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The objective of this study was to evaluate the effect of powdered activated carbon (PAC) on the growth
kinetics of activated sludge; in addition, a kinetic model for this system was developed. Adsorption kinetic
experiments of the growth substrate (cheese whey) in the absence of activated sludge were carried out
in conical flasks (20°C, pH 7). Substrate adsorption attained the equilibrium within the first hour. The
Langmuir adsorption equation adequately fitted the specific adsorption capacity (qc) as a function of the
soluble COD (CODs). Activated sludge batch growth experiments in the presence of different PAC concen-
trations were also performed. Specific growth rate (1qps ) and specific oxygen uptake rate (qo, ) decreased
as PAC concentration increased; however, stoichiometric coefficients Yx;s and Yo;s were almost constant.
A mathematical model was developed to represent the effect of PAC on the microbial growth kinetics.
The model combined biochemical processes (biomass growth, substrate consumption and product gen-
eration) with the adsorption kinetics of the substrate onto PAC. A good agreement between the proposed
model and the experimental data was obtained. Simulations show that PAC acts as a buffer of substrate,
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yielding slower responses to changes of the substrate concentration.
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1. Introduction

Activated sludge (AS) treatment is a technically and eco-
nomically feasible option to treat many types of wastewaters
containing highly biodegradable organic matter [1]. Many haz-
ardous substances are transformed into less harmful compounds
by cometabolism. The term cometabolism can be defined as the
transformation of a nongrowth (also called secondary) substrate by
growing cells in the presence of a growth (or primary) substrate.
Because cometabolic reactions yield no carbon or energy benefits
to the transforming cells, a primary substrate must be available to
grow new cells, provide an energy source, and induce production of
cometabolic enzymes [2]. For this reason, the bioavailability of pri-
mary substrates is a key factor for the biodegradation of hazardous
compounds.

Refractory organic compounds and heavy metals often can neg-
atively affect the micro-organisms in activated sludge, decreasing
the efficiency of the treatment. In these cases, the addition of pow-
dered activated carbon (PAC) into the aeration basin has been
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proposed as a suitable technique to protect the activated sludge
against toxic wastewaters [3,4]. Organic matter removal in AS-PAC
systems is the combination of adsorption and biodegradation. Acti-
vated carbon in conjunction with activated sludge increases the
removal efficiency by adsorbing non-biodegradable, toxic and/or
inhibitory organics and some heavy metals [5-7]. However, PAC
may also adsorb primary substrates, decreasing the cometabolism
of certain hazardous compounds. Therefore, although the overall
performance of the combined AS-PAC process are better than the
conventional activated sludge system, the removal capacity of haz-
ardous compounds by cometabolism may decrease.

There are many reports concerning the advantages of the com-
bined AS-PAC process over the conventional activated sludge
system to remove organic matter. Some authors have reported
an apparent synergism in the combined AS-PAC process, e.g., the
total effect of adsorption and biological oxidation being greater
than the sum of their effects taken independently [3,8,9]. How-
ever, there are reports that organic matter removal in these systems
is a simple addition of effects from carbon adsorption and bio-
logical removal [10-13]. These contradictory reports indicate that
mechanisms involved on the combined AS-PAC process are not
entirely elucidated. In addition, they reflect the difficulty to clearly
define and to quantify the concept of synergism. In order to eval-
uate the degree of synergism of the AS-PAC process to remove a
given hazardous/toxic compound, many researchers often studied
its removal by using AS alone, then the efficiency of PAC to remove


http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:econtrer@quimica.unlp.edu.ar
dx.doi.org/10.1016/j.cej.2009.11.009

332 A.M. Ferro Orozco et al. / Chemical Engineering Journal 157 (2010) 331-338

Table 1

Some characteristics of the powdered activated carbon (PAC).
Properties Value
Surface area, BET (N, /77 K) 889 m?/g
Methylene Blue adsorption 260 mg/g
lIodine adsorption 800 mg/g
Bulk density 0.29 g/cm?
Moisture 12%
pH (1% suspension) 6.0-8.0
Screen analysis, passes mesh #325 60-80 wt%

such compound, and finally the performance of the combined
AS-PAC process. Then, synergism degree can be evaluated com-
paring the removal efficiency of the hazardous compound for these
systems [14]. However, this methodology relies on the assumption
that PAC has a negligible effect on microbial growth kinetics.

