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Abstract Interactions between microbial growth and
substrate degradation are important in determining the
performance of trickle-bed bioreactors (TBB), especially
when salt is added to reduce biomass formation in order
to alleviate media clogging. This study was aimed at
quantifying salinity effects on bacterial growth and
substrate degradation, and at acquiring kinetic infor-
mation in order to improve the design and operation of
TBB. Experiment works began by cultivating a mixed
culture in a chemostat reactor receiving artificial influent
containing a mixture of benzene, toluene, and xylene
(BTX), followed by using the enrichment culture to de-
grade the individual BTX substrates under a particular
salinity, which ranged 0–50 g l�1 in batch mode. Then,
the measured concentrations of biomass and residual
substrate versus time were analyzed with the microbial
kinetics; moreover, the obtained microbial kinetic con-
stants under various salinities were modeled using non-
competitive inhibition kinetics. For the three substrates
the observed bacterial yields appeared to be decreased
from 0.51–0.74 to 0.20–0.22 mg mg�1 and the maximum
specific rate of substrate utilization, q

^
; declined from

0.25–0.42 to 0.07–0.11 h�1, as the salinity increased
from 0 to 50 NaCl g l�1. The NaCl acted as noncom-
petitive inhibitor, where the modeling inhibitions of the
coefficients, KT(S), were 22.7–29.7 g l�1 for substrate
degradation and KT(l), 13.0–19.0 g l�1, for biomass
formation. The calculated ratios for the bacterial
maintenance rate, mS, to q

^
further indicated that the

percentage energy spent on maintenance increased from
19–24 to 86–91% as salinity level increased from 0 to
50 g l�1. These results revealed that the bacterial growth
was more inhibited than substrate degradation by the
BTX oxidizers under the tested salinity levels. The

findings from this study demonstrate the potential of
applying NaCl salt to control excessive biomass forma-
tion in biotrickling filters.
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Introduction

Aromatic chemicals, such as benzene, toluene, and
xylene (BTX) are of special significance because they are
toxic volatile organic compounds (VOCS), having been
implicated in human health [6]. For example, benzene is
suspected to be carcinogen for all exposures and is a risk
factor for leukemia and lymphomas [1, 19, 20]; inhala-
tion of toluene or xylene may damage kidney and liver
[2, 3]. The BTX compounds are major hydrocarbons in
gasoline and are among the most commonly used or-
ganic solvents. They can widely be found in automobile
exhaust, industrial waste gases, and wastewater treat-
ment plants, which make them to be the prevalent air
pollutants.

Recent developments in environmental biotechnol-
ogy have made it possible for the BTX gases to be
effectively degraded by trickle-bed bioreactors (TBB).
The TBB consists of bacteria immobilized on a packing
medium and circulating liquid that contains inorganic
minerals and nutrients for the needs of cell growth [4, 8,
11, 14]. When this treatment option is implemented,
however, there appears to be a significant problem due
to clogging or pressure drop [4, 8, 11]. Thus, the addition
of inert salt NaCl to the aqueous phase of TBBs to limit
biomass formation has been proposed and tested [7, 17].
This practice, nevertheless, might result in a substantial
reduction in substrate degradation concomitant with the
inhibition of bacterial growth.

Though numerous investigations have been carried
out to unravel the impact of salinity on wastewater
treatment by biological processes [9, 10], the interrela-
tionship between bacterial growth and substrate degra-
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dation during VOC biodegradation affected by salinity
has been rarely studied [7, 17]. Among the limited
studies available, Dikes [7] investigated dichloromethane
degradation by Hyphomicrobium GJ21 and by an en-
riched culture isolated using a trickling filter and showed
that biomass growth was more inhibited than substrate
degradation. In an examination of ethyl acetate and
toluene degradations by a TBB, Schönduve et al. [17]
reported that the fractional inhibition of biomass for-
mation was stronger than the fractional inhibition of
degradation under 0.4 M NaCl in the liquid phase. Lee
et al. [12] also indicated that salinity caused both
reductions in bacterial growth and trichloroethylene
degradation by microorganisms under phenol enrich-
ment. With regard to BTX degradations, the effect of
salinity on the interactions between biomass formation
and biodegradation is still unclear.

