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Standards for highly toxic and carcinogenic pollutants impose strict guidelines, requiring values close to zero, re-
garding the degradation of such pollutants in industrial streams. In many cases, classic bioremoval processes fail.
Therefore, we proposed a stream leaving the microbial membrane bioreactor (MBR) that is directed to an ad-
ditional membrane separation mode (NF/RO). Under certain conditions, the integrated process not only benefits
the environment but may also increase the profitability of the bioreactor operation. An appropriate model was
developed and tested in which the bioremoval of benzene and toluene by Pseudomonas fluorescens was used as an
example. This paper presents equations for selecting the operation parameters of the integrated system to achieve

the expected degree of industrial wastewater purification.
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INTRODUCTION

BTEX (benzene-toluene-ethylbenzene-o,m,p-xylene),
which are highly toxic organic compounds, are commonly
found in crude oil and its refined products. The average
weight percentage of BTEX in petrol is 18%, and the
wt% of particular compounds is presented in Figure 1%
Due to the strong carcinogenic properties of BTEX, the
methods of their disposal in the natural environment
are very restrictive?.
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Figure 1. The average weight percentage of BTEX in petrol'

Microbial degradation is a type of chemical reaction
that utilises a catalyst, which in this case, is a group of
enzymes produced by microorganisms. The process in
its simplest form can be described as a first-, zero- or
fractional-order reaction, depending on the limiting
substrate concentration. Due to a limited range of con-
centrations, the kinetics of low water solubility substrates
are usually first order*. However, even at these relatively
low concentrations, substrate inhibition is observed for
highly toxic compounds® ®. In such case, in CSTR two
steady-states can occur at:
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where:

Yy s — biomass yield coefficient, gy g¢™,
w — specific growth rate, h™!,
T — residence time, h.

Specific growth rate and biomass yield coefficient are
common applied in description of microbial process.
The methods for their value estimation were presented
in literature” 8. However, not all states in the reactor
are stable’. The stable and most interesting working
point of the bioreactor, i.e., that corresponding to the
lowest substrate concentration and thus a higher bio-
mass concentration (Fig. 2), are considered here, thus
limiting the kinetics to the substrate range described by
the Monod equation.

As the conversion of xenobiotic compounds, inclu-
ding BTEX, is a complex process consisting of several
successive reactions', the slowest step limits the overall
rate of the entire process. However, the bioremoval rate
is usually defined as the change in the initial substrate
(pollutant) concentration and can be connected with
the empirical Monod equation' given in Equation (2).

dcg 1 dcy 1 1 Wmax * Cs
_E_T/SE_F/S.CX.”_T/S.CX.—K_'—CS (2)
where:

K — Monod equation constant, g dm™,

m,,,. — maximal specific growth rate, h™.
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Figure 2. Steady states in the case of microbial kinetics with a

substrate inhibition (one value of p corresponds to two

states i.e. two different biomass concentration and two
different cq,)
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The value of the specific growth rate (u) for BTEX as
the substrate is very low (on the order of 10~ h™')!2 1314,
This value can be somewhat improved using a mixture
of various microbial cultures, i.e., a microbial consor-
tium'> 1617 The benefits of microbial consortia include
complementation (production of other enzymes), streng-
thening of catalytic pathways (production of enzymes
more resistant to inhibition and/or characterizing higher
turnover rate constant), and exchange of genetic material
between bacterial species through transfer of plasmids
with catalytic properties they encode'®.

Standards required for output values of BTEX? practi-
cally impossible to carry out processes of their bioremoval
in the CSTR (Continuous Stirred Tank Reactor). The-
refore, the processes described in literature*"” involved
batch cultures. At the large volumes of industrial waste
water its necessitates the use of large-scale reactors.