The removal of Cr(VI) using AS and AS-PAC processes were stud-
ied in previous works [6,7]. It was proved that activated sludges are
capable of reducing Cr(VI) to Cr(Ill) if a suitable electron donor is
available [6]. In the cases when the biomass growth is negligible
(e.g. high initial biomass to substrate ratio), Cr(VI) removal using
the combined AS-PAC process can be adequately described by a
simple combination of the kinetic expressions proposed for AS and
PAC alone, respectively [7]. However, when the initial biomass to
substrate ratio is low, a significant increase of the biomass concen-
tration would be expected. In such cases PAC addition may affect
the microbial growth kinetics (and Cr(VI) removal, for example)
due to the adsorption of the growth substrate.

The objectives of this study were (a) to determine the adsorption
kinetic and equilibrium isotherm of the growth substrate (cheese
whey) onto PAC in the absence of biomass, (b) to analyze the effect
of different PAC concentrations on the growth kinetics of activated
sludge, and (c) to propose a kinetic model for the combined AS-PAC
process.

2. Materials and methods
2.1. Biological and chemical materials

All inorganic salts used in the present work were com-
mercial products of reagent grade from Anedra (San Fernando,
Argentina). Dehydrated cheese whey was from Food S.A. (Villa
Maipd, Argentina). Powdered activated carbon (PAC) type 061 was
from Clarimex S.A. (Mexico); several characteristics of the used PAC
are shown in Table 1.

The biomass used in all the experiments was harvested from an
aerobic laboratory-scale (4.5 L) activated sludge reactor with partial
biomass recycle. The reactor was fed with a synthetic wastewa-
ter with the following composition [6,7]: dehydrated cheese whey
1.5¢g, (NH4),S0O4 0.94 g, and NaHCO3 1.03 g dissolved in 1L of tap
water. The soluble chemical oxygen demand (CODs) of the syn-
thetic 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 con-
ditions dissolved oxygen (DO) concentration was above 4mgL~!,
pH was 7.5+0.4, CODs of the effluent ranged between 30 and
80mgL-1, and total suspended solid (TSS) concentration ranged
between 2600 and 2900 mgL-1.

2.2. Growth substrate adsorption experiments on PAC in the
absence of biomass

Growth substrate (cheese whey) adsorption experiments onto
PAC were carried out in 200 mL well-agitated conical flasks at a
constant temperature (20+2°C) and pH (7.00 £+ 0.05). Adsorption

assays were performed in the same media used in the biomass
growth tests in order to obtain comparable results. The medium
was prepared dissolving in 1L of distilled water the following
[15]: (NH4)2S04 (1g), KHyPO4 (2 g), KyHPO4 (0.5 g), micronutri-
ent solutions M1 (1 mL) and M2 (1 mL). The composition of the
micronutrient solution M1 was (in g/100mL): FeSO4-7H,0 1.5,
ZnS04-7H,0 0.5, MnSO4-H,0 0.3, CuSO4-5H,0 0.075, CoCl,-6H,0
0.015, and citric acid 0.6. M2 solution contained (in g/100mL):
(NH4)sMo070,4-4H,0 0.05, BO3H3 0.01, KI 0.01. The initial pH was
adjusted to 7.00 £ 0.05 adding a few drops of a concentrated NaOH
solution.

2.2.1. Adsorption equilibrium isotherm

To determine the adsorption equilibrium isotherm of the cheese
whey onto the used PAC, different initial soluble COD concen-
trations (CODsg=1200-10,000mgL-') were obtained dissolving
appropriate amounts of cheese whey; in these experiments tested
PAC concentrations (Ct) ranged from 1 to 16 gL~1. The flasks were
agitated 24 h to ensure the equilibrium condition; then, soluble
COD (CODg) was determined. From CODs equilibrium data, PAC
specific adsorption capacity (qc, mg g~1) was calculated as follows:

g = CODSOC CODs (1)
T

2.2.2. Adsorption kinetics
Adsorption kinetic experiments were performed using differ-

ent initial soluble COD (CODgg) concentrations dissolving 2500

or 5500mgL-! of dehydrated cheese whey. In these experiments

tested PAC concentrations were 8 and 14gL-1; att=0.5,1, 2, 3,and

4 h, samples were taken to measure soluble COD.

