as to maintain the dissolved oxygen
(DO) close to the saturation level. However, if this is not the
case, Egs. (1)—(3) can be modified to include Monod saturation
terms corresponding to DO. Although the model allowed
predicting the OUR (Eq. 8), the effect of the DO concentration
on the kinetics is out of the scope of the present work.

3. Materials and methods
3.1. Biological and chemical materials

All reagents used in the present work were commercial prod-
ucts of reagent grade from Anedra (San Fernando, Argentina).
Activated sludge used in all the experiments were harvested
from a continuous aerobic laboratory-scale (4.5 L) activated
sludge reactor with partial biomass recycle. Aeration was
provided by an air pump; air was pumped near the bottom of
thereactor and it was enough to maintain the dissolved oxygen
concentration above 4 mgO, L™, The reactor was fed with
a synthetic wastewater with the following composition:
dehydrated cheese whey (Food S.A. Villa Maipu, Argentina)
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1.5g, (NH4),S0,40.90 g, and NaHCO; 1.03 g dissolved in 1 L of tap
water. Soluble chemical oxygen demand (CODs) of the
synthetic wastewater was 1500 mgL~*. The hydraulic retention
time was 2 d; the sludge age was maintained at 45 d by daily
wasting of mixed liquor directly from the reactor. During the
experiments the temperature of the reactor was 20 + 2 °C.
Under steady-state conditions dissolved oxygen concentration
(DO) was above 4 mg L™, pH was 7.9 + 0.5, CODs of the effluent
ranged between 30 and 160 mg L., and total suspended solid
(TSS) concentration ranged from 3700 to 5400 mgTSS L.

3.2. Cr(VI) removal by activated sludge in different
systems

3.2.1. Cr(VI) removal in the absence of substrates

The removal of Cr(VI) under endogenous decay conditions of
activated sludge were studied in 250 mL aerated vessels at
constant temperature (20 £+ 2 °C) and initial pH = 7.0 + 0.1.
Small air pumps were employed to aerate and to agitate the
vessels. Air was pumped near the bottom of each vessel via
a flexible hose; aeration was enough to maintain the dissolved
oxygen concentration above 5 mgO, L™'. Activated sludge
samples were obtained from the reactor described previously
(Section 3.1). The samples were washed three times with
phosphate buffer (KH,PO, 2 g L™*, K,HPO, 0.5 g L%, pH = 7)
before performing the assays in order to remove all remnant
of substrates. Activated sludge washed samples were re-sus-
pended in phosphate buffer to obtain an initial biomass
concentration of 3800 & 200 mgTSS L. A Cr(VI) stock solution
(10 gCr(VI) L~ was prepared using analytical grade K,Cr,05;
an appropriate volume of this solution was added to obtain
10-100 mgCr(Vl) L~'. At predetermined time intervals,
samples were withdrawn from the vessels to determine
biomass (X ), soluble COD (CODs), total ammonia nitrogen
(TAN), and Cr(VI) concentrations.

3.2.2.
removal
These experiments were performed in 250 mL aerated vessels
at room temperature (20 + 2 °C) and initial pH = 7.0 &+ 0.1.
Activated sludge samples were washed before performing the
assays. In these experiments the initial biomass concentra-
tion was 700 + 50 mgTSS L~*. The culture medium composi-
tion was the following: dehydrated cheese whey (carbon and
energy source) 5 gCOD L7', ammonium sulfate (nitrogen
source) 212 mgN L%, and micro-nutrient solutions M1 and M2
(1 mL LY. The composition of M1 was (expressed as
g 100 mL™Y): FeSO,4.7H,0 1.5, ZnS0,4.7H,0 0.5, MnSO,.H,0 0.3,
CuS0,4.5H,0 0.075, CoCl,.6H,0 0.015, and citric acid 0.6. M2
solution contained the following salts (gg 100 mL™Y):
(NH,)6M0,0,4.4H,0 0.05, BOsH,; 0.01, KI 0.01. Tested Cr(VI)
concentrations were 0, 10, 25, 50, and 100 mg L1 At pre-
determined time intervals samples were taken to determine
biomass (X ), soluble COD (CODs), and Cr(VI) concentrations,
and oxygen uptake rate (OUR).