The paper describes novel method for improving the
effectiveness of bioremoval based on the integration of
CSTR with two membrane modules. The advantage of
the method is to operate the process continuously. Based
on the elaborated model used in our work, we analysed
how the application of a second module (nanofiltration
or reverse osmosis modules), which facilitated pollutant
separation and the return of the pollutant in the retentate
stream to the bioreactor, affected the substrate conversion
degree and the pollutant concentration in the outgoing
streams. This integrated approach is novel.

The use of membrane processes to achieve the required
standards of another compounds in a permeate stream
has been previously described in the literature . There
are also numerous applications of integration processes
run in a (bio)reactor with one membrane separation
step?™ 2 2 which also increases the biomass concen-
tration in the vessel of the bioreactor*® 2. However,
in presented case we expect an impact of the substrate
separation on the reactor working and the role of each
node of membrane separation. The model results were
verified based on the bioremoval process of benzene and
toluene using Pseudomonas fluorescens.

EXPERIMENTAL

Material

The Pseudomonas fluorescens PCM 2123 strain was
obtained from the Institute of Immunology and Experi-
mental Therapy of the Polish Academy of Sciences in
Wroclaw (Poland). The microorganisms were adapted
into the environment of BTEX by gradually adding them
(until the concentration 0.16 g dm™) to the culture with
1 g dm™ glucose (cometabolism) followed by cessation
of addition of glucose. Finally, benzene and toluene was
the only source of carbon and energy.

Benzene, toluene and salts (KNO,, KH,PO,, K,HPO,,
NaCl, MgSO,, FeCl,) were from POCH, Gliwice (Poland).
All chemicals used were of analytical purity.

The microfiltration module consisted of a stainless steel
membrane module with a multi-channel microfiltration
ceramic membrane pipe (Filtanium™) —d_ . = 0.14
mm, A = 0.013 m°.

The reverse osmosis module consisted of an AFC 80
membrane (PCI Membranes), made of a polyamide

pores

with an effective area of 0.45 m? The membrane can
be applied under maximum pressure of 6.4 MPa.

Kinetic studies and Yy coefficient estimation

The bioremoval kinetics was determined in semi-conti-
nuous cultures with periodic doses of benzene or toluene.
The culture medium was a broth consisting (g dm™) of:
1 - KNO,, 1 - KH,PO,, 1 - K,HPO,, 1 — NaCl, 0.02 —
Ca(Cl, 0.2 — MgSO, and 0.001 — FeCl; at pH 6.5. Due
to the high volatility of the substrates, classical culture
oxygenation was not possible. Glass flasks filled with the
solution were tightly closed and shaken at 200 rpm and
a temperature of 24°C. H,0, was added as an oxygen
source?. Its concentration was selected experimentally
(the range of 0.01-0.04% v/v was tested). Higher concen-
trations of H,O, than 0.02% v/v did not cause changes
in the cell growth rate. Thus, the concentration of 0.02%
v/v was maintained throughout the process.

The concentration of biomass in the culture medium
was monitored using a spectrophotometer at a wave-
length of 550 nm. The equation derived based on the
dry mass method was used in calculations: OD (550) =
213 - ¢y [g dm™).

The substrate (benzene, toluene) concentration was
determined using a GC-2014 gas chromatographer (Shi-
madzu, Japan) with a ZB-WAXplus capillary column
(Zebron) that was 30 m long and 0.25 mm in diameter,
covered with a 0.25-um layer of polyethylene glycol. The
samples were analysed under isothermal conditions in
the column (temperature of the column 40°C, feeder
180°C and detector 200°C). These conditions allowed
for separate peaks for benzene (4.02 min) and toluene
(6.64 min). The concentration values were determined
using standard curves: A=188502c,,,.. [¢ dm~] and
A=150633¢,,cnc [ dm™]. The usable range of the
standard curves was up to 1.6 g dm™ for benzene and
0.4 g dm™ for toluene.