2.3. Biomass growth experiments with different PAC
concentrations

In order to study the effect of PAC on the biomass growth kinet-
ics, batch assays were performed in 250 mL aerated vessels. The
tested PAC concentrations were 2, 4, and 8 gL~1; in addition, batch
assays without PAC were also carried out. The culture medium used
in the batch tests was similar to the one described in the previ-
ous section; however, in these experiments the initial dehydrated
cheese whey concentration was 5000 mg L. In all cases the initial
biomass concentration was 700 + 50 mgTSS L. The initial pH was
adjusted to 7.00 £ 0.05 adding a few drops of a concentrated NaOH
solution; this pH was selected because it is the optimum value for
the metabolic activity of most of heterotrophic micro-organisms
that are present in a typical activated sludge [16]. All experiments
were performed at room temperature (20 4 2 °C). At predetermined
time intervals samples were taken to determine TSS, CODs, pH and
oxygen uptake rate (OUR).

2.4. Analytical methods

To determine TSS, 8-mL of the culture were poured into pre-
weighted centrifuge tubes, centrifuged and washed twice with
distilled water, and heated at 105°C for 24 h; TSS of the sample
was calculated as the difference between final (dry sample + tube)
and initial (tube alone) weights. The observed biomass concen-
tration (X, mgTSSL~1) was calculated as the difference between
TSS and the added PAC concentration. It must be pointed out
that this difference was a lumped parameter that included active
(growing) biomass (Xg), inert (non-growing) biomass (Xng), and
a fraction of the adsorbed substrate that could not be removed
from the PAC surface by the washing procedure. In addition, the
difference between TSS and the added PAC concentration may also
include adsorbed and suspended (non-adsorbed) biomass; how-
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Fig. 1. PAC specific adsorption capacity (qc) as a function of time (t) corre-
sponding to the following initial conditions: (®) PAC=8 gL', CODsp =5500mgL!;
(m) PAC=14gL"", CODsp=5500mgL"; (o) PAC=8gL~!, CODsp=2500mgL~"; (¥)
PAC=14gL~1,CODso =2500 mgL~'. Bars indicate the standard deviation. Lines indi-
cate the kinetic expression of the Langmuir adsorption model (Egs. (4)-(6)) using
the coefficients shown in Table 3.

ever, microscopic observations performed at the end of batch tests
showed that contact time was not long enough to find significant
amounts of biomass attached to PAC particles. In all batch growth
experiments, duplicate biomass measurements were performed
to reduce experimental errors; obtained mean and maximum
errors for the biomass concentration were 4% and 13%, respec-
tively.

Soluble COD of the culture as a function of time was determined
as follows [7]: 3-mL of culture samples were centrifuged for 5 min at
13,000 rpm (Eppendorf 5415C). Because some of the PAC particles
could not be removed using this procedure, the supernatant was
filtered through 0.45 wm cellulosic membranes (Osmonics Inc.).
Then, soluble COD of the filtrate was determined using commer-
cial reagents (Hach Company, Loveland, CO). For each sample, CODg
measurements were in duplicates.

Oxygen uptake rate (OUR, mg0, L-1) measurements were per-
formed 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 satu-
ration level was reached; and 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).

All the results presented in this paper are average values of at
least two experiments.

3. Results and discussion

3.1. Growth substrate adsorption on PAC in the absence of
biomass

In order to study the effect of PAC on the bioavailability of the
growth substrate (cheese whey in this work), the adsorption kinetic
was studied. Fig. 1 shows that the specific adsorption capacity (qc)
increased as a function of time, reaching maximum values within
the first hour. In addition, Fig. 1 shows that the specific adsorption
capacity at the equilibrium condition (qcg) increased with higher
initial soluble COD and lower PAC concentrations. Sarkar et al.
[17] studied the reuse of wastewater of dairy industries using PAC,
among other procedures; those authors found that the equilibrium
corresponding to the adsorption of the soluble COD was achieved
within the first 2 h.

Fig. 2 shows the specific adsorption capacity of PAC at the equi-
librium condition (qcg) as a function of the substrate equilibrium
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Fig. 2. PAC specific adsorption capacity at the equilibrium condition (gcg) as a func-
tion of the cheese whey equilibrium concentration expressed as soluble COD (CODs).
Bars indicate the standard deviation. Line indicates the Langmuir adsorption model
at the equilibrium condition (Eq. (2)).

concentration expressed as soluble COD (CODs). The Langmuir
adsorption model was used to represent the equilibrium isotherm
data:

CODs

:ab—i-CODS (2)

qce
where o (mgCODgPAC-!) is the maximum specific adsorption
capacity of the PAC and b (mgCODL-1) is the concentration at
which half saturation of the adsorbent is reached. Eq. (2) was fit-
ted to the experimental data obtaining the following coefficients:
«=316+20mgCOD gPAC-! and b=1489 +289mgCODL-!. Con-
sidering that the initial substrate concentration in the batch growth
experiments was about 4900 mgCOD L1, it is clear that coefficient
b of the adsorption isotherm (Eq. (2)) was not negligible in compar-
ison with the initial soluble COD; within the tested conditions, less
than 76% of the maximum specific adsorption capacity (qc/o = 0.76)
could be achieved.