Effect of Cr(VI) on activated sludge growth and Cr(VI)

3.2.3.  Effect of the initial nitrogen to carbon ratio (No/Sg) on
activated sludge growth and Cr(VI) removal

Cr(VI) removal batch assays, similar to those described in the
previous section, were performed. Because the cheese whey

provides not only organic matter but also organic nitrogen,
cheese whey was replaced by lactose in order to control the
initial nitrogen to carbon ratio (No/Sp). Therefore, in these
experiments the culture medium composition was the
following: lactose (carbon and energy source) 5.6 gCOD L%,
ammonium sulfate (nitrogen source) 0 to 250 mgN L™, and
micro-nutrient solutions M1 and M2 (1 mL L7%. At pre-
determined time intervals, biomass (X ), soluble COD (CODs),
total ammonia nitrogen (TAN), and Cr(VI) concentrations were
measured.

3.2.4. Cr(VI) removal in continuous systems

The removal of Cr(VI) in continuous systems was also studied.
These experiments were performed in the activated sludge
reactors described in Section 2.1. Two sludge ages (6c) were
tested 20 and 45 d; sludge age was maintained at the desired
value by daily wasting of mixed liquor directly from the
reactor. In both cases the hydraulic retention time was 2 d.
The synthetic wastewater described in Section 2.1 was used to
feed the reactors; an appropriate volume of a Cr(VI) stock
solution (10 gCr(VI) L) was added to the synthetic waste-
water to obtain the desired inlet Cr(VI) concentration. For
6c = 20 d, the tested inlet Cr(VI) concentrations were 0, 10, 25,
and 50 mgCr L™ %; for fc = 45 d, 0 and 10 mgCr L~ * were tested.
Reactors were considered to run under steady-state condi-
tions after operating for one sludge age, at least. Then,
samples were withdrawn from the reactor to determine
biomass (X ), soluble COD (CODs), total ammonia nitrogen
(TAN), and Cr(VI) concentrations.

3.3.  Analytical techniques

Total suspended solids (TSS, mg L™%) were used to measure
the biomass concentration (X ). Known sample volumes (8 mL
in this work) were poured into pre-weighted centrifuge tubes,
centrifuged and washed twice with distilled water, and placed
at 105 °C for 24 h; TSS of each sample was calculated as the
difference between final weight (dry sample + tube) and initial
weight (tube alone) divided by the sample volume. It must be
pointed out that TSS is a lumped parameter that included the
three types of aerobic heterotrophic cells: non-growing cells
(Xng), growing cells with chromate reductase activity (Xga),
and growing cells that have lost the chromate reductase
activity (Xgna). In all batch growth experiments duplicate
biomass measurements were performed to reduce experi-
mental errors; mean and maximum errors for TSS were 4 and
13%, respectively.

Soluble chemical oxygen demand (CODs) was determined
as follows: 3 mL of culture samples were centrifuged for 5 min
at 13 000 rpm (Eppendorf 5415C); then, the supernatant was
filtered through 0.45 pm cellulosic membranes (Osmonics
Inc.). Soluble COD of the filtrate was determined using
commercial reagents (Hach Company, Loveland, CO).

Total ammonia nitrogen (TAN) concentration of the filtrate
was measured by the Nessler colorimetric method using
commercial reagents (Hach Company, Loveland, CO).

Cr(VI) of the filtrate was determined colorimetrically using
a spectrophotometer (Hach DR 2000) at 540 nm by reaction
with 1,5-diphenylcarbazide in acid solution (APHA, 2005).
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Oxygen uptake rate (OUR, mgO, L.~?) measurements were
performed using a closed respirometer consisted in a 30 mL
glass vessel maintained at 20 + 0.5 °C by means of a water
bath. The vessel was filled with the tested sample, air was
supplied until oxygen saturation level was reached; then, the
vessel was sealed with the insertion of a polarographic oxygen
probe (YSI model 5739). The sample was continuously stirred
with a magnetic stirring and the decay of the dissolved oxygen
(DO) concentration as a function of time was recorded. Data
were acquired by a personal computer interfaced to the DO
monitor (YSI model 58). OUR was calculated as the slope of the
straight line obtained by plotting the DO concentration as
a function of time.

All the results reported in the present work are average
values of two experiments, at least.