The obtained values of the constants of the kinetic
equation were validated by assessing a continuous pro-
cess conducted in a BioFlo III (New Bruswick Scientific
Edison) bioreactor. The broth contained benzene at a
concentration of 0.18 g dm™ and/or toluene at 0.18 g
dm™ and H,0, at 0.02% v/v was dosen and stirred in
the 1-litre bioreactor tank. The residence time (t) varied
from 135 to 248 h.

Bioremoval of benzene and toluene in an integrated
system

Experiments were conducted using an MBR (Mem-
brane Bioreactor) constructed by INSS-Pol (Poland)
containing a stirred thermostated tank reactor with a
volume of 14 litres and a microfiltration module with
ceramic membrane pipe (Filtanium™), which was con-
nected through stainless pipes to a ProScale Millipore
apparatus fitted with an AFC 80 membrane.

During the first stage, the reactor operated like a
classical MBR. Once the stationary state was achieved,
the permeate stream from the microfiltration module
was directed to the reverse osmosis module. Because the
stream of permeate obtained from the reverse osmosis
module was substantially greater than the planned outlet
stream, the desired volume of permeate was received, and
its surplus was returned to the reactor. For reasons of



transparency, the by-pass was not included in the figure.
The surplus permeate from the RO module solved the
problem, and the permeate stream decreased.

The concentration of the pollutants (benzene or tolu-
ene) and the biomass concentration were monitored in
the streams leaving bioreactor and the reverse osmosis
module. Steady state of the process was achieved after
18 days of operation, which at the residence time of
135 h amounted to over 3 volume exchanges.

Theory: A model of a bioreactor with cell and substrate
retention

The proposed, expanded version of a membrane bio-
reactor is recommended for processes that require very
low substrate concentrations in the outlet stream, such as
in deep wastewater treatment. In a classical, continuous
stirred tank reactor (CSTR) and a classical MBR, the
outlet concentration is the same as the concentration
in the reactor vessel. A very low concentration in the
reactor leads to a very low reaction rate, resulting in an
inefficient process.

In the expanded system, thanks to RO, the biomass
and (at least partially) the substrate (1>Rg>0) could
be returned to the reactor. Depending on the size of
the substrate molecules, the system can operate under
two modes:

1. High molecular substrates (e.g., proteins, polysugars,
fats) could be separated on the same membrane as the
biomass, using one UF module;

2. For low molecular substrates (e.g., BTEX), it is
beneficial to use two modules: a microfiltration or
ultrafiltration module to separate the biomass and
a nanofiltration or reverse osmosis module to separate
the substrate. A schematic diagram of the system is
presented in Figure 3.

Figure 3. Schematic diagram of a bioreactor with two separation
modules (VR - reactor volume, MF/UF - first step of
filtration, NF/RO - second step of separation)

The model of a bioreactor with an MF membrane
(classical MBR) has been described in the previously
work”?". The stream partition coefficient (¥) was intro-
duced to the model, and using the definition of residence
time, Equation (4) was obtained” *’.

o
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In expanded version of the model, the MF/UF mem-
brane entirely separates the biomass (Ry=1), hence

Cx2 = Cx3 = x4 4)

and the substrate is separated on the NF/RO module:
c

Rg=1- =8 (6)
Cs,8

where

R - substrate retention coefficient
Hence: CS,Z = CS,3 = CS,4 = CS,S = Cs‘g 75 Cs_(, 5& CS,7 (7)
Balancing the equation of the substrate yields:

1
Qr-cs1- Q3-¢Cs2- Qe Cs6- W Yoo X2 Hh= 0 (8
X/S
where
Vi — bioreactor volume, dm™
Taking the stationary condition of the process:

Q1 =Q3 +Qs )
the following relation is obtained:
Q6 ) 1 Vr
C - C . 1- — R =—.C Tl e — 10
SR ( Q) Yy " (10)
Finally, using Equations (3), (4) and (9):
1 1 1
Cs1 - Cs2 [1- Rg ‘(1 - @)] = T/s X2 (11)
at
K
2= Hmax *T ¥ -1 (12)

According to Equation (11), the variables of the process
are ¥, Rg, 1, K, and m,, (included in cq),).