Galiatsatou et al. [18] studied the treatment of olive mill
wastewater for COD abatement using activated carbons from agri-
cultural by-products. Those authors found that COD adsorption
isotherms were adequately represented by the Langmuir model.
In addition, & and b values reported by those authors ranged from
555 to 1667 mgCOD gPAC-! and 5681-12,345 mgCOD L, respec-
tively. Although maximum specific adsorption capacity of the PAC
used in the present paper was lower than the value corresponding
to PAC produced from agricultural by-products, its affinity for the
soluble COD (measured as the inverse of b) was higher.

3.2. Effect of PAC on the biomass growth kinetics

Batch growth experiments were performed to evaluate the
effect of PAC concentration on the biomass growth kinetics. Fig. 3
a-h shows the soluble COD (CODs), the observed biomass con-
centration (X) and the oxygen uptake rate (OUR) as a function of
time corresponding to the control experiment (without PAC addi-
tion) and the different tested PAC concentrations (2, 4, 8 gPACL-1).
During the first 8 h a lag phase was observed; thus, OUR values
remained around 20 mg0O, L-' h~! and X ranged between 660 and
850 mgTSS L1, However, in the systems with PAC, a fast decrease of
CODs was observed within this stage due to the substrate adsorp-
tion. By increasing PAC concentrations, lower initial soluble COD
concentrations were obtained. For example, when PAC concentra-
tion was 8 gL~1, soluble COD decreased from 4900 to 3100 mg L'
within the first 2 h due to the adsorption of the substrate onto the
used PAC; thus, PAC reduced the growth substrate bioavailability
(the actual substrate concentration in solution). After the lag phase,
X and OUR increased, and soluble COD decreased; the exponential
growth phase ended at t=15 h. Then, a sharp decrease of OUR was
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Fig. 3. Observed biomass concentration (X, W), soluble COD concentration (CODs, ®), and oxygen uptake rate (OUR, a) as a function of time corresponding to the control
experiment without PAC (a and b), and to the following initial PAC concentrations: (cand d) 2gL~!; (e and f)4gL~'; (g and h) 8 gL~"'. Bars indicate the standard deviation.
Lines indicate the proposed model (Eqgs. (4)-(12)) using the coefficients shown in Table 3.

observed due to the growth substrate (S) depletion; however, the
soluble COD stayed about 260 mgCOD L1,

For each tested PAC concentration (2-8 gPACL~1) and for the
experiment without PAC, the observed maximum specific growth
rate (Wops) Was calculated from the slope of the linear part of the
plot of Ln(X) as a function of time. The biomass growth yield (Yxs)
and the substrate oxidation coefficient (Yqs) were obtained from
the slopes of X and total oxygen consumption (OC) as functions
of the soluble COD concentration respectively. The specific oxygen
uptake rate (qo, ) was obtained from the slope of OUR as a function
of X. Table 2 shows that kinetic coefficients 145 and qo, decreased
as the initial PAC concentration increased; on the contrary, taking
into account the experimental errors, stoichiometric coefficients
Yy/s and Yo s were almost constant. In addition, for all the tested
conditions, COD mass balances were close to 100% (Table 2); hence,
this provides a powerful validation of the experimental data. Table 2

shows that kinetic coefficients pqhs and qo, were affected by the
presence of PAC due to the adsorption of the growth substrate.
On the contrary, because the substrate adsorbed during the first
hours of batch tests could be desorbed and becoming bioavailable
for growth, the maximum biomass concentration for each tested
PAC concentration was almost constant. For this reason, stoichio-
metric coefficients Yx;s and Yg;s were not affected by the addition
of PAC.

