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a  b  s  t  r  a  c  t

This  study  investigated  the  removal  of  recalcitrant  compounds  in  the  presence  of  a  hydrophilic  com-
pound.  n-Hexane  is  used  as  a model  compound  to  represent  hydrophobic  compounds.  Methanol  has
been  introduced  in  mixture  with  n-hexane  in  order  to increase  the  bioavailability  of  n-hexane  in  trickle-
bed-air-biofilters  (TBABs).  The  mixing  ratios  investigated  were:  70%  methanol:30%  n-hexane,  and  80%
methanol:20%  n-hexane  by volume.  n-Hexane  loading  rates  (LRs)  ranged  from  0.9  to  13.2  g  m−3 h−1.
Methanol  LRs  varied  from  4.6 to 64.5  g m−3 h−1 and  from  2.3  to  45.2  g  m−3 h−1 depending  upon  the  mixing
ratio  used.  Biofilter  performance,  effect  of  mixing  ratios  of  methanol  to  n-hexane,  removal  profile  along
biofilter depth,  COD/nitrogen  consumption  and  CO2 production  were  studied  under  continuous  loading
ethanol
rickle-bed-air-biofilters (TBABs)
OCs

operation  conditions.  Results  have  shown  that  the  degradation  of n-hexane  is  significantly  enhanced
by  the  presence  of  methanol  for n-hexane  LRs  less  than  13.2  g m−3 h−1. For  n-hexane  LR  greater  than
13.2  g m−3 h−1, even  though  methanol  had  impacted  n-hexane  biodegradation,  its  removal  efficiency
was  higher  than  our  previous  study  for  biodegradation  of  n-hexane  alone,  in  presence  of  surfactant,  or  in
presence of  benzene.  On  the  other  hand,  the  degradation  of  methanol  was  not  impacted  by  the  presence
of  n-hexane.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

The passage of the 1990 Amendments to the Clean Air Act had
ed to the development of more stringent regulations, standards,
uidelines and codes of volatile organic compounds (VOCs) emis-
ions. It also paved the way  to the development of processes aimed
t reducing air pollution. Since VOCs contribute greatly to air pollu-
ion, several techniques were applied for VOCs abatement such as
hysico-chemical, adsorption, scrubbing, condensation, oxidation
rocesses, and biofiltration [1].

Recently, biofiltration systems have emerged as an effective
echnique for non-methane hydrocarbon removal from air oper-
ting under dynamic VOCs loading rates and stressed conditions.
ombined by its cost effectiveness, it is an attractive option for con-
rolling VOCs emissions from various industrial processes [2].  More
nterestingly, trickle-bed-air-biofilters (TBABs) offer more optimal

nd controllable operations which result in low maintenance costs
ver traditional biofilters. Thus, they are more efficient in treating
OCs that do not engender acidic by-products [2].
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304-3894/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
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The performance of TBABs is significantly affected by the VOCs
solubility in water and their Henry’s law constant [3].  Hydrophilic
compounds, water soluble ketones and esters, are easily biodegrad-
able than hydrophobic ones, such as aromatic hydrocarbons. The
later are more resilient to degradation, as VOC mass transfer from
gas to liquid phase is rate limiting in TBABs. Thus, an increase
in bioavailability of VOCs in the liquid biofilm phase will facil-
itate their biodegradation by microorganisms. Several processes
were tested for addressing the bioavailability of hydrophobic con-
taminants, like introducing surfactants [4],  providing favorable
conditions for fungi [5–9], and the utilization of two-phase reactors
[10–13].

Several studies were reported on biofiltration of n-hexane as a
single solute. An elimination capacity (EC) of 38.7 g m−3 h−1 was
obtained at a loading rate (LR) of 47.7 g m−3 h−1 for a TBAB oper-
ating at pH 4. While for TBABs operating at pH 7 with and without
surfactant, the ECs were 12.6 and 8.0 g m−3 h−1, respectively, at a
LR of 21.5 g m−3 h−1 [5].  Other researchers obtained results with
high elimination capacities but either low removal efficiencies
were attained or a short testing period was evaluated which could

raise questions about meeting the strict emission levels as well
as their practical industrial use. For instance, Arriaga and Revah
[14] obtained a maximum EC of 130 g m−3 h−1 for n-hexane LR of
about 560 g m−3 h−1 in a perlite packed biofilters corresponding

dx.doi.org/10.1016/j.jhazmat.2012.03.075
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:zehraoan@mail.uc.edu
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dx.doi.org/10.1016/j.jhazmat.2012.03.075
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Table 1
Summary of methanol biofiltration as reported in literature.