Although the substrate is separated by the membrane
and returned in stream Q, to the reactor, its concen-
tration in the reactor vessel (Equation (12)) does not
depend on Rg. This interesting property of the microbial
bioreactor occurs when the coefficient Rgincreases and,
thus, the substrate concentration in the feed stream
Q, increases. Consequently, the biomass in the reactor
(Equation (13)) also increases, leading to an increase in
the degree of substrate conversion (Equation (14)). For
substrate inhibition (Fig. 2), one residence time (one
value of u) corresponds to two states (i.e., two different
biomass concentration and two different cg,), and the cell
concentration at the initiation of the continuous process
influences which state will be presumed.

1
Xy = Yyss -W-{cs1- cs2 +[1- Rs-(1- @)]} (13)

Qpcs1- Q353 Qg-Cs6+Q7-C57
AMB (Rg>0) = Q Cs1 =

G5 Csp J1- Rs-(1- %)] (14)

Cs,1
Substituting Equation (12) into (14), we get:
es1- e )1 Rs - )]

€s,1

(15)

Based on Equation (15), Figure 4 shows the simulta-
neous effect of the value of Rg and W on the degree of
substrate conversion.

The value of W = 1 corresponds to the CSTR. For all
other values of coefficient W, an increase in the value
of Ry corresponds to an increase in the degree of sub-
strate conversion degree, which is especially evident at

AMB (Rg>0) =
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Figure 4. The simultaneous effect of the value of Rg and ¥ on
the degree of substrate conversion (based on Equation

(15))

lower values of W (=<2). For higher values of W, when
Rg = 0, a high substrate conversion degree is obtained,
which cannot be significantly increased. Therefore, the
selection of parameters W and R should be interrelated,
as both parameters affect the efficiency of the reactor

performance.
Schematically:

QMBR (Rs>0) =~ OAMBR (Rs=0) -~ OCSTR (16)
For the boundary cases:

I P N 17

RISYE AMBR (Rg>0) = 51 W (17)
. Cs,2

l}}m OMBR (Rg>0) = 1= — (1 - Rg) (18)
»00 CS,l

RESULTS AND DISCUSSION

To validate the model and show the efficiency of the
bioremoval process, two membrane separation modules
were integrated with a stirred-tank bioreactor. Prior
to the model validation, the following constants were
determined in independent experiments:

— kinetic equation constants (K, m,,,,),

— biomass efficiency coefficient (Yys),

— biomass retention coefficient (Ry) on the microfiltra-
tion/ultrafiltration membrane,

— substrate retention coefficient (Rg) on the nanofiltra-
tion/reverse osmosis membrane.

KINETIC STUDIES AND Yy, COEFFICIENT
ESTIMATION

A few cultures were inoculated with different initial
concentrations of benzene or toluene (in the range of
0.01-0.24 g dm™) at 24°C. However, substrate inhibition
was so strong that, at higher concentrations of benzene
(above 0.18 g dm™) and toluene (above 0.15 g dm™), no
bacterial growth was observed despite a very long incuba-
tion (3 weeks). Strong inhibition of BTEX bioremoval at
concentrations higher than 0.1-0.2 g dm™ has also been
previously reported® %, In the range of substrate con-
centrations where it was possible, the rate of cell growth
during the logarithmic phase was calculated, and these
values are presented in Figure 5. The specific growth
rates are very low, indicating that an intensification of
the process via the biomass concentration is necessary.