Results showed in Table 2 agree with those reported by other
authors. Orshansky and Narkis [3] studied some physiological
aspects of the simultaneous adsorption and biodegradation of ani-
line from aqueous solution; these authors found that the presence
of PAC decreased the microbial respiration. In addition, a significant
amount of aniline remained strongly adsorbed on the PAC and was
not available for biodegradation. Specchia and Gianetto [19] deter-
mined activated sludge growth coefficients and kinetic constants

Table 2
Effect of PAC concentration on the growth kinetics of activated sludge.
PAC (gL 1) Jobs (h71) o, (mg0, gTSS~'h-1) Yxs (gTSSgCOD-1) Yoss (802 gCOD) COD mass balance? (%)
0 0.154 + 0.008 198 £ 8 0.48 + 0.01 0.37 £ 0.01 102 + 2
2 0.135 + 0.007 189 £ 8 0.45 + 0.01 0.32 + 0.03 93+3
4 0.115 + 0.011 149 £ 10 0.49 + 0.01 0.30 + 0.03 97 +£3
8 0.088 + 0.005 175 £ 10 0.46 + 0.03 0.32 + 0.02 95+ 4

2 Assuming a standard biomass composition (CsH;0,N) and 96% of volatile compounds of the biomass, the following conversion factor from biomass TSS to COD units was

obtained: fx =1.36 gCOD/gTSS.
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Table 3
Coefficients of the proposed model (Egs. (4)-(12)).

Coefficient Value 4+ SD Experimental data used to obtain the model coefficients
o (mgCOD gPAC1) 316+20 Equilibrium
b (mgCODL1) 1489 +289 adsorption isotherm

Kags (LMgCOD~1 h-1) (7.52+£0.64) x 10~

Kaes =b kags (h™") 1124024
Mm (h71) 0.352+0.014
Ks (mgCODL) 188+52
Y5 (1SSgCOD™) 0.515+0.023
kq (h71) 0.055+0.005
Ypis (gCODgCOD) 0.060 +0.007
qo,m (Mg0, gTSS~'h-1) 152417

qe (mg0, gTSS~ h~1) 2346

B (mgTSSgPAC1) 71.9+6.0

7 (h) 833+6.9

Adsorption kinetics

Batch growth kinetics with
different initial PAC concentrations

of biological oxidation with the presence and absence of PAC. Those
authors found that the addition of PAC decreased the sludge growth
rate suggesting that the lack of substrate due to the adsorption onto
PAC probably imposes a limitation on bacterial growth [19].

3.3. Kinetic model for microbial growth with simultaneous
substrate adsorption

3.3.1. Model development

In order to develop a simplified model of the effect of PAC on
the bioavailability of the growth substrate (S), it was assumed that
PAC can adsorb only the growth substrate (cheese whey in this
work); in addition, the adsorption of microbial soluble products (P)
was neglected. It must be pointed out that a typical batch experi-
ment lasted about 20 h; within this time, microscopic observations
showed that the biomass attached to PAC particles was negligible
in comparison to the biomass in the liquid phase. For this reason,
consideration of adsorbed biomass was not included in the model.
The model considers that biomass in the liquid phase was mainly
responsible for the soluble COD oxidation, oxygen consumption,
and biomass production.

In accordance with the results shown in Fig. 2, it was assumed
that the sorption process can be represented by the Langmuir
adsorption isotherm model. In the Langmuir model the sorption
process is the result of two reactions, the (forward) adsorption of
growth substrate (S) onto free carbon (Cg) to yield combined carbon
(Cc), and the (reverse) desorption of S from Cc:

kags
aS+ Cg=Ce (3)
kdes

where k4 (LmgCOD~! h~1) and kges (h~1) are the adsorption and
desorption rate constants respectively, and o (mgCOD gPAC~!) is
the amount of substrate adsorbed per gram of carbon. Taking into
account that the total PAC concentration (Cy) was equal to Cg + C,
the reaction rates corresponding to the species Cg and C¢ were the
following:

dG
T: = _kadsSCF + kdesCC (4)
dC
T; = kadSSCF - kdesCC (5)

Regarding the growth substrate (S), it was assumed that the
uptake of S by micro-organisms follows a Monod type kinetics. The
lag phase observed during the first hours in batch growth assays
(Fig. 3) was modeled assuming that the biomass was composed by
growing (Xg) and non-growing (Xyg) fractions, and that the acti-
vation process from Xng to X follows a first order kinetics with a
rate constant 1/7 [20]. Thus, growth substrate (S), growing biomass

(Xg), and non-growing biomass (Xng ) balances were the following:

ds >
= —0(kaqsSCr — kgesCc) — }l;LTm (m) X ©
X/s
dXG ~ S XNG
G = i (ys) e X T 7
dXne  Xne
o __ Ko (8)

where Yy/s (mgTSS mgCOD~1)is the true biomass growth yield, ptm
(h=1) is the maximum specific growth rate, Ks is the growth sub-
strate saturation constant (mgCOD L~1), and kq (h~1) is the biomass
decay constant.