Reactor medium Substrate treated Elimination capacity (g m−3 h−1) Loading rates (g m−3 h−1) EBRT (s) Reference

Compost and wood chips Methanol 15.8–139 31–147 30–50 [19]
�-Pinene 13.9–17.5 14.6–26.7 30–50

Lava rock Methanol 7.5 7.8 80 [20]
Formaldehyde 41.2 46.2 71.9

Nova  inert Methanol 80 140 40 [24]
Dimethyl Sulfide 2.5 10 40

Polypropylene pall Methanol 380 480 16 [25]

t
o
[
w
a
t
e
t
c
1
M
f
1
c
t
I
h
e
u
b
o
w
t
V

t
T
r
i
o
h
i
m
d
u
t

n
a
I
t
w
e
o
o
m
w
i
t
b
o
p
b

rings (inert) H2S 85–95 

o a removal efficiency (RE) of 23% and an effluent concentration
f 8.8 g m−3 which did not meet the emission criteria of 1.8 g m−3

15]. van Groenestijn and Lake [16] used a mixture of silicone oil and
ater as the trickling medium for n-hexane removal and obtained

n EC of 80 g m−3 h−1 at LR of 97 g m−3 h−1. However, according
o the authors, this value was obtained by changing the medium
ach month of two biofilters connected in series. Furthermore,
here was increase in liquid phase viscosity and phase inversion
ombined by high empty bed residence time (EBRT) (6.28 and
3 min) would render its field application not practical. Hernández-
eléndez et al. [7] obtained an ECmax of around 70 g m−3 h−1

or n-hexane LR of 177 g m−3 h−1, inlet n-hexane concentration of
2.5 g m−3 and an EBRT of 4.4 min  corresponding to an effluent
oncentration of about 7.5 g m−3 which is above 1.8 g m−3 set by
he Occupational Safety and Health Administration (OSHA) [15].
n general, although researchers obtained high EC, the RE of n-
exane, as a sole VOC, was either low which could provide an
ffluent stream at levels beyond the emission standard or the eval-
ations were done for a short period of time. On the other hand,
iofiltration of n-hexane in mixture with other VOCs, to the best of
ur knowledge, is rarely reported in literature except our previous
ork in treating n-hexane with benzene [17]. It is worth to note

hat air emissions are always mixture of gases rather than a sole
OC.

The high biodegradation of methanol raised interest in ini-
iating studies on biofiltration of VOCs in its presence [18–24].
able 1 summarizes methanol behavior in a binary mixture as
eported in the literature. The main objectives of these stud-
es were either to study the effect of methanol on biofiltration
f other VOCs such as toluene, dimethyl sulfide, formaldehyde,
ydrogen sulfide, �-pinene, or to study the effect of nutrients lim-

tation on these mixtures. The addition of methanol to other VOCs
ight have neutral [24], positive [19,25] or negative [18,20] effect

epending on the VOCs and their loading rates, type of media
sed, nutrients availability, biomass control strategies, pH, and
emperature.

The aim of the current study is to study the bioavailability of
-hexane in the presence of methanol. Both VOCs are hazardous
ir pollutants included in the 1990 Clean Air Amendment list [26].
ntroducing a mixture of n-hexane and methanol has the poten-
ial of exposing the biofilm to increased n-hexane concentrations
hich might lead to overcome the mass transfer limiting step. The

ffect of methanol to n-hexane mixing ratio on removal efficiency
f n-hexane is evaluated. Two independent TBABs “A” and “B” were
perated at homogeneous mixing ratios of 70:30% and 80:20%,
ethanol:n-hexane by volume, respectively. The TBABs were fed
ith a nutrient solution buffered at pH 7. The effect of step-increase

n the influent concentration of the mixture on the EC of the biofil-
er is also evaluated. The control of biomass growth was achieved

y using a combination of stagnation and flow-switching and peri-
dical backwashing. A further illustration of these techniques is
rovided in previous publications [5,17,27–29] and is described
riefly later.
141 16

2. Experimental

2.1. VOCs

n-Hexane was  obtained from Fisher Scientific (Fair Lawn, NJ)
with 95% purity, while methanol was obtained from Tedia (Fair-
field, OH) with 99.9% purity. The reported dimensionless Henry’s
law constants at 25 ◦C for n-hexane are 40.7 ± 2.78 [30] and 48.4
[31], while for methanol is 1.9 × 10−4 [32].

The mixing ratios, considered 70:30 and 80:20 – methanol:n-
hexane, were based on emissions from industrial applications.
In printing and publishing, polymer and man-made fiber, pulp
and paper, and organic chemical industries the release ratios of
methanol to n-hexane is varying from about 70% to 96% [33].