The purpose of this study was to combine experi-
mental and kinetic modeling designed to acquire kinetic
information that will help to improve the design and
operation of TBBs. After cultivating a mixed bacterial
consortia enriched on a mixture containing BTX, a
batch study was carried out on the degradation of
individual BTX substrates by the enriched bacteria in
response to the change of salt stress. The focus of
modeling is placed on solving the kinetic constants by a
nonlinear regression technique in order to clarify the
interactions between bacterial growth and substrate
biodegradation across NaCl salinities from 0 to 50 g l�1.

Methods

Bacterial cultures

The bacteria used for the BTX biodegradation tests were
cultivated using a chemostat reactor operated at an
ambient temperature of 25�C. Seeding bacterial sludge
was obtained as sediment from Keelung harbor (located
at E:121�45¢ 38.82¢¢, N:25�9¢ 16.09¢¢) which was con-
taminated with oil. Culture enrichment was carried out
by the fill-and-draw technique, in a 4.8 l glass reactor.
The feeding solution was prepared by dissolving the
BTX mixture and mineral salts in distilled water. The
composition of mineral salts (in g l�1) was: K2HPO4Æ3-
H2O, 4.25; NaH2PO4ÆH2O, 1.00; NH4Cl, 2.00; MgSO4Æ
7H2O, 0.20; FeSO4Æ7H2O, 0.012; MnSO4ÆH2O, 0.003;
ZnSO4Æ 7H2O, 0.003; CoSO4Æ 7H2O, 0.001. The BTX
mixture contained benzene (purity>99% v/v, Ishizu
Seiyaku Ltd., Japan), toluene (purity>99% v/v, Ajax
Chemicals, Australia), and p-xylene (purity 98% v/v,
Nacalai Tesque, Inc., Japan), with each compound at a
concentration of 30 mg l�1. The cultivation of the BTX
bacteria involved 48 h of aeration and this was followed
by 1 h settling. The total period of culture enrichment
was 20 days. After this, the fill-and-draw operation was
changed to continuous flow with a 7 days hydraulic
retention time. The influent, with a flow rate of
0.69 l day�1, was transported by a peristaltic pump into

the reactor, which was aerated through a diffuser at the
upper level of mixed liquid.

During the period of cultivation, the performance of
chemostat reactor was monitored frequently. The con-
centrations of influent BTX averaged 82.3 mg l�1 and
the concentrations of effluent BTX averaged
1.24 mg l�1, and the amount of biomass was
52.5 mg l�1. About 20 ll of off-gas was sampled from
the gas line before the activated carbon filter using a
syringe, and analyzed by gas chromatography (see
Analytical methods). There were 84.2 mg m�3 of BTX
found in the off-gas. Based on a mass-balance calcula-
tion, the BTX reduction efficiency performed by bio-
logical activity was about 70%. The dissolved oxygen
concentration inside the reactor was monitored regularly
to ensure aerobic conditions, which were maintained in a
range 4–6 mg l�1 oxygen throughout the period.