Based on the experimental data, the constants (K and
m,,,,) for the classical Monod equation, without consid-
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Figure 5. Kinetics (24°C) of benzene (A) and toluene (o) bio-
degradation by P, fluorescens strain (PCM 2123)

ering inhibition, were determined. Hence, the kinetic
equation for benzene and toluene at 24°C takes the
following form:

0.008 - cg

“potor e o SOMEINT a9
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u = m fOr Ctoluene < 011 g dm (20)
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The values of the constants of the above equations
were validated using a continuous process. The resi-
dence times were 135, 148, 196, 220 and 248 h. For two
residence times of 135 and 220 h, a process with both
substrates in the reaction mixture was also conducted.
The kinetics of their degradation appears independent
(that is consistent with literature reports® ?) and there
were no synergistic inhibitory effects. The concentration
values obtained for each pollutant were similar (mean
relative error of 8.93%) to the concentrations obtained
from the pollutant mixture (Table 1). Both this finding
and the different values of the kinetic constants suggest
that the applied bacterial species use different enzymatic
mechanisms in the catalytic degradation of benzene and
toluene. The pathways of toluene degradation vary to
a greater degree than those of benzene degradation™.

Table 1. The outgoing concentration of benzene and toluene
obtained in continuous process conducted in a Bio-
Flo III bioreactor. The broth contained benzene at a
concentration of 0.18 g dm™ and/or toluene at 0.18 g
dm™. The residence time (1) varied from 135 to 248 h

Concentrations Single substrate Mixture of

[g dm®] substrates
Residence time [h] | Benzene | Toluene | Benzene | Toluene
135 0.128 0.066 0.123 0.063
148 0.057 0.056 - -
196 0.019 0.039 - -
220 0.014 0.033 0.017 0.035
248 0.011 0.028 - -

Based on the continuous and batch cultures, the value
of the biomass efficiency coefficient (Y), based on the
method presented in the literature®, was determined.
For example, for the batch culture shown in Figure 6
to calculate Yy the values at the beginning of the cul-
ture (at t = 0) and at t = 200 h (at maximum biomass
concentration) were taken — Eq. (21).

Cxmax = Cx,0 _ €x,200 = Cx,0

Yx/s = (21)

Cs0 = Csxmax)  Cs,0 — Cs,200
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Figure 6. Batch process of toluene removal (cgo= 0.12 g dm™,
24°C): (A) toluene concentration, (0) biomass concen-
tration

For both benzene and toluene, the value was constant
over the entire range of applied substrate concentra-
tions and was equal to 0.16. This value is an extremely
low biomass efficiency coefficient, likely because of the
complex metabolic pathway of benzene and toluene
degradation. Therefore, a substantial amount of organic
compounds is used for the specific maintenance rate
(mg) of the “working” biomass, similarly as in another
biodegradation processes™ .

Characteristics of the microfiltration process

A module with the microfiltration ceramic membra-
ne was placed in a unit of our own design fitted with
a back-flushing system and constructed by INSS-Pol
(Poland). The membrane guaranteed full biomass re-
tention (Ry = 1)) and almost complete permeability of
the substrates (Rg = 0.012). Due to the low biomass
concentration of cells in the system, fouling on the
membrane surface was not very intensive (decreases in
the permeate flux by 12.3% after 24 h of circulation
and by 28.6% after 3 days were observed). However, to
maintain a constant permeate stream value at a given
pressure, the reverse flow was set for 10 seconds every
15 minutes (experimentally selected parameters). Under
these conditions, it was possible to maintain the stream
at a nearly constant level.

A linear relationship of flux vs. operating pressure
(in the range of 0-0.12 MPa) was expressed using a
coefficient of membrane permeability, Ly, = 1.04 - 107
m® N's™, at 24°C.

Characteristics of reverse osmosis process

The experiments were carried out using a ProScale
Millipore apparatus with a stainless steel membrane
module fitted with an AFC 80 membrane. The effects of
pressure and the concentrations of benzene and toluene
at the process temperature of 24°C (the same as inside
the bioreactor) were examined. Figure 7 presents the
influence of the selected parameters on the permeate
flux. Over the operational pressure range of 1.1-3.5
MPa, the flux was linearly dependent on the pressure.
No noticeable influence on the compounds was observed.