2.2. Trickle-bed-air-biofilter

Two TBABs, “A” and “B”, were run in parallel in this study. Both
TBABs were made up of seven cylindrical glass sections with an
internal diameter of 7.6 cm and a total length of 130 cm.  They
are packed with palletized diatomaceous earth biological support
media to a depth of about 60 cm (Celite® 6 mm R-635 Bio-Catalyst
Carrier; Celite Corp., Lompoc, CA). The schematic of the TBAB setup
had been previously provided [34]. TBAB “A” was fed with a mixing
ratio of methanol:n-hexane of 80:20% by volume; while TBAB “B”
was  fed with a mixture 70:30%. Furthermore, each TBAB received
an increasing step-change in influent concentrations. The TBABs
continued to run for an initial three weeks acclimation period with
weekly backwashing.

The methods used to control biomass growth were a com-
bination of stagnation and flow-switching for n-hexane loading
rates below 5.3 g m−3 h−1, stagnation alone and later periodical
backwashing for n-hexane loading rates above 5.3 g m−3 h−1. Flow
switching consists of changing the flow of the gas from co-current
flow with the liquid nutrients to counter-current flow or vice versa
after every one week of operation. Such a process might spread
the biomass distribution within the entire biofilter media. While
stagnation is a complete shutdown of air, VOCs and buffer nutrient
flows for two  days per week. Backwashing consists of fluidization
of the media bed to ensure adequate removal of excess biomass
that might cause channeling within the biofilter. All these tech-
niques were previously applied in the biofiltration of hydrophilic
and hydrophobic VOCs and were proven to be very effective in
biomass control [5,17,27–29]. Table 2 summarizes the biomass con-
trol strategy applied for each phase of the study.

The air flow was  set up at the rate of 1.36 L min−1 with a cor-
responding EBRT of 120 s. The liquid mixture of n-hexane and

methanol was  injected via a syringe pump and vaporized into the
air stream. Buffered nutrient solution containing sodium bicarbon-
ate (pH 7) was  supplied at a rate of 2.0 L d−1, the composition of the
nutrient solution is similar to that reported by Sorial et al. [35].
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Table 2
Operating conditions for TBABs “A” and “B”.

Experimental conditions I II III IV V VI VII

Influent n-hexane concentration (ppmv) 9.1 22.8 34.1 50.9 76.7 102.0 127.0
Influent n-hexane concentration (g m−3) 0.03 0.08 0.12 0.2 0.3 0.4 0.5
n-Hexane loading rate (g m−3 h−1) 0.9 2.4 3.5 5.3 8.0 10.6 13.2

TBAB  “A”
Influent methanol concentration (ppmv) 119.5 298.8 447.4 668.5 1007.6 1339.4 1668.2
Influent methanol concentration (g m−3) 0.2 0.4 0.6 0.9 1.3 1.7 2.2
Methanol loading rate (g m−3 h−1) 4.6 11.5 17.3 25.8 38.9 51.7 64.5

TBAB  “B”
Influent methanol concentration (ppmv) 59.0 197.9 293.9 390.1 586.0 781.3 974.9
(g  m−3) 0.1 0.3 0.4 0.5 0.8 1 1.3
Methanol loading rate (g m−3 h−1) 2.3 7.6 11.4 15.1 22.6 30.2 37.7
Day  of operation 1–21 22–49 50–119 120–139 140–170 171–204 205–240
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ally low.
On day 171, after backwashing, phase VI was started. The RE of

n-hexane declined to 74.8% during this phase at an influent concen-
tration of 101 ppmv for n-hexane and 1339.4 ppmv for methanol,
Operating conditionsa S

a Operating conditions: B, backwashing; FS, stagnation and flow switching; and S

.3. Analytical methods

Gas phase samples were taken with gas-tight syringes through
ow-bleed and high-puncture-tolerance silicone gas chromato-
raph (GC) septa installed in the sampling ports. Samples for
-hexane and methanol were immediately analyzed by using
C (Agilent 6890 Series, Foster City, CA) equipped with flame

onization detector (FID) and 30.0 m × 320 �m × 0.25 �m column
HP-5. 5% phenyl methyl siloxane). The GC oven was programmed
sothermal at 60 ◦C, the carrier gas helium (He) flowrate was set
t 2.7 mL  min−1. The FID was used with He make-up gas at a
owrate of 45 mL  min−1, a fuel gas flow (H2) of 35.3 mL  min−1,
nd an oxidizing gas flow (air) of 450 mL  min−1. The detector
emperature was 250 ◦C. Retention time of 1.1 min  and 1.3 min
ere obtained, under these conditions for methanol and n-hexane,

espectively. Carbon dioxide samples were also taken by using gas-
ight syringes through sampling ports in the TBAB. A GC (HP 5890,
eries II, Hewlett-Packard, Palo Alto, CA) equipped with a ther-
al  conductivity detector (TCD) was used for determining the CO2

oncentrations in the effluent gas phase. The detection limit was
.001 vol.% CO2. Detailed description of the analytical method is
rovided in a previous publication [34].

