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ABSTRACT

This aim of study was to compare the performaneewbfilter (BF) and trickle bed reactor (TBR) wrdncreased
styrene loading with a constant acetone load/ih. At styrene loading rates up to 3gng’/h, the BF showed
higher styrene removal than TBR. However, the Bi€ieficy started to drop beyond this threshold iogdand

could never reach steady state, whereas the TBRnomadl to yield a 50% styrene removal. The acetemeoval

remained constant (93-98%) in both the reactorsay styrene loading. Once the overloading wasdjftbe BF

recovered within 26 min, whereas the TBR efficidmamynced back only to 95%, gradually returning tomplete

removal only in 10 h.

Key words: biofiltration, styrene, acetone, vapor mixtureg) reactors

INTRODUCTION for various substrates in different reactors (Seing
al. 2003; Li and Moe 2005).

Removal of readily biodegradable paint boothHowever, two significant barriers to success exist
solvents is one of the potential applications ofor a wide use of biofiltration for the treatment
biofiltration, an air purification technique basedpaint booth off-gases. The first challenge in
on the use of immobilized aerobic bacterigachieving a steady bioreactor performance is that
(Devinny et al. 1999). A number of studies haveéhe substrates are often mixtures of several
been conducted on this application, using botsolvents;  thus, whenever the pollutant
common bioreactor types, i.e., biofilters (BFs)biodegradation is rate limiting, substrate
with low water usage (Li and Moe 2005) and theiinteractions become significant. Furthermore,
opposite, trickle-bed bioreactors (TBRs), whichpaint booth mixtures usually consist of both polar
may be calledn situ bioscrubbers (Webster et al. (€.9., esters, ketones) and non-polar solventst(mos
1999). These studies laid a sound foundation fapften, aromatic hydrocarbons). In this case of two
designing the bioreactors featuring sufficiently“foreign” groups of substrates, different enzyme
high residence times (low air flow rates) (Bastosystems are required for the catabolism of two
et al. 2003; Chang and Lu 2003; Atoche and Mo&inds of pollutants. As a result, negative substrat
2004; Mathur and Majumder 2008) and usingnteractions may lead to pronounced effects, a.e.,
appropriate mineral feeds and packing materialgecline of the removal efficiency of one substrate
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when the loading by the other componenjust two components, styrene (minor component)
increases (McGrath et al. 1999; Lu et al. 2002and acetone (major component), with a gradual
Alvarez-Hornos et al. 2011). increase in the loading by the latter (Paca et al.
The second challenge, which may further enhanc2012b). To complement that work, the current
the first one, is the uneven application of différe study was designed to monitor the application of a
solvents in time. As a result, the system is naver reciprocal loading pattern. Namely, the objective
steady state in terms of vapor composition, witlof the current study was to compare the
inherent oscillations of substrate concentrationgerformance parameters of two different
periodic reversal of polar vs. non-polar substrat®ioreactors under stepwise increased loading by
composition and, as the worst-case scenarigfyrene at pseudo steady state. Following the
frequent overloading of system’s biodegradatioreventual long-term overloading, the reactor
capacity by one of the solvents. Besides causingdynamic response was monitored upon its return
breakthrough of a given pollutant, this feature mayo the starting loading rates.

lead to a shutdown of other pollutants’ removal.

Moreover, overloading stresses may trigger long-

lasting effects, such as a temporary loss of thg{ ATERIALSAND METHODS

biofilm activity even when the system returns to

normal pollutant loads. These effects may differ irReactor design, microbial inoculum and system

two common practical biofiltration systems, gperation

because both the excess and shortage of wat&he schematics of both the reactors are shown in
characteristic for TBRs and BFs, respectivelyFigures 1 and 2. Detailed descriptions of two
may alter the overloading threshold depending obench-scale bioreactors used in this study were
whether the overloading pollutant is water-provided in previous publication (Paca et al.
soluble. Practitioners, thus, need to makeQ12b). The trickle bed reactor (TBR, Fig. 1)
informed decisions on which reactor to use to tredieight was 1.70 m with an internal diameter of
specific pollutant mixtures. 0.15 m. Pall rings made of hydrophilized
Detailed studies were undertaken on the systepolypropylene were used as a packing material;
modeling of biofiltration of a mixture of aromatic the bed height was 1.0 m. The Pall rings’
hydrocarbons and polar solvents using botRlimensions were 285x1 mm, with a specific
bioreactor types. Since it is difficult to compareyoid volume of 0.862, specific surface area of 350
the multiple previous studies conducted withm%m?®and bulk density of 120 kgAn