Batch biodegradation tests

Biodegradation tests of individual BTX compounds
were conducted in 12.5 ml serum bottles containing 5 ml
of liquid phase. The headspace was 7.5 ml to ensure
sufficient oxygen supply. A small magnetic stirring bar
was placed inside the bottle and maintained at a rotating
speed of 200 rpm to assure equilibrium between gas and
liquid phase. Prior to the biodegradation testing, 0.5 ml
of fresh bacterial suspension taken from the chemostat
reactor, mixed with appropriate volume of growth
medium was placed in serum bottles, followed by the
sealing of the serum bottle with a Teflon-lined rubber
septum and aluminum crimp-top cap. Then a predeter-
mined volume of each individual substrate was taken
from saturated stock solution (1,780 mg l�1 for benzene,
515 mg l�1 for toluene and 175 mg l�1 for xylene) and
injected into the serum bottle to yield a final liquid phase
substrate concentration of 30 mg l�1. In each test run,
the starting biomass concentration was in the range of
3.3–4.8 mg volatile suspended solids (VSS) l�1, giving
ratios of initial concentrations of bacteria to substrate
between 0.11 and 0.16 (mg VSS mg�1 substrate). Each
test was carried out in duplicate and during the course of
the study the vials were kept at 25�C in an incubator.
The abiotic loss of individual BTX compounds during
batch biodegradation assays was less than 1%, indicat-
ing that the non-biological activity could be negligible.

Determinations of kinetic coefficients

Two data sets of kinetic coefficients were determined to
quantify the effect of salinity on bacterial growth and
substrate degradation.

Data set 1: microbial kinetic coefficients

The microbial growth model employed in this study is
comprised of three important mechanisms: the cellular
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maintenance demands from exogenous substrate utili-
zation, the endogenous respiration from storage mate-
rials, and the Monod relationship between bacterial
growth rate and substrate concentration [13, 15]. For the
substrate consumption rate under a particular salinity, it
is expressed as the combination of cell synthesis from the
true growth yield, YG [defined as YG ¼ DX

�
growth; mg

VSS mg�1 substrate] and maintenance-substrate utili-
zation, mS (h�1), as indicated in Eq. 1a. The biomass
production rate is equal to the difference between the
bacterial growth from substrate consumption minus
endogenous decay due to self respiration, shown in
Eq. 1b.

� dS
dt
¼ 1

YG

� �
lX þ mSX ; ð1aÞ

dX
dt
¼ lX � bX ; ð1bÞ

where l the specific growth rate (h�1), X biomass con-
centration (mg l�1), and b bacterial decay coefficient
(h�1).

To solve Eqs. 1a, and 1b, substitution of appropriate
kinetic constants in these two equations should be made.
The procedure is illustrated below. First, the specific
growth rate is replaced with Monod expression, i.e.,
l ¼ l

^
S= K þ Sð Þ½ �: Then, a parameter of observed bac-

terial yield, Y [defined as Y ¼
�

DSgrowth þ DSmaintenance

� �
;

mg VSS mg�1 substrate] is substituted for YG to
eliminate the term of mS (see Eq. 3 for the relationship
of Y to YG). And finally, define a parameter q

^
; the

maximum specific substrate utilization rate (h�1), as
q
^
¼ l
^
=Y and substitute Yq

^
for l

^
:

� dS
dt
¼ 1

Y
l
^

XS
ðK þ SÞ ; ð2aÞ

dX
dt
¼ Y

q
^
XS

K þ S
� bX ; ð2bÞ

where l
^
maximum specific growth rate (h�1), S substrate

concentration (mg l�1), and K half-velocity concentra-
tion (mg l�1).

The growth yields of YG to Y are related through
maintenance coefficient and specific growth rate as
indicated in Eq. 3 [7, 15] by assuming S � K (30�2.6–
5.1 mg l�1, during growth phase) and neglecting the
constant b, for b (0.003–0.006 h�1, Table 1) is very small
compared with l

^
(0.01–0.31 h�1, obtained from

Table 1).

1

Y
¼ 1

YG
þ mS

l
: ð3Þ

In serum bottles, the volatile substrate was present in
both the liquid and gas phases. Though substrate utili-
zation rate is related to the substrate in liquid phase, it
must account for the substrate transported from the gas
to liquid phase during the course of incubation [16].