Liquid phase measurements included influent and effluent
oncentrations of nitrate, dissolved total carbon (TC), dissolved
norganic carbon (IC), and volatile suspended solids (VSS). Nitrate
NO3

−) concentration was determined by measuring UV absorp-
ion at 220 nm wavelength using a Shimadzu UV mini 1240 UV-Vis
pectrophotometer (Shimadzu Corp., Tokyo, Japan). TC and IC con-
ents of the aqueous samples were determined by using a Shimadzu
OC 5000 analyzer (Shimadzu Corp., Tokyo, Japan). The VSS analysis
as carried out according to Standard Methods 2540G [36].

. Results and discussion

.1. Performance of TBAB “A” (methanol:n-hexane = 80:20)

TBAB “A” started up with n-hexane influent concentration of
 ppmv and methanol concentration of 119.5 ppmv with a cor-
esponding n-hexane LR of 0.9 g m−3 h−1 and methanol LR of
.6 g m−3 h−1. The operating conditions and different phases of
peration are summarized in Table 2. It is worth noting that the
emoval efficiency of methanol was always above 98% for the entire
oading rates conditions studied. Therefore, emphasis will be placed
n the performance of the TBAB with respect to n-hexane. Daily
erformance of the TBAB with respect to influent and effluent con-
entrations of n-hexane in addition to a statistical summary of the

emoval efficiency at different loading rates is presented in Fig. 1.
he removal efficiencies are displayed in box plots to increase the
isibility. The boundary of the box closest to zero indicates the
5th percentile, a line within the box marks the median, and the
S&FS S&FS S S S B

nation.

boundary of the box furthest from zero indicates the 75th per-
centile. Whiskers (error bars) above and below the box indicate
the 90th and 10th percentiles. During phases I, II, and III, for influ-
ent n-hexane concentrations 9.0, 22.8, and 33.1 ppmv, respectively
corresponding to influent methanol concentrations of 119.5, 298.8,
and 447.4 ppmv, respectively, TBAB “A” maintained consistently
high n-hexane RE of more than 95%. This efficiency was maintained
while applying flow switching and stagnation technique as means
of biomass control.

Starting from day 120, flow switching was stopped due to an
increase of total organic carbon (TOC) from about 350 to around
650 mg  L−1 in the effluent water which implies that larger quan-
tity of methanol was escaping through the water phase. It was  then
decided, for further increase in the influent concentration only stag-
nation technique will be applied as means for biomass control. It
is worthwhile to note that the TOC measurements indicated that
inorganic carbon was the sole contributor to the total carbon in the
liquid phase which clearly specifies no degradation by products
were in the liquid phase.

Phase IV started after backwashing the TBAB. The influent con-
centrations of n-hexane and methanol were increased to 50.9 ppmv
and 668.5 ppmv, respectively. The overall performance for n-
hexane elimination increased further to achieve 95.3% with a
standard deviation of 6.4%. On day 141 (phase V), after backwash-
ing, the influent concentrations of n-hexane and methanol were
increased to 76.8 ppmv and 1007.6 ppmv, respectively. The removal
efficiency of n-hexane decreased to 91%. Fig. 1 indicates that the
effluent concentrations for n-hexane up to this phase were gener-
Fig. 1. Performance of TBAB “A” with time for degrading n-hexane in the presence
of methanol.
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Fig. 2. Performance of TBAB “B” with time for degrading n-hexane in the presence

T
B
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espectively. More fluctuations in n-hexane RE became noticeable
ue to the negative impact of methanol on the biodegradation of
-hexane. However, the RE of methanol was still maintained at the
ame level above 98%. At the end of this phase, a thick layer of
iomass was visible on the surface of the media, and within the
BAB. With the increase of VOCs’ LRs, specifically methanol more
iomass was accumulating on the surface of the media within the
BAB. This finding could be an indication that cell synthesis and
ethanol oxidation were simultaneous processes in the upper sec-

ion of the TBAB. Cell synthesis in the upper section of the TBAB and
OC oxidation within the whole bed was reported in biofiltration
f toluene [37] and was also confirmed by Song and Kinney [38].
t was thus decided that for subsequent runs backwashing should
e applied weekly as the only biomass control technique. The same
bservation had been noticed by Cai et al. [34] for removing methyl
thyl ketone and by Sologar et al. for the biofiltration of hydrogen
ulfide and methanol [24].