different inocula, under varied operationalThe biofilter (BF, Fig. 2) was made of glass with a
conditions and in different reactors, they were rumeight of 1.0 m and internal diameter of 100 mm.
in parallel as BF and a similar-size TBR sharingrhe packing material was Poraver (crushed
the same inoculum. This unified all of theserecycled glass) with a grain size of 8-16 mm and
factors, with only one variable subject to changeporosity of 0.44. The same enrichment culture
the major substrate loading, while keeping thgSphingobacterium  multivorum (G rods)
loading of the second, minor substrate low ané&omamonas testosterof® rods) Pseudomonas
constant. In the first of these studies, polaputida (G rods) andBacillus cereugG' rods) all
solvents (ketones and esters) were the mingfeing primary styrene and acetone degraders] was
component whereas the loading of the majojmmobilized in both the reactors and then used in
component, aromatic hydrocarbons, was graduallgrevious study conducted with the same substrates
increased until overloading, then monitoring thegPaca et al. 2012b). Similar to this previous study
long-term effects of overloading (Paca et althe reactors were operated in a concurrent air-
2010). In the second study, a reciprocal loadingvater down-flow mode at the same empty bed
pattern was applied, i.e., with a constant lowetention time of 53 s.

amount of the same polar solvents undeThe same dilute mineral medium of the following
increasing loading by the same aromaticomposition was used in both reactors (per liter):
hydrocarbons (Paca et al. 2012a). 0.4 g (NH),SO,, 0.3 g KNQ, 0.1 g NaCl, 0.125 g
These two studies documented a number a€,HPQ, 0.085 g KHPO, 0.34 g MgCl6H,0,
substrate interactions, thus necessitating a furthe. 7 mg MnC}, 1.3 mg CaG| 0.6 mg FeS@ 1.7

reduction in the system’s complexity. Anothermg NgMoO,. The contents of phosphates and
study addressed the biofiltration of a mixture of
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nitrate were lower than those common forChromatographic analyses

standard mineral media to suppress an excessi®tyrene and acetone in the gas phase were
biomass growth. pH of the circulating aqueousietermined using an Agilent 6890 N gas

medium was maintained at 7.0 using a pH-stat; thehromatograph (Agilent Technologies, Inc., Santa
hydraulic loading circulation rate was 2.242 ln/h Clara, CA, USA), equipped with a 30-m ultra

Figure 1 - Schematic of the trickle bed reactor set-up

alloy-5 (5% phenylmethylsilicone) capillary
TOT—&y column featuring an inner diameter of 0.53 mm
and film thickness of 1.5um (Quadrex Corp.,
UA5 - 30V — 1.5 F, New Haven, CT). Ultra-high

5 8 purity argon was a carrier gas at a flow rate of 5.
. mL/min®. Detection was carried out using a flame
4 ‘ 5]]_ \ ionization detector (FID). Temperatures of 80 and
A

250°C were set for the column and detector,
respectively. The flow rates of ultra-high purity

1 9 hydrogen and breathing quality air were 28 and

6\, BT 315 mL/mirt, respectively.
2 { The acetone concentration in the TBR
’G—W |]2 @ recirculation medium was analyzed using an
L HPLC system (DeltaChrom, Watrex Ltd., Prague,
3 " ? %5'3 Czech Republic) with a 250 mmx4 mm Nucleosil,