Figure 8 presents the averaged values of the reten-
tion coefficients for three series of measurements. For
benzene, the values are high (0.85-0.92) and increased
slightly with pressure. Similar values were obtained for
the toluene solution at 0.25 g dm™. The values obta-
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Figure 7. The effects of pressure and the concentrations of
benzene and toluene at the process temperature of
24°C on the permeate flux (AFC 90 reverse osmosis

membrane)
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Figure 8. The outgoing concentration of benzene and toluene
obtained in continuous process conducted in a BioFlo
III bioreactor. The broth contained benzene at a con-
centration of 0.18 g dm™ and/or toluene at 0.18 g dm™.
The residence time (t) varied from 135 to 248 h

ined for a very low concentration (0.16 g dm™) toluene
solution were markedly different, as they were more
strongly dependant on pressure. However, this particu-
lar series of experiments included the largest analytical
error due to the very low concentration of toluene and
its high volatility.

Both the permeate flux and the retention coefficients
for toluene and benzene are more favourable at higher
operational pressures of 1.1-3.5 MPa in the experiments.
Therefore, a pressure of 3.5 MPa was selected for fur-
ther investigation. The obtained values of the retention
coefficients of toluene and benzene are higher (and thus
better) than previously reported results of a nanofiltra-
tion process?’.

Bioremoval of benzene and toluene in an integrated
system

Based on the experiments, the process parameters listed
in Table 2 were selected. Under these parameters, the
outgoing concentrations of the CSTR would be much
higher than the maximum concentration of 1 mg dm™
set by current standards.

The investigations were conducted over a residence
time of 134 h for different values of the coefficient W
(1-6.98), which was achieved by changing the stream Qj.
During the process, the pollutant concentration was moni-
tored in streams Q; and Q, (Table 3). The concentration
in the merged outgoing streams (Q; and Q) was also
calculated using Equation (14), as presented in Figure
8. The average relative error of the model verification
was 9.28% for benzene and 6.25% for toluene.
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Table 2. The parameters applied during the bioremoval of
benzene and toluene by P, fluorescens in the integrated
(with two membrane units) system

Temperature [°C] 24

Tank reactor volume [dm?®] 10
Substrate (benzene or toluene) 0.18
concentration in entering stream [g dm’3]

Entering stream (Q;) volume [dm?® h™"] 0.074
Hydraulic residence time (1) [h] 135
Operational pressure on MF module [MPa] 0.04
Operational pressure on RO module [MPa] 3.5

Qs stream volume [dm® h™"] 0.0106-0.074
Qs stream volume [dm°® h™"] 0-0.0634
Qs stream volume [dm® h™] 1.95
Stream partition coefficient (V) 2.4-6.98
Rx on MF module 1

Rs on MF module 0.012

Rs on RO module 0.88 for toluene

0.89 for benzene

For a typical MBR (Rg = 0), the pollutant concen-
trations in the outgoing streams do not meet current
standards, even for a high stream partition coefficient.
Using additional (RO) membrane units for benzene at
Ry = 0.89, the standards are met for a W above 4. This
conclusion was based on Figure 9 and verified experi-
mentally (Table 3).

Regarding toluene, Q; cannot be merged with Qg
because, even at W approximately 7 and Ry 0.88, the
concentration remains too high. However, the current
standards are met if only stream Qg is considered when
W is equal to 7 (Table 3).