Therefore, the expression of the substrate utilization of
Eq. 2a becomes:

� dS
dt
¼ 1

1þ Hc
Vg

Vl

� � �
q
^
XS

K þ S
; ð4Þ

where Vg volume of gas phase, Vl volume of liquid
phase, Hc Henry’s constant. When NaCl concentrations
were 0, 10, 20, 30, 40 and 50 g l�1, the dimensionless
Henry’s constants for benzene were 0.2288, 0.2468,
0.2647, 0.2827, 0.3007 and 0.3186; for toluene were
0.2746, 0.2982, 0.3218, 0.3454, 0.3690 and 0.3926; and
for xylene were 0.2038, 0.2318, 0.2597, 0.2877, 0.3156
and 0.3436, respectively.

Using the measured data of residual substrate and
biomass formation with respect to the elapsed time of
incubation under a particular salinity, the procedure to
determine the microbial kinetic coefficients was as fol-
lows. The decay coefficient, b, was computed first from
the following equation:

b ¼ � 1

t
ln

X
X0

� �
; ð5Þ

where b decay coefficients (h�1), t time (h), X biomass
(mg l�1) at time t, X0 biomass (mg l�1) in the beginning
of endogenous phase.

Given the b value, the Microbial kinetic constants of

Y, q
^
; K are then solved from Eqs. 2b and 4 using non-

linear regression. The objective function of the numeri-
cal searching was defined as the minimization of the
residual square errors between measurements and pre-
dictions, which is

Minimize
Xm

i

Sobs � Spre
� 	2 þ Xobs � Xpre

� 	2n o
; ð6Þ

where m data set of measurements; Sobs, Xobs are mea-
sured substrate and biomass concentrations, respec-
tively, and Spre, Xpre represent predicted substrate and
biomass concentrations, respectively.

Data set 2: salt inhibition kinetic coefficients

After the parameters of q
^
and K were determined at a

particular salinity, the effects of salinity changes on
substrate degradation and biomass production were
modeled by following noncompetitive inhibition kinetics
[18]. The choice of noncompetitive inhibition kinetics
was based on the fact that the obtained parameters q

^

and l
^
become lower when salinity is increased, but K

remains unchanged. Thus, at a given salinity T (mg l�1),
the relationships of q

^
to T and l

^
to T are [7, 21]:

q
^
¼ q
^

f �
1

1þ T
KT Sð Þ

� �n ð7aÞ

and
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l
^ ¼ l

^
f �

1

1þ T
KT lð Þ

� �n ; ð7bÞ

where q
^

f maximum specific substrate utilization rate at
salt-free solution (h�1), n a constant, KT(S ) inhibition
coefficients on substrate degradation (mg l�1), l

^
f maxi-

mum specific growth rate at salt-free solution (h�1), and
KT(l) inhibition coefficient on growth rate (mg l�1).

Numerical iterations were performed to search for the
constants of KT(S ), n and KT(l), n, using the following
objective functions:

Minimize
Xm

i

q
^
obs � q

^
pre

� �
ð8aÞ

and

Minimize
Xm

i

l
^
obs � l

^
pre

� �
; ð8bÞ

where m data set of measurement; q
^
obs observed rate of

maximum specific substrate utilization (h�1), q
^
pre pre-

dicted rate of maximum specific substrate utilization
(h�1), l

^
obs observed rate of maximum specific growth

(h�1); and l
^
pre predicted rate of maximum specific

growth (h�1).

Analytical methods

Concentrations of dissolved oxygen and salinity were
measured using an YSI 52 m (Yellow Spring Instru-
ment, USA). Biomass was determined by a spectro-
photometer (Spectronic 20 D+, Spectronic Instrument)