Fig. 3 shows that CODs values at the end of the batch tests were
about 260 mgCOD L~1; this soluble COD was attributed to the pres-
ence of microbial soluble products [21]. Usually these products are
divided in two categories: products associated with biomass decay,
and products associated with substrate uptake and biomass growth
[22].In the proposed model the presence of a growth-linked micro-
bial soluble product (P) was assumed; thus, the mass balance for P
was the following:

dp Am N
ar = syrs (rers) % )

where Yp/s (mgCOD mgCOD~1) is the product yield.

Regarding the oxygen uptake rate (OUR), it was assumed that
both X; and Xng had the same endogenous specific oxygen uptake
rates (qg). However, because only X was capable of consuming
substrate, X was responsible for the exogenous respiration:

OUR = qo,m ( X6 + qe(X6 + Xng) (10)

S
Ks + 5)
where qo,m and gg (mgo- gTSS~1h~1) were the maximum exoge-
nous, and endogenous specific oxygen uptake rates, respectively.
The measurable outputs of the proposed model are OUR (Eq.
(10)), soluble COD (CODs), and the observed biomass concentration
(X). The soluble COD concentration is:

CODs=S+P (11)

Taking into account that X was calculated as the difference
between TSS and the added PAC concentration, this difference
included growing biomass (Xg), non-growing biomass (Xng), and
the amount of the adsorbed substrate that could not be removed
from the PAC surface by the used washing procedure; therefore,
the observed biomass concentration (X) in terms of the proposed
model is:

X =Xg + Xne + BCc (12)
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where 8 (mgTSS gPAC—!) is the adsorbed substrate after washing
the sample per unit of combined carbon. If the washing procedure
can remove all the adsorbed substrate, then 8=0; if the substrate
cannot be removed by the washing procedure then f=c«.

3.3.2. Estimation of the model coefficients

The estimation of the coefficients of the model proposed in this
paper (Egs. (4)-(12)) and the dynamic simulations were performed
using the software package Gepasi 3 [23]. Gepasi integrates the
systems of differential equations with the routine LSODA (Liver-
more Solver of Ordinary Differential Equations). LSODA algorithm
measures the stiffness of the equations and switches the integra-
tion 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 optimization (e.g. gradient descent meth-
ods), 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 used is the
Levenberg-Marquardt method as this has proved the most efficient
gradient optimizer used in Gepasi 3 [23].

The estimation of the proposed model coefficients was per-
formed in three steps. In a first step the model was used to
represent the growth substrate (cheese whey) adsorption equi-
librium isotherm onto PAC in the absence of biomass (Fig. 2);
therefore, in this case: Xg = Xng = P=0. In addition, the initial condi-
tions (t=0) were the following: S=Sg, Cco =0, Cgg = Cr. In this case,
by combining Egs. (4)-(6) the following was obtained:

S-S
T«

Cc (13)

G =Cr—

So—S
14
- (14)
When the adsorption process reaches the equilibrium, adsorption
and desorption rates are equal,

kadsSCr = kgesCc (15)
and combining Egs. (13)-(15) the following was obtained:
So—S — S

Cr (kdes/kads) + S

By the comparison of Eqgs. (2) and (16), it is clear that both
coefficients & and b=(kges/kiqs) can be adopted from the Lang-
muir adsorption equilibrium isotherm coefficients obtained in the
previous section.

In the following calibration step, the software Gepasi 3 was
used to fit Eqs. (4)—(6) to the adsorption kinetic data shown in
Fig. 1. It must be pointed out that in this condition the model had
three adjustable coefficients (¢, k,4s, and kges ); however, taking into
account the above mentioned constraint (b = (kges/kaqgs)), only a sin-
gle coefficient (k,qs in this work) was necessary to fit the model
to the experimental data. This procedure reduces computational
efforts and fitting errors. Eqs. (4)-(6) were fitted to the measured
values of g¢ as a function of time for different initial PAC and
COD concentrations. Fig. 1 shows a satisfactory agreement between
the Langmuir model (Eqgs. (4)-(6)) and the experimental data.
Using the above mentioned procedure, the following coefficients
values were obtained: Kk,gs=(7.5240.64) x 10~ L mgCOD~1h-1,
kges=1.124+0.24 h~1 (Table 3).

qce = (16)
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Fig. 4. Proposed model predictions (Egs. (4)-(12)) as a function of experimental
data. Lines indicate the identity line (model = experimental data). Bars indicate the
standard deviation.