According to the results obtained by balancing the
RO module (Equation (21)), the interrelation between
the permeate streams from the MF (Qg) and RO (Qy)
modules also exerts an effect on the concentration cg.
Qs _ Rs -Cs6 1)
Qs €56~ (1- Rg)-csg

A higher ratio of the streams corresponds to the
lower concentration of pollutant in the stream leaving
the system. A large Qg stream can be relatively easily
obtained by increasing the area of the microfiltration
membrane or by increasing the transmembrane pressure.
In the experiments performed here, the relation Qg/Q,
was very high (30.8-44.65).
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Figure 9. Average pollutant concentration in the merged outgo-
ing (Q3 and Q6) streams as a function of ¥ and Rg
(based on Equation (14))

CONCLUSION

The study presents a microbial reactor integrated with
two membrane modules. Due to operational consider-
ations, it is preferable to use one module for micro- or
ultrafiltration for the biomass concentration and a second
module for nanofiltration or reverse osmosis to separate
the pollutants. Such a solution can be compared to the
classical MBR and yields a lower concentration of the
pollutants in the primary outgoing stream of the system
(i.e., in the permeate stream from the NF/RO module).
The two-module system presented here represents an
interesting solution for the deep treatment of industrial
wastewater and was derived via mathematical models
and then experimentally validated.

The concentration of the pollutant in the stream out-
going from the system as the permeate from the RO
unit (Q,) is dependent primarily on Rg but also on T,
W, the kinetic parameters (m,,,, and K) and the Qg/Q
relationship of the streams. Among these parameters,
the most crucial factor is Rg, and hence, the choice of
the membrane used to separate the biodegraded pollu-
tant is critical.

The second outgoing stream, i.e., the biomass excess
stream (Q;), contains a higher concentration of the de-
graded substance, which is equal to the concentration
in the reactor. If this concentration exceeds the limit
value, the stream after the biomass separation must be
returned back to the system for bioremoval.

An important question, which was not analysed in detail
in this study, concerns the concentration of pollutants
in the stream that is fed to the bioreactor. The range

Table 3. The experimental data of the bioremoval of benzene and toluene by P fluorescens in the integrated (with two membrane

units) system

Y =2.39 Y =3.61 Y =6.98 Y =239 Y = 3.61 Y =6.98
Stream Q [dm® h''] Q;=0.031 Q;=0.0205 Q;=0.011 Q;=0.031 Q;=0.0205 Q;=0.011
Qg=1.92 Qs=1.94 Qg=1.94 Qs = Qs=0.043 Qg = Qs =0.0535 Q= Qs=0.063
Q= 0.043 Qs = 0.063 Q= 0.063
BENZENE
Rs=0.89 Rs~0.0
Concentration Cs
[mg dm3]
Css 6.92 3.61 1.13 7.1 2.99 1.35
Css 0.84 0.42 0.13 (6.72) (3.32) (1.56)
Merged streams 3.37 (3.23) 1.24 0.32
(1.19) (0.39)
TOLUENE
Rs=0.88 Rs~0.0
Css 21.06 13.08 6.48 19.83 12.89 5.92
Css 2.23 1.36 0.81 (20.50) (12.22) (6.33)
Merged streams 10.03 475 1.56
(9.98) (4.32) (1.77)




of concentrations over which the process runs without
substrate inhibition is limited. To presume the stable state
(at a lower concentration of pollutant) from the beginning
of the integrated system, the continuous process should
begin at a high biomass concentration, which must be
obtained from a batch process under periodic dosing
of the substrate. The biomass concentration should be
close to the expected value at the steady state of the
integrated process. The model given in Equation (13)
can be used to estimate this value.
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NOMENCLATURE

Cg — substrate (pollutant) concentration, g dm=
Cx — biomass concentration, g dm™

K — Monod constant, kg m™

mg — specific maintenance rate, kgg kg, ™'
AP — transmembrane pressure difference, Pa
Ry — substrate retention coefficient

Ry — biomass retention coefficient

Ig — reaction rate, g dm= s!

Q — volume stream, m® s

T — Temperature, °C

t — time, s

Vi — bioreactor volume, dm?

Yys - biomass yield coefficient, gy g¢™'

Greek letters

Ovp — substrate conversion degree in membrane
bioreactor

w — specific growth rate, h™

Wne  — maximal specific growth rate, h™

T — hydraulic residence time, h

Y — streams division coefficient
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