3.4. Estimation of the model coefficients and dynamic
simulations

The estimation of the coefficients of the mathematical model
proposed in this paper and the dynamic simulations were
performed using the software package Gepasi 3 (Mendes,
1993). Gepasi integrates the systems of differential equations
with the routine LSODA (Livermore Solver of Ordinary
Differential Equations). LSODA algorithm measures the stiff-
ness of the equations and switches the integration method
dynamically according to this measure. For non-stiff regions,
the Adams integration method with variable step size and
variable order up to 12th order is used; for stiff regions the
Gear (or BDF) method with variable step size and variable
order up to 5th order is used. Among the optimization
methods available in Gepasi 3, the Multistart Optimization
algorithm (with Levenberg—Marquardt local optimization)
was selected. Multistart is a hybrid stochastic-deterministic
optimization method. Rather than run a simple local optimi-
zation (e.g. gradient descent methods), Multistart runs several
of them, each time starting from a different initial guess. The
first start takes for initial guess the parameter values entered
by the user. The initial guesses for the subsequent starts are
generated randomly within the boundaries for the adjustable
parameters. The local optimizer wused is the Lev-
enberg—Marquardt method as this has proved the most effi-
cient gradient optimizer used in Gepasi 3. In order to reduce
fitting errors of the adjustable coefficients, initial concentra-
tions were adjusted within +5% of their measured values. This
procedure takes into account the degree of uncertainty in the
initial conditions due to analytical errors (Mendes and Kell,
1998). For more details see the supplementary data.

4. Results and discussion
4.1. Cr(VI) removal in the absence of substrates

In order to study the effect of Cr(VI) on the endogenous decay
of activated sludge, Cr(VI) removal experiments in the absence
of substrates were performed. Fig. 1 shows that no trend can
be observed with regard to the biomass decay, ammonia
release, and soluble COD production as a function of the initial
Cr(VI) concentration. These results indicate that Cr(VI) exerted

a negligible effect on the decay rate of activated sludge;
therefore, for modeling purposes a unique value correspond-
ing to the endogenous decay rate constant (b) was assumed.
This approach was also adopted by other authors (Elangovan
and Philip, 2009).

The proposed model was fitted to the data shown in Fig. 1 to
obtain the following coefficients: b, i p, fp, and qcrpm (Table 2).
Obtained coefficients are within the range reported by other
authors. For example, the specific endogenous decay rate (b)
obtained in the present work was (3.3 + 0.4) x 102 h™%
Elangovan and Philip (2009) reported a value of b = 0.002 h~?
corresponding to an activated sludge removing Cr(VI) in aerobic
batch systems. The default value for the aerobic endogenous
respiration rate recommended in the Activated Sludge Model #3
ranged between 0.004 and 0.008 h™' (Gujer et al., 1999). The
value corresponding to the specific Cr(VI) consumption rate
in the absence of substrates obtained in this work,
derom = (2.2 + 1.0) x 107> mgCr mgCOD~* h™?, is close to the
value reported in a previous paper (Gcrpm = 2.3 x 107°
mgCr mgCOD* h™?) (Ferro Orozco et al., 2010a).

4.2. Effect of Cr(VI) on activated sludge growth and Cr
(VI) removal

Fig. 2 shows the time course of biomass (X), soluble COD,
oxygen uptake rate (OUR), and Cr(VI) for different initial Cr(VI)
concentrations. In all cases, the increase in Cr(VI) concentra-
tion produced a longer lag phase; this effect was also reported
by other authors (Gikas and Romanos, 2006; Li et al., 2007;
Elangovan and Philip, 2009; Gikas et al., 2009; Sengor et al.,
2009). After the lag phase, biomass and OUR increased, and
soluble COD decreased as a function of time. In all cases, when
the soluble COD was depleted, biomass entered to endoge-
nous decay phase and OUR dropped to endogenous levels.

Using the values of b, ixp, fp, and qcrom obtained in the
previous section (Table 2), the proposed model was fitted to
the data shown in Fig. 2 to obtain the following coefficients:
Um0, Mmw, Gsmo, dsme, and K (Table 2). Fig. 2 shows that the
proposed model predicts satisfactorily the values of soluble
COD, X, OUR, and Cr(VI) as a function of time for all the tested
conditions.