Once coefficients «, k,q4s, and kges Were obtained, the proposed
kinetic model (Egs. (4)-(12)) was fitted to batch growth experimen-
tal data (CODs, X, and OUR as a function of time) for the different
initial PAC concentrations tested (0-8gL~1) using the software
Gepasi 3. Obtained coefficients are shown in Table 3; these values
are within the range reported by other authors [24,25]. Figs. 3 and 4
show that in all cases a good agreement between the proposed
model and the experimental data was obtained. This result demon-
strates that kinetic behavior of the tested AS-PAC system can be
represented as a combination of a microbial process that comprises
substrate consumption and biomass growth, with the sorption pro-
cess of substrate onto the added PAC.

The proposed model was used to simulate the effect of the ini-
tial substrate and PAC concentrations on CODg, X, and OUR as a
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Fig. 5. Soluble COD (CODs), biomass concentration (X), and oxygen uptake rate (OUR) calculated by the proposed model (Egs. (4)-(12)) as a function of time. Initial substrate
(So) and PAC (Cr) concentrations were: So =500 mgCOD L~ (a-c); So =2500 mgCOD L~ (d-f); So =5000 mgCOD L' (g-i); Cr=0gPACL~' (®); Cr =2 gPACL~" (v); Cr=4 gPACL"!
(m); Cr=8gPACL"! (4).In all the simulations the initial biomass concentration was 500 mgTSS L~'. Model coefficients used in all simulations are shown in Table 3.

function of time. Fig. 5 shows that PAC acts as a buffer of sub-
strate concentration changes, yielding slower responses to the
changes of substrate concentration due to the microbial consump-
tion. During the first hours of a batch test, when the substrate
concentration (S) is higher than the corresponding to the sorption
equilibrium concentration (Sg), PAC adsorbs substrate decreas-
ing its concentration to reach the sorption equilibrium. However,
after the lag phase, S decreases to a value lower than Sg due to
the metabolic activity of micro-organisms. In this case, substrate
is desorbed from PAC surface in order to reach a new Sg value.
The slower responses of substrate concentration changes in sys-
tems with PAC determine also slower responses on X and OUR
changes. In addition, Fig. 5 shows that the substrate buffer effect
due to the presence of PAC is more evident with higher ratio
PAC to initial substrate concentration. It must be pointed out that
one of the advantages of the combined AS-PAC process over the
conventional AS system would be this substrate buffer function
that helps to maintain the stability of AS-PAC combined bioreac-
tors.

4. Conclusions

The adsorption of growth substrate (cheese whey) onto the used
PAC attained the equilibrium within the first hour; the Langmuir
adsorption model described adequately the specific adsorption
capacity (qc) as a function of the soluble COD (CODs).

Batch growth experiments showed that microbial kinetic coef-
ficients pops and qo, decreased as the initial PAC concentration
increased; however, stoichiometric coefficients Yys and Yo s were
constant. Increasing PAC concentrations, lower initial soluble COD
concentrations were obtained; thus, PAC reduced the growth sub-
strate (cheese whey) bioavailability, that is, the actual substrate
concentration in solution.

Activated sludge batch growth experiments in the presence of
PAC could be described adequately by the developed mathemati-
cal model. This model was a combination of biochemical processes
(biomass growth, substrate consumption and product generation)
with the adsorption kinetics of the substrate. The model was fitted
to the experimental data; for all the tested conditions, a good agree-
ment between the proposed model and the experimental data was
obtained. Therefore, kinetic behavior of the tested AS-PAC system
can be represented by a combination of a microbial process with
the sorption process of substrate onto the added PAC.

Simulations show that the main effect of PAC on the growth
kinetics is to act as a buffer of substrate concentration changes,
yielding slower responses to the changes of substrate concentra-
tion; the buffer function of substrate due to the presence of PAC
helps to maintain stable environmental conditions in combined
bioreactors.
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