In phase VII, n-hexane RE deteriorated drastically to 41% when
he influent concentration was increased further to 127 ppmv while

ethanol RE was still maintained at high levels above 98%. During
his phase backwashing was applied weekly. Weekly backwash-
ng was accompanied by high loss of biomass which might have
een the cause for the drastic decrease in the removal efficiency
f n-hexane. It is speculated that not enough time was  allowed for
he growth of microorganisms responsible for n-hexane degrada-
ion. This is in accordance with previous studies by Delhoménie
t al. [39] and Kim et al. [27] where they observed that decrease
n biofilter performance due to biomass loss after biomass control
s common. Furthermore, methanol seems to be an easy accessi-
le carbon source for the microorganism, which could be the cause
f inhibition of the biodegradation of n-hexane at high methanol
oads. Similar inhibitions were encountered by Prado et al. [19] in
iofiltration of waste gases containing a mixture of formaldehyde
nd methanol.

.2. TBAB “B” performance (methanol:n-hexane = 70:30)

The same operating conditions with respect to n-hexane for
BAB “A” was applied to TBAB “B” as can be seen from Table 2.
he biofilter was started up at 9.1 ppmv n-hexane corresponding
o 59.0 ppmv of methanol with a corresponding LR of 0.9 g m−3 h−1

nd 2.3 g m−3 h−1 for n-hexane and methanol, respectively. In
hase I, TBAB “B” maintained consistently high n-hexane RE of 90%
s well as for subsequent phases II and III, for influent concentra-
ions of n-hexane of 22.8 and 34.1 ppmv.

In phases IV and V, n-hexane RE decreased to 88.6% and 88%,
espectively. In the following phase as the LR was increased further
o provide an influent concentration of 102 ppmv for n-hexane, n-
exane RE decreased to 75.4% which was slightly higher than that
f TBAB “A”. Further increase of the influent concentration, with
eekly backwashing as means of control of biomass, led to the

emoval efficiency of n-hexane to drop to 63.4%.
TBAB “B” influent and effluent concentrations together with the
emoval efficiency as box plots at every concentration level are
llustrated in Fig. 2. The same behavior seen previously in Fig. 1

as observed here, high effluent concentration occurred at the start
f every concentration change. Specifically, more fluctuations are

able 3
iofiltration performances of TBABs “A” and “B”.

I

TBAB “A”
n-Hexane elimination capacity (g m−3 h−1) 0.8 

Methanol elimination capacity (g m−3 h−1) 4.5 

TBAB  “B”
n-Hexane elimination capacity (g m−3 h−1) 0.8 

Methanol elimination capacity (g m−3 h−1) 2.2 
of  methanol.

seen during phases VI and VII, i.e., at high methanol loading rates.
The maximum EC was 8.4 g m−3 h−1 for n-hexane (see Table 3). The
high methanol LR affected n-hexane RE of the TBAB “B”, but to a
less extent as compared to TBAB”A”.

It is generally seen in this study, for an influent concentration of
n-hexane up to 102 ppmv, the RE for both TBABs was not fluctuating
as previously reported [40].

Comparing the performance of both TBABs, TBAB “A” had more
stable and slightly higher removal efficiencies, especially for load-
ing rates less than 10.6 g m−3 h−1, but both had similar fluctuations
in performance and unexplained high standard deviations espe-
cially for the last phase of the experiment. In previous studies,
higher standard deviations in n-hexane removal efficiency were
common without any reason [40]. On the other hand, both TBABs
had overall higher performance in degrading n-hexane in the pres-
ence of methanol as compared to a previous study for degrading
n-hexane alone, with surfactant, or in mixture with benzene [17].

The degradation of n-hexane in the presence of methanol was
greatly enhanced as compared to our previous published literature
for n-hexane loading rate less than 10.2 g m−3 h−1. As a sole VOC,
Aly Hassan and Sorial [5,40] reported 82.1, 57.3, 66.5 and 41.2%
n-hexane RE for LRs of 5.4, 10.4, 10.4 (using flow switching) and
13.4 g m−3 h−1, respectively. In this study we  obtained 88.6, 75, and
63.4% in RE for TBAB “B” and 95.3, 74.8 and 41.1% in RE for TBAB “A”
for a corresponding n-hexane LRs of 5.3, 10.6, and 13.2 g m−3 h−1,
respectively.