Although the effect of Cr(VI) on the lag phase was not
included explicitly in the proposed model, it was predicted
quite well. Taking into account that Cr(VI) exerted a negligible
effect on the decay rate of activated sludge (Fig. 1a), this
phenomenon can be attributed to the toxic effect of Cr(VI) on
um. For this reason, the term between brackets in Eq. (2) was
included to represent the inhibition of u,, as a function of Cr
(VI). Because it was assumed that the first order constant (ka)
for the conversion of Xy¢ to Xga Was not dependent on the Cr
(VI) concentration, the increase of the lag phase was only due
to the inhibition of u,, by Cr(VI). A different approach was used
by Gikas et al. (2009) and Sengor et al. (2009) concerning the
effect of metals on the lag phase. In the model developed by
those authors, the transformation of resting cells to actively
growing cells was represented by the metabolic potential
function. This function starts at zero value and rises to unity
through a convolution of the history of S. Those authors
proposed that the lag time is a function of the local metal
concentration (Sengor et al., 2009). Although the model of
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Fig. 1 — Time course of (a) total suspended solids (TSS), (b) soluble COD, (c) total ammonia nitrogen (TAN), and (d) hexavalent
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chromium (Cr(V1)) in batch cultures. Tested initial Cr(VI) concentrations were the following: (®) 0 mgCr L™, (V)
10 mgCr L™, (M) 25 mgCr L™, (#) 50 mgCr L™, and (A) 100 mgCr L™, Lines indicate the proposed model.

Table 2 — Coefficients of the proposed model.

Coefficient Units Value Reference/experiment
ka (cheese whey) h? 0.012 Ferro Orozco et al., 2010b
ka (lactose) h™* 0.013 £ 0.002 Section 4.3

tmo (cheese whey) h? 0.303 =+ 0.004 Section 4.2

tmo (lactose) h? 0.176 + 0.055 Section 4.3

tme (cheese whey) T 0.023 + 0.001 Section 4.2

tme (lactose) h? 0.001 + 0.005 Section 4.3

gsmo (cheese whey) mgCOD mgCOD*h* 0.519 + 0.006 Section 4.2

qsmo (lactose) mgCOD mgCOD *h* 0.413 + 0.127 Section 4.3

dsm (cheese whey) mgCOD mgCOD *h* 0.086 £ 0.001 Section 4.2

dsme (lactose) mgCOD mgCOD ' h™* 0.018 + 0.012 Section 4.3

K L mgCr* 0.453 + 0.014 Section 4.2

Ks mgCOD L* 188 Ferro Orozco et al., 2010b
Rgs mgN L* 10 Contreras et al., 2008

b h! (3.3+04) x 1073 Section 4.1

dcrem mgCr mgCOD *h* 1.5 x 107* Ferro Orozco et al., 2008
dcrpm mgCr mgCOD *h? (2.2 +1.0) x10°° Section 4.1

inBM mgN mgCOD~* 0.07 Gujer et al., 1999

inp mgN mgCOD’l 0.045 + 0.005 Section 4.1

fe mgCOD mgCOD ! 0.133 + 0.002 Section 4.1

Re¢ mgCr mgCOD* 0.019 Ferro Orozco et al., 2008
iss mgSS mgCOD~* 0.77 Gujer et al.,, 1999
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Fig. 2 — Time course of (a) total suspended solids (TSS), (b) soluble COD, (c) oxygen uptake rate (OUR), and (d) hexavalent
chromium (Cr(VI)) in batch cultures with cheese whey as the carbon source. Cr(VI) initial concentrations were: (@)
OmgCrL™ % (V)10 mgCr L™ %, (M) 25 mgCr L™ %, (¢) 50 mgCr L%, and (A) 100 mgCr L2, Lines indicate the proposed model.

those authors may provide good results regarding the effect of
metals on the lag phase, a mathematically simpler approach
such as the proposed in the present work was enough to
represent our experimental results with an acceptable accu-
racy (Fig. 2).