at a wavelength of 600 nm. The obtained optical density,
denoted as OD600, was calibrated against dry cell mass,
which was measured gravimetrically from the difference
in cell mass at 105�C overnight and after combustion at
550�C for 1 h (APHA) [5]. Since the serum bottle was
selected to fit the cell port of the spectrophotometer,
optical density could be measured directly by placing the
serum bottle in the port, which avoided removing liquid
sample during routine measurement of biomass. Sub-
strate depletion was determined by the headspace tech-
nique, where a volatile gas sample of 20 ll was
withdrawn from vial using a gas-tight syringe (Hamilton
1702RN syringe with side port needles 22Sga.) and then
was injected into a gas chromatograph (Hewlett Packard
6890) equipped with flame ionized detector (FID) and a
DB-5 column (30 m L, 0.32 mm ID, and 0.25 lm film
thickness). The temperature was maintained 65�C for
the oven, 250�C for the injection port, and 275�C for the
FID.

Results and discussion

Salinity effects on BTX degradations and bacterial
growth

The study was initiated by placing 30 mg l�1 benzene as
a single substrate in a serum bottle containing an initial
biomass of 3.3–4.8 mg VSS l�1 of BTX-grown cultures.
The profiles of substrate disappearance and biomass
production over the course of the incubation in response
to NaCl salinities from 0 to 50 g l�1 are depicted in
Fig. 1. The increasing salinity caused reductions both in

Table 1 Estimated biokinetic coefficients of Y, q
^
and K for the degradation of benzene, toluene and xylene by mixed BTX cultures at

different NaCl concentrations

Compounds NaCl (g l�1) Input parameter Obtained biokinetic coefficientb

ba (h�1) Y (mg VSS mg�1 substrate) q
^
ðh�1Þ rssc

Benzene 0 0.005 0.70 0.36 0.2082
10 0.004 0.53 0.28 0.3992
20 0.004 0.41 0.23 0.2885
30 0.004 0.37 0.11 0.1630
40 0.003 0.27 0.09 0.9751
50 0.003 0.20 0.08 1.6277

Toluene 0 0.006 0.74 0.42 0.9298
10 0.004 0.62 0.39 0.5522
20 0.004 0.55 0.31 0.6591
30 0.004 0.32 0.16 1.3417
40 0.004 0.27 0.13 1.3404
50 0.003 0.22 0.11 1.0337

Xylene 0 0.005 0.51 0.25 0.7093
10 0.004 0.42 0.23 0.6216
20 0.004 0.37 0.19 0.2974
30 0.004 0.26 0.10 0.3720
40 0.003 0.23 0.09 0.4100
50 0.003 0.20 0.07 0.3726

ab the bacterial decay coefficient
bY the observed bacterial yield, and q

^
the maximum specific substrate utilization rate. The obtained values for K (half-velocity concen-

tration) across the tested salinities were 2.6 for benzene, 5.1 for toluene, and 3.4 mg l�1 for xylene
crss, the minimization of the residual square errors between measurements and predictions
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substrate degradation and bacterial growth. For exam-
ple, in the salt free system, benzene was degraded com-
pletely within 21 h of incubation and in this period the
biomass production reached 22.9 mg VSS l�1. However,
in 50 g l�1 NaCl saline solution even after 120 h of
incubation, residual benzene was still present at
13.7 mg l�1 and biomass production remained below
4.3 mg VSS l�1. The profiles for degradation of toluene
and xylene in response to changes in salt stress also
indicated that salinity caused reductions in both sub-
strate utilization and biomass formation. However, it is
difficult to compare the degradation behavior across the
three compounds by themselves using the profiles in
Fig. 1. The degradation characteristics of each com-
pound needs to be unraveled through kinetic analyses, as
illustrated below.

Kinetic coefficients of degradations of BTX

Therefore, we present the results of a kinetic analysis of
substrate disappearance and biomass production as af-
fected by salt stress. Quantification of the salinity effect
on the behaviors of BTX-grown culture in degrading
individual BTX compounds is based on four kinetic
parameters, Y, b, q

^
; and K. For the case of benzene

degradation, it appeared that Y decreased from 0.70
to 0.20 mg VSS mg�1 benzene as salt concentrations

increased from 0 to 50 g l�1 (Table 1). The decay
coefficients, b, remained in a rather limited range of
0.003–0.005 h�1. The obtained optimal values of q

^

decreased from 0.36 to 0.08 h�1, and the K value for
each salinity remained at 2.6 mg l�1 as the tested NaCl
salinities increased from 0 to 50 g l�1.