It has not escaped our mind that the results obtained for elim-
ination capacities obtained in oil-amended and two phase liquid
biofilters were higher than the results obtained in this study.
However, the drawback of treating n-hexane as a sole VOC in oil-
amended biofilters as mentioned previously were high effluent
concentration levels and relatively short period of time of opera-
tion which was  accompanied by high instability and frequent drop
in removal capacity. Furthermore, it is worth noting the n-hexane
emission is usually in the presence of other VOCs where methanol

is the major component [33,41]. Treating mixture of hydrophilic
and hydrophobic in oil-amended systems will not be possible as

II III IV V VI VII

2.3 3.3 5.0 7.3 7.9 5.4
11.1 16.6 24.8 38.0 50.8 63.7

2.2 3.1 4.7 7.0 7.9 8.4
7.3 10.7 14.4 21.7 29.1 37.1



1 dous Materials 219– 220 (2012) 176– 182

t
o

f
e
r
o
i
r

3

b
1
p
i
d
p
h
o
T
o
r
m
t
“
w
h
“
T
V
c
o
d
p
o
p
m
[
d
p
r

F
t
A

80 A. Zehraoui et al. / Journal of Hazar

oxicity and inhibitory effects will surge during the first stage of
peration [13,42–46].

Aly Hassan and Sorial [17] reported lower removal efficiencies
or n-hexane in the presence of benzene indicating that the pres-
nce of benzene impacted the degradation of n-hexane. The current
esults reported in this paper are consistent with the findings in
ther studies where methanol addition played an important role
n the biofiltration of dimethyl sulfide [25] and in formaldehyde
emoval [19].

.3. Effect of methanol to n-hexane mixing ratio

Mixing ratio of methanol to n-hexane was very critical in the
iodegradation of n-hexane especially at n-hexane loading rate of
3.2 g m−3 h−1. Methanol performance was not influenced by the
resence of n-hexane for both TBABs (see Tables 2 and 3). This

mplies that the existence of n-hexane did not hinder the biodegra-
ation of methanol, in contrary to the findings for n-hexane in the
resence of benzene [17]. For this study, the data obtained for n-
exane biodegradation showed that methanol had positive effect
n the performances of both TBABs. For LRs less than 13.2 g m−3 h−1,
BAB “A” always had a relatively consistent higher performance
ver TBAB “B”. This result could be explained by the fact that the
elatively high methanol loading rate in TBAB “A” could trigger
ore n-hexane to be bioavailable as compared to TBAB “B”. On

he other hand, for n-hexane LR of 13.2 g m−3 h−1, the RE for TBAB
A” dramatically decreased to 41% while for TBAB “B” the decrease
as not so sharp (from 75% to 63%). The sharp depletion in n-
exane RE might be due to higher methanol loading rate in TBAB
A” 64.5 g m−3 h−1, as compared to 37.7 g m−3 h−1 for TBAB “B”.
he decrease in RE of hydrophobic VOCs in presence of hydrophilic
OCs had been previously reported. Zhu et al. [47] reported signifi-
ant decrease in the removal rate of hydrophobic VOCs in presence
f hydrophilic VOCs. Song et al. [48] confirmed that biodegra-
ation of toluene and p-xylene was severely inhibited by the
resence of readily degradable constituents while the presence
f aromatic VOCs did not influence the biodegradation of methyl
ropyl ketone, ethyl 3-ethoxy propionate, or n-butyl acetate. For a
ixture of hydrophobic VOCs with methanol, Mohseni and Allen

18] reported that methanol suppressed the growth of �-pinene
egrading microbial community and therefore reduced the �-
inene removal efficiency. Jin et al. [20] observed that methanol
educed the efficiency of hydrogen sulfide biodegradation.
A plot of EC vs. LR for n-hexane in both TBABs is provided in
ig. 3. It can be seen from the figure that for n-hexane LR less
han 10.6 g m−3 h−1 both TBABs had approximately the same ECs.
fterward, due to the high loading rate of methanol in TBAB “A”

Fig. 4. Cumulative carbon input/output as C
Fig. 3. n-Hexane elimination capacity vs. loading rate.

at n-hexane LR of 13.2 g m−3 h−1 the EC of TBAB “A” dropped con-
siderably to 5.2 g m−3 h−1 while it slightly increased for TBAB “B”
to reach the value of 8.4 g m−3 h−1. This confirms the previous
observation, where further increase in methanol LR caused a drop
of n-hexane EC. It should be noted that both TBABs maintained
very high methanol EC indicating that not only the critical LR of
methanol was not attained, but also both nutrients and oxygen
were not rate limiting [24]. This is further illustrated by daily efflu-
ent CO2 gas analysis and residual NO3–N in the effluent waters.