The inhibition term in Eq. (2) is similar to the one proposed
by other authors (Yamamoto et al., 1993; Elangovan and Philip,
2009). Fig. 3 shows the effect of Cr(VI) on the dimensionless
specific growth rate (um/umo) calculated by Eq. (1) using the
values for umo, um«, and K shown in Table 2; for comparison
purposes, literature data concerning the effect of Cr(VI) of the
ratio um/umo are also depicted. In agreement to the proposed
expression (Eq. 1), in all cases a similar trend can be observed.
Hexavalent chromium exerts a strong inhibition on u,, within
the concentration range 0—20 mgCr L™%; then, a much lesser
effect of Cr(VI) on u, can be noticed for higher Cr(VI)
concentrations (Fig. 3).

The proposed model also predicts that the true biomass
yield (Y ) decreases as a function of Cr(VI). This effect of Cr(VI)
on Y is in accordance with results of Fig. 2a which shows that
the maximum biomass concentration decreases as a function
of the initial Cr(VI) concentration. In addition, several authors
report this effect of Cr(VI) on Y (Srinath et al., 2002; Juvera-
Espinosa et al., 2006; Villegas et al.,, 2008). According to
Rittmann and Saez (1993), this behavior is typical of inhibitors

Cr(VI1) (mgCriL)

Fig. 3 — Effect of Cr(VI) on the dimensionless specific
growth rate (um/umo) calculated with Eq. (1) using the
coefficients shown in Table 2 (dotted line) and those
adapted from Elangovan and Philip (2009) (continuous
line), Bae et al. (2000) (circles), and Stasinakis et al. (2002)
triangles.
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that uncouple substrate oxidation and biomass synthesis.
Uncouplers usually make the cytoplasmatic membrane
permeable for protons, lowering the proton motive force
across the membrane and therefore, the amount of ATP
synthesized per unit of substrate oxidized. Because ATP and
biomass synthesis are related, as a result, the presence of
uncouplers lowers the biomass yield. The effect of Cr(VI) on
lowering the biomass yield can be explained taking into
account that the reduction of chromate to Cr(IIl) is a proton-
consuming reaction (Katz and Salem, 1994); thus, this reaction
could lower the proton motive force across the cytoplasmatic
membrane, in a similar manner than an uncoupler.

4.3. Effect of the initial nitrogen to carbon ratio (No/Sg)
on activated sludge growth and Cr(VI) removal

Fig. 4 shows some examples of the time course of biomass (X ),
soluble COD, total ammonia nitrogen (TAN), and Cr(VI) for
different initial TAN concentrations. In these cases, cheese
whey was replaced by lactose as the carbon source in order to
control the initial nitrogen to carbon ratio (No/Sp). In general,
the lag phases observed in these experiments (Fig. 4) were
longer than the corresponding to the experiment with cheese
whey as the carbon source in the presence of 25 mgCr L*
(Fig. 2). While the lag phase with lactose was about 70 h, only
30 h was necessary to observe growth when cheese whey was
tested. This difference in the lag phase occurred because the
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model wastewater used to feed the parent activated sludge
reactor had cheese whey as the carbon source, thus, micro-
organisms were adapted to this substrate but not to lactose.
Fig. 2 shows that in the experiments with cheese whey, the
increase in Cr(VI) concentration produced longer lag phases.
Conversely, the lag phase observed in the experiments with
lactose was constant (Fig. 4); taking into account that in these
experiments the initial Cr(VI) concentration was constant,
this result confirms that the lag phase depended on the Cr(VI)
concentration but not on the ratio No/So.