The changes in the kinetics parameters for toluene
and xylene as salinity increased exhibited a similar pat-
tern to benzene (Table 1). In the case of toluene, the
coefficient Y decreased from 0.74 to 0.22 mg VSS mg�1

toluene, the q
^
value dropped from 0.42 to 0.11 h�1, and

K values remained at 5.1 mg l�1. For xylene, throughout
the tested salinities, there were rather low values of Y
(0.51–0.20 mg VSS mg�1 xylene), and of q

^
(0.25–

0.07 h�1), as compared to benzene and toluene. The K
value for xylene remained at 3.4 mg l�1.

Inhibition of salinity

The impact of salinity changes on the substrate degra-
dation is further generalized by solving the parameters
for the inhibition coefficients, KT(S) and n from Eq. 7a.
As indicated in Fig. 2, the estimated parameters were
KT(S)=22.7 g l�1, n=1.8 for benzene; KT(S)=28.2 g l�1,
n=2.3 for toluene; and KT(S)=29.7 g l�1, n=2.2 for
xylene. This implies that among the three com-
pounds, although the constants are in the same order of
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magnitude, there is still a difference in substrate degra-
dation that is affected by salinity stress. The degradation
of benzene is most easily inhibited by salinity, and the
degradation of xylene is least (Fig. 2), which supports
the analysis done earlier in this study and shown in
Table 1. Diks et al. [7] reported a KT(S) value of
16.8 g l�1, using Eq. 7a with n=2.2, for the inhibition of
the dichloromethane in a biological trickling filter sys-
tem. Kargi et al. [9, 10] modeled the removal rate of
diluted molasses in synthetic wastewater with Eq. 7a
under circumstance of n=1, indicating KT(S) values of
950 g l�1 for activated sludge and of 70 g l�1 for rotat-
ing biological contacters. Compare with the KT(S) values
of these reports, BTX and dichloromethane seem most
sensitive to salinity during substrate degradation.

In a similar way, the effect of salinity on bacterial
growth could be generalized through solving KT(l) and n
from Eq. 7b. The KT(l) values for BTX were only 13.0,
18.9 and 19.0 g l�1 and n values were 1.8, 2.6, 2.2,
respectively (Fig. 2). Such relatively low values of KT(l),
compared with KT(S), implies that the inhibition of
bacterial growth caused by salinity pressure is stronger
than the reduction of substrate degradation. Addition-
ally, when benzene was used as growth substrate, the
BTX-oxidizing culture was more susceptible to salinity
stress than with toluene and xylene.

Implications for biological treatment of BTX vapors

Treatment of volatile organic compounds by TBB has
received much attention because of its low operating
cost. However, the excess biomass in a biotrickling filter
leads to a reduction in run time and increased energy use
to overcome the pressure drop. The addition of NaCl to
the liquid phase of TBB represents a novel approach
that should limit biomass formation [7, 17]. Thus,
quantification of the interactions between the inhibitions
of biomass production and substrate degradation under
the changes of salinity load are vital to the successful
design and operation of TBB.

This study has shown that the effect of changes in
salinity on the bacterial growth and substrate degrada-
tion by BTX oxidizers can be quantified using the
parameters Y, b, q

^
; and K. As indicated previously, the

observed bacterial yield Y decreased with increasing
salinity stress, implying that more maintenance energy
was needed in higher salinity solutions. To clarify the
interactions between bacterial growth and substrate
degradation, the parameters of maintenance energy, mS,
and true bacterial yield, YG, need to be calculated first.