3.4. Carbon mass balance

Fig. 4 shows cumulative CO2 equivalent of n-hexane and
methanol at the influent as well as at the effluent of both TBABs.
Since n-hexane and methanol are the only source of energy and
electron donors, the influent carbon represented in carbon diox-
ide equivalence constitutes VOCs influent gaseous concentrations
and the influent aqueous carbon constitutes the influent CO2 in
the liquid nutrients. While the effluent cumulative CO2 was made
up of VOCs effluent gaseous concentrations, effluent aqueous car-
bon (TC), effluent gaseous CO2, and the carbon equivalence of
effluent volatile suspended solids (VSS). The carbon recovery rate
was  63 ± 7% and 66 ± 4% for both TBABs “A” and “B”, respec-

tively. The recovery rates found are smaller than that reported
earlier for n-hexane as single VOC with surfactant [17], which was
ranging from 72% to 78%. The loss between influent and efflu-
ent carbon was produced as biomass within the TBABs [17]. In

O2 equivalent for TBABs “A” and “B”.
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13.2 g m−3 h−1. TBAB “A” had always high and consistent n-hexane
Fig. 5. COD removal per nitrogen utilization for TBABs “A” and “B”.

upport of this hypothesis, a comparison of the loss in carbon to
he biomass amount accumulated in the TBABs was  computed.

hile computing the amount of biomass retained within the bed
everal assumptions were made (1) biodegradation of n-hexane
nd methanol occurs independently and (2) C5H7O2N is a typical
epresentation of heterogeneous microorganism in computing the
iomass retained within the TBABs [17]. The daily nitrate consump-
ion for all loading rates was used as the basis of this calculation.
he results of the t-test, for each phase of the experiments, ranged
rom 4.3 × 10−6 to 4.7 × 10−2 and from 6.3 × 10−7 to 3.8 × 10−2 for
BAB “A” and TBAB “B”, respectively. This indicated that the differ-
nce between the losses in carbon to the biomass retained within
he TBABs was significant as indicated by a p-value <0.05.

.5. Nitrogen utilization and VOCs removal

Nitrogen is a critical operational parameter in sustaining
iomass development in biological treatment processes [49,50].
aily analyses for influent and effluent concentrations of NO3

−–N
ere performed. NO3

−–N was used as the only source of nitro-
en. The net nitrogen utilization was computed by subtracting the
mount of the NO3

−–N in the effluent water from the influent
utrient liquid. The net chemical oxygen demand (COD) was cal-
ulated as the difference between COD of the feed and the COD of
he effluent gas and liquid streams. The CODs were theoretically
omputed using the equivalent carbon values from the different
arbon contributors. Fig. 5 shows dimensionless COD/N ratios plot-
ed against the LRs of n-hexane for both TBABs “A” and “B” as box
lots. It is seen from Fig. 4 that there is a noticeable dependency
n the employed LR. Initial increase in loading rates was  accom-
anied by an increase in the nitrate utilization. From loading rate
f n-hexane of 5.3 g m−3 h−1, the nitrate utilization increased to
.14 g d−1 and 0.11 g d−1 for TBABs “A” and “B”, respectively, with-
ut any change in the influent NO3–N which could be attributed
o the high methanol LRs (see Table 2). This behavior provided a
ecrease in the COD removal/N utilization ratio. For n-hexane LR of
.0 g m−3 h−1, the influent NO3–N was increased further to 0.3 g d−1

n order to avoid depletion of NO3–N in the effluent waters. The
OD removal/N utilization ratio increased consequently to an aver-
ge value of 19.1 and 20.6 for TBABs “A” and “B”, respectively. At
-hexane LR of 13.2 g m−3 h−1, NO3–N in the feed was increased
urther to 0.59 g d−1 to maintain sustainable residual NO3–N in the
ffluent waters. The nitrogen utilized increased to 0.53 g d−1 and
.3 g d−1 for TBAB “A” and “B”, respectively. It is worth mentioning
Fig. 6. Reaction rate constants for n-hexane at different loading rates.

that the use of methanol, a high yield VOC, contributed greatly to
the high nitrogen consumption.

3.6. Kinetics of n-hexane removal in TBABs “A” and “B”

The removal of both TBABs with respect to n-hexane as a func-
tion of depth was  measured weekly, one day following stagnation
for both TBABs. The sampling ports were located at 7.6, 23, 38,
53 and 60 cm measured from media top. These data were used to
develop the pseudo first order reaction rate constant as a function
of time. In order to compute the reaction rate constant it is assumed
that the TBABs can be modeled as a plug flow reactor [51]. The data
were fit with a linear model with the independent variable, time
(seconds), and the dependent variable, loge(C/C0), where C is the
effluent concentration and C0 is the influent concentration.

Fig. 6 clearly shows that TBAB “A” had higher reaction rate con-
stant as compared to TBAB “B” up to n-hexane LR of 8.0 g m−3 h−1.
This indicates that the availability of methanol had a crucial role in
the performance of n-hexane in the TBABs. Later on, specifically at
n-hexane LR of 13.2 g m−3 h−1 the reaction rate constant for TBAB
“A” dropped considerably. This corresponds well with the decrease
of the RE noticed in TBAB “A”.