Fig. 4 shows that the removal of Cr(VI) in the absence of
a nitrogen source was very low. When the initial TAN
concentration was 250 mgN L~?, the soluble COD (lactose) was
almost depleted but TAN values were about 70 mgN L~ at
t = 140 h; therefore, this case corresponded to a carbon-
limited assay (high No/Sp ratio). Beyond this time, Cr(VI)
removal rate drastically decreased and TAN concentration
increased due to the biomass decay. When the initial TAN
concentration was 60 mgN L7, the nitrogen source was
depleted at t = 90 h; although the carbonaceous substrate
concentration was around 3000 mgCOD L%, the biomass
growth stopped. Hence, in this case the biomass growth was
limited by the nitrogen source (low Ny/S, ratio). Because
lactose was the carbon but also the energy source, biomass
concentration remained almost constant; however, Cr(VI)
removal rate decreased due to the depletion of the nitrogen
source.
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Fig. 4 — Time course of (a) total suspended solids (TSS), (b) soluble COD, (c) total ammonia nitrogen (TAN), and (d) hexavalent
chromium (Cr(VI)) in batch cultures with lactose as the carbon source. Initial TAN concentrations were: (@) 0 mgN L™, (V)
60 mgN L%, (M) 130 mgN L™, and () 250 mgN L™, Lines indicate the proposed model.
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The following coefficients of the proposed model were
fitted to the Cr(VI) removal experiments with different initial
TAN concentrations: Ka, fmo, “mew, 9smo, sm«; these coeffi-
cients were adjusted because they represent the growth
kinetics of activated sludge using lactose as the carbon source.
Table 2 shows that the kinetic coefficients corresponding to
the growth of activated sludge using cheese whey were higher
than those obtained with lactose. In contrast, K, values cor-
responding to both substrates were similar. The true biomass
growth yield (Y') values in the absence of Cr(VI) calculated by
means of Eq. (5) for cheese whey and lactose were 0.58 and
0.43 gCOD gCOD™?, respectively. These results indicate that
the growth of activated sludge is favored by a complex carbon
source, such as cheese whey, in comparison with a defined
medium with lactose as the carbon source. Fig. 4 shows that
the proposed model predicts quite well the values for biomass,
soluble COD, TAN, and Cr(VI) as a function of time for all the
tested conditions.

The effect of the ratio between initial concentration of the
nitrogen source and the carbonaceous substrate (No/Sp) on the
removal of Cr(VI) is shown in Fig. 5; in all cases, Cr(VI) removal
was calculated at t = 140 h Cr(VI) removal increased from
2 mgCr L' in the case of assays without nitrogen source
addition (No/Sp = 0 mgN gCOD?) to about 15 mgCr L~ * for No/S
ranging between 19 and 28 mgN gCOD . Further increments
on the ratio No/Sp did not enhance the removal of Cr(VI)
because the completely
consumed before the nitrogen source; in these cases, growth
and Cr(VI) removal were limited by the carbonaceous source.

The initial No/Sy ratio determines the substrate that limits
the biomass growth. The stoichiometric No/Sy ratio, (No/So)st,

carbonaceous substrate was

Cr(M) =25 mg/L

! Cr(vl) =0mglL
(no consumption)
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Fig. 5 — Effect of the initial nitrogen to carbon ratio (No/So)
on the removal of Cr(VI). Initial conditions: Cr

(V) = 25 mg L™ %, X = 700 + 50 mgTSS L7,

Lactose = 5 g L. In all cases Cr(VI) removal were
calculated at t = 140 h. Bars indicate the standard
deviation. The shaded band indicates the range of
stoichiometric Ny/S, values obtained by the proposed
model.

can be defined as the initial No/S, ratio at which both N and S
are depleted at the same time; in this case both N and S are
limiting substrates simultaneously. If No/Sy is higher than (No/
So)st, N is in excess with respect to the stoichiometric
requirements and S will be the growth limiting substrate.
Conversely, when No/S, is lower than (No/Sp)st, the carbona-
ceous substrate is in excess with respect to the stoichiometric
requirements and N will limit the biomass growth. If assimi-
lation (incorporation of the nitrogen source into biomass) is
the only nitrogen consumption process (e.g. if nitrification can
be neglected), (No/So)st can be calculated as the product
between the nitrogen content of the biomass (ixgm), and the
biomass growth yield (Y). Although the value corresponding
to in,sm for activated sludge can be considered as a constant, Y
depends on many factors, such as wastewater characteristics,
culture conditions, and the presence of toxic compounds (e.g.
Cr(VI)). Using the values of the coefficients pmo, mw, gsmo, and
(sm« shown in Table 2 corresponding to lactose, Y was
calculated as a function of Cr(VI) by combining Egs. (1), (2), and
(5); then, considering iy gy = 0.07 mgN mgCOD™?, (No/So)s; was
calculated as a function of Cr(VI). Because Y varies with Cr(VI),
calculated (No/Sp)st values also depended on Cr(VI); thus, two
limiting conditions were considered. If the consumption of Cr
(VI) is negligible then Cr(VI) = 25 mgCr L~ (the initial CrVI
concentration in these experiments); in this case (No/
So)st = 21 mgN gCOD~*. Conversely, if Cr(VI) is depleted then
(No/So)st = 30 mgN gCOD™ . Fig. 5 shows that this range was in
accordance to the experimental values (19—28 mgN gCOD™Y).