In Eq. 3, as the parameter l is replaced with l
^
by

assuming S� K, and thus a linear equation to solve mS

and YG can be obtained [7, 15]:
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Fig. 2 The effects of NaCl
inhibition on the maximum rate
of specific substrate utilization q
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for degrading benzene, toluene,
and xylene by BTX oxidizers (a)
and on the maximum specific
growth rate l
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of BTX oxidizers

during utilizing benzene,
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values of q
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are obtained from

Table 1 and l
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q
^
¼ l
^

YG
þ mS: ð9Þ

Based on Eq. 9, the plot of q
^
versus l

^
will be a straight

line with the intercept=mS and slope=1/YG. As shown
in Fig. 3, the obtained values of mS are 0.07 for benzene,
0.10 for toluene, and 0.06 g (g h)�1 for xylene. Addi-
tionally, the obtained values of YG are 0.81 for benzene,
0.88 for toluene, and 0.61 mg VSS mg�1 substrate for

xylene. If mS is further compared with q
^
; it appears that

about 20% of substrate consumption results is needed
for maintenance in a salt-free system (Table 2), a value

similar to the dichloromethane degradation by Hypho-
microbium [7]. However, when the salinity concentration
is increased to 50 g l�1, the maintenance energy in-

creases to 88% q
^

for degrading benzene, 91% q
^

for
degrading toluene, and 86% for degrading xylene.

The relative effects of salinity on bacterial growth and
substrate degradation can be also illustrated by a
parameter R [17]. The R value is defined as the ratio of
the fraction inhibition of biomass formation to the
fraction decrease in degradation, i.e.,

R ¼ lf
^ �l

^

l
^

� �

qf
^ �q

^

q
^

� �� �
: Accordingly, a value of R

greater than 1 is favorable, when NaCl is added into
TBB to limit biomass formation. In case of R values
higher than 1, this implies that under salinity stress, the
BTX oxidizers exhibited active maintenance, leading to
the consumption of more substrate than is normally
required for growth. In our study, under salinity 10 g l�1

the values of R were 1.85 for benzene, 3.11 for toluene,
and 3.03 for xylene. However, the R values declined as
the salinity increases. For example, they decreased to
1.20 for benzene, 1.25 for toluene, and 1.24 for xylene at
50 g l�1. For the three substrates over the salinity range
10–50 g l�1 the R values were larger than 1.20, indicat-
ing that the fractional inhibition of biomass is greater
than fractional reduction in degradation. This result
agrees with a study of the treatment of toluene vapor by

Table 2 The ratios of mS to q
^
for the degradation of benzene,

toluene, and xylene at different NaCl concentrations

NaCl (g l�1) mS=qa

Benzene Toluene Xylene

0 0.19 0.24 0.24
10 0.25 0.26 0.26
20 0.30 0.32 0.32
30 0.64 0.63 0.60
40 0.78 0.77 0.67
50 0.88 0.91 0.86

amS the maintenance coefficient (h�1), q
^

the maximum specific
substrate utilization rate (h�1)
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Fig. 3 The maximum rate of
specific substrate utilization
(Fig. 2a) is plotted against the
maximum growth rate (Fig. 2b)
for the degradation of benzene
(a), toluene (b), and xylene (c)
to solve the constants of
maintenance energy mS and
true growth yield YG according
to Eq. 9

43



a TBB [17], where the R value was 1.32 when the NaCl
concentration in the liquid phase was 0.4 M (23.4 g l�1).

In summary, both the indicators, mS=q
^
and R, have

revealed that it is advantageous to apply NaCl as salt as
a means of controlling excessive biomass, during the
treatment of BTX waste gases by TBB. However, since
these indicators were obtained from batch experiment
with a short-term salinity load, the application of these
findings to engineering in practice should be done with
care. Future research should seek to elucidate the effect
of salt addition on long-term reactor performance in
TBB systems in order to identify the optimal dosage of
NaCl for TBB.
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