It is worth noting that the reaction rate constants for n-hexane
obtained in this study are higher than those obtained in our
previous research [40] in treating n-hexane with or without sur-
factant where the maximum values obtained were 9.5 × 10−3 and
8.8 × 10−3 s−1, respectively. As for methanol, since over 90% of the
methanol is removed at the top part of the TBAB, it was  not possible
to evaluate the reaction rate constant. The same observation was
made in our previous study [52].

4. Conclusions

This study investigated the effectiveness of methanol in enhanc-
ing the degradation of n-hexane in TBABs. The volumetric ratio
of methanol to n-hexane were 80:20% and 70:30% for TBABs “A”
and “B”, respectively. n-Hexane influent LRs varied from 0.9 to
13.2 g m−3 h−1 for both TBABs while for methanol the influent LRs
varied from 4.6 to 64.5 g m−3 h−1 for TBAB “A” and from 2.3 to
37.7 g m−3 h−1 for TBAB “B”. The maximum n-hexane EC for TBAB
“A” was  7.9 g m−3 h−1 for an influent LR of 10.6 g m−3 h−1, while for
TBAB “B” the maximum n-hexane EC was 8.4 g m−3 h−1 for a LR of
RE for LRs less than 10.6 g m−3 h−1. This is due to high bioavailabil-
ity of n-hexane in TBAB “A” in presence of methanol as compared to
TBAB “B”. However, for high methanol LR, 64.5 g m−3 h−1 for TBAB
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A” as compared to only 37.7 g m−3 h−1 for TBAB “B”, n-hexane EC
ecreased drastically for TBAB “A” as compared to TBAB “B”. The
ecrease in n-hexane RE at high methanol LR might be due to apply-

ng weekly backwashing as well as to inhibitory effect of methanol
n n-hexane degrading microorganisms.

It is worth noting that treating n-hexane in presence of methanol
s accompanied by high nitrogen consumption of 0.53 and 0.3 g d−1

or TBAB “A” and “B”, respectively. This entails that, for the cur-
ent operation conditions, nitrogen concentration in the influent
utrient need to be maintained in the range of 0.59 g d−1-N. Main-
aining a sustainable residual of nitrogen in the effluent waters will
meliorate the ratio COD/N consumed.

cknowledgments

The authors would like to thank the financial support from
ational Science Foundation under award # CBET 0852803. The
nding and conclusions expressed in this publication are solely
hose of the authors and do not necessary reflect the views of the
oundation.

eferences

[1] C. Kennes, F. Thalasso, Review waste gas biotreatment technology, J. Chem.
Technol. Biotechnol. 72 (1998) 303–319.

[2] M.A. Deshusses, H.H.J. Cox, Biotrickling filters for air pollution control, in: G. Bit-
ton  (Ed.), The Encyclopedia of Environmental Microbiology, Wiley, New York,
NY, 2003, pp. 782–795.

[3] X. Zhu, M.T. Suidan, C. Alonso, T. Yu, B.J. Kim, B.R. Kim, Effect of substrate
Henry’s constant on biofilter performance, J. Air Waste Manage. Assoc. 54
(2004) 409–418.

[4] J.R. Woertz, K.A. Kinney, Influence of sodium dodecyl sulfate and tween 20 on
fungal growth and toluene degradation in a vapor-phase bioreactor, J. Environ.
Eng. 130 (2004) 292–299.

[5] A. Aly Hassan, G. Sorial, n-Hexane biodegradation in trickle bed air biofilters,
Water Air Soil Pollut. Focus 8 (2008) 287–296.

[6] S. Arriaga, S. Revah, Improving hexane removal by enhancing fungal devel-
opment in a microbial consortium biofilter, Biotechnol. Bioeng. 90 (2005)
107–115.

[7] O. Hernández-Meléndez, E. Bárzana, S. Arriaga, M.  Hernández-Luna, S. Revah,
Fungal removal of gaseous hexane in biofilters packed with poly(ethylene
carbonate) pine sawdust or peat composites, Biotechnol. Bioeng. 100 (2008)
864–871.

[8]  G. Spigno, D.M. De Faveri, Modeling of a vapor-phase fungi bioreactor for the
abatement of hexane: fluid dynamics and kinetic aspects, Biotechnol. Bioeng.
89  (2005) 319–328.

[9] J.W. Van Groenestijn, W.N.M. Van Heiningen, N.J.R. Kraakman, Biofilters based
on  the action of fungi, Water Sci. Technol. 44 (2001) 227–232.

10] J.M. Aldric, P. Thonart, Performance evaluation of a water/silicone oil two-phase
partitioning bioreactor using Rhodococcus erythropolis T902.1 to remove volatile
organic compounds from gaseous effluents, J. Chem. Technol. Biotechnol. 83
(2008) 1401–1408.
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