4.4. Cr(VI) removal in continuous systems and model
validation

The removal of Cr(VI) using activated sludge reactors operated
at two sludge ages (20 and 45 d) and different inlet Cr(VI)
concentrations were studied; in all cases cheese whey was the
carbon source. Fig. 6a shows that steady-state values of TSS
decreased as the inlet Cr(VI) concentration increased. This
effect is in accordance with the decrease of the biomass as
a function of the initial Cr(VI) concentration shown in Fig. 2a,
confirming that the biomass yield (Y ) decreases as a function
of Cr(VI). Besides, no trend can be observed with respect to
steady-state values of the soluble COD and TAN (Fig. 6b,c). In
addition, Fig. 6d shows that the Cr(VI) in the outlet stream
increased as a function of the inlet Cr(VI) concentration.
Steady-state values of TSS, soluble COD, TAN and Cr(VI)
measured in continuous systems were compared to steady-
state values calculated by the proposed model using the
coefficients shown in Table 2 corresponding to cheese whey as
the carbon source. Fig. 6 shows that, taking into account the
experimental errors, in all cases model calculations were in
agreement with the experimental results. Moreover, Fig. 7
shows that the model accurately predicts the transient
concentrations of Cr(VI) as a function of time in response of
step changes in the inlet Cr(VI) concentration. These results
demonstrate that the proposed model could be a powerful tool
to predict the effect of the operating conditions on the
performance of an activated sludge reactor treating Cr(VI)-
containing wastewaters in the presence of a readily biode-
gradable organic matter (cheese whey in this work) under
fully aerobic conditions. The presence of high organic matter
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Fig. 6 — Steady-state values of (a) total suspended solids (TSS), (b) soluble COD, (c) total ammonia nitrogen (TAN), and (d)

hexavalent chromium (Cr(VI)) as a function of the inlet Cr(VI) concentration in continuous systems feed with cheese whey as
the carbon source and operating at different sludge ages: (®, continuous line) 20 d; (H, dashed line) 45 d. In all cases the
hydraulic retention time was 2 d. Dots indicate experimental results, bars show the standard deviation. Lines indicate the

proposed model.
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Fig. 7 — Time course of Cr(VI) in a continuous activated
sludge reactor feed with cheese whey as the carbon source
and operating at a sludge age of 20 d and hydraulic
retention time of 2 d. Bars indicate the standard deviation.
Dotted line indicates the inlet Cr(VI) concentration.
Continuous line represents the proposed model.

concentrations along with Cr(VI) can occur when wastewaters
from more than one industry are mixed (Elangovan and Philip,
2009; Cokgor et al., 2008, 2009). In the case of Cr(VI)-containing
wastewaters with low organic matter content, such as elec-
troplating, pigmentation, and wood preservation (Katz and
Salem, 1994), a carbon source has to be supplied externally;
thus, the addition of cheese whey (a residue from dairy
industries) could be a suitable alternative to enhance the Cr
(VI) reduction due to its low cost.

5. Conclusions

The mathematical model developed in the present work
adequately describes the biological reduction of Cr(VI), carbon
and nitrogen sources consumption, and biomass growth
under fully aerobic conditions. Model coefficients were
obtained by adjusting the model to the results obtained in
batch cultures under different conditions such as: in the
absence of carbon and nitrogen sources, different initial Cr(VI)
concentrations, two carbon sources, and different initial
nitrogen to carbon ratio. Then, the calibrated model was used
to calculate steady-state values of TSS, soluble COD, TAN and
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Cr(VI) in continuous systems, obtaining a good accordance
with the experimental data. The model also accurately pre-
dicted the transient concentration of Cr(VI) in continuous
systems as a function of time in response to step changes of
the inlet Cr(VI) concentration. The proposed model could be
a powerful tool to predict the effect of the operating condi-
tions on the performance of an activated sludge reactor
treating Cr(VI)-containing wastewaters in the presence of
a readily biodegradable organic matter under fully aerobic
conditions.
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