120-5 C18 column (Watrex Ltd., Prague, Czech
Republic). A mobile phase of methanol/water
1- blower, 2 - needle valve for air-flow rate (50:50) was applied at a flow rate of 1.0 mL/min
control, 3 - humidifier, 4 - vessel with Peaks were detected with a diode array detector
pollutant, 5 - syringe pump, 6 - flow meter, (Model UV 6000 LP, Thermo Separation
7 - manometer, 8 - packing, 9 - samplingProducts, Inc., San Jose, CA, USA) by measuring
ports, 10 - membrane pump, 11 - pHthe absorbance at 268 nm.
electrode, 12 - thermometer, 13 - NaOH
solution, 14 - peristaltic pump. L oading procedure
The details of bioreactor operation were the same
9 10 as described by Paca et al. (2012b). Since the
? O bioreactors had been adapted to the
styrene/acetone mixture in the previous study, no
s adaptation/start-up procedures were required. The
/ starting acetone concentration of 50 my/m
7 corresponding to a loading of 2.2/rg%h was

Figure 2 - Schematic of the biofilter set-up. 1 - blower

7 applied in both the reactors. The starting styrene
concentration was 60 mgimcorresponding to a
loading of 2.5 gm%h. The inlet concentration of
acetone remained constant throughout the entire

12 period of experimentation, whereas the styrene

concentration gradually increased up to 550

g Lot ma/n?. Th i i i

3 g/mr. The empty bed residence time (EBRT) in

11 3 both the reactors was maintained at 53 s; the
operational temperature was 22 + 1°C. The system
recovery tests were conducted in both the reactors
ronce the biofilter was overloaded by styrene to
humidification vessel, 4 - vessel with such an extent that an uncontrollable decline of
pollutant, 5 - syringe pump, 6 - flow meter, REsty was observed. Namely, the styrene |n'Iet

7 - biofilter, 8 - packing, 9 - sampling ports, concentration was returned back to its starting

10 - manometer, 11 - valve for leachate, 12 concentration of 60 mgfinThe resulting changes

gas outlet. in substrate removal were then monitored in time

until the new steady state values were reached.

2 - needle valve for flow rate control, 3 -
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Calculations TBR compared to BF (Fig. 3A). Once the QL
The removal efficiency (RE), elimination capacityexceeded 15 4n*h, the REry in the TBR
(EC), organic load (OL) and empty bed residencdropped below 90%, whereas in the BF, the
time were calculated using standard definitions oftyrene degradation remained near-complete (Fig.
these operation and performance parameters, 48). This pattern continued at higher QL
described by Paca et al. (2012b). However, above the threshold &k of 30

gJ/m/h, the TBR continued to exhibit a poor yet

steady styrene removal of near 50%; in contrast,
RESULTSAND DISCUSSION the BF performance dropped gradually having

failed to reach steady state. Thus, the further
Pollutant removal upon increasing styrene increase of styrene loading had to be halted.
loading

The loading scheme (operational parameters) ar 100 C OO go o 4

the impact of increasing styrene loading or 20 L e ©
styrene and acetone RE (performance parametel —~ o’
are shown in Figures 3A-B, respectively. & 60 I °
Increasing the styrene loading caused virtually n- £ 409 L

effect on the acetone removal in both the reactol rﬁ 20 r

throughout the entire experimentation period
RExc remained above 90% even under the systel 0 P T s A
overloading by styrene (Fig. 3B). However, a 100
complete acetone removal, with an RE of 100%

was never observed regardless of the styrene loe 80

OO0 Qo @0 #C e

despite of the low Ol¢ value. g 60 F
2 I
100 50 —~ § 43
o 20
80 40 0 B
E‘? :_‘[)J 1 1 1 1 1 | 1
< 60 0= 0 10 20 30 40
5 40 205 OLy (g/m*/h)
20 10
Figure 4 - Impact of styrene overloading on the
0 0 A removal efficiency of styrene (A) and
100 3 acetone (B) in the TBRe] and BF ©).
20 = Only the steady state values were used.
£ 60 1% £
2 40 | %5' Pallutant interactions and rate limiting step
f-r}__i 11 j Figures 4A and B show the removal efficiencies
20 ] ) of styrene and acetone vs. @Lrespectively. The
0 — — 0 observed consistently high (>93%) RE being
130 150 170 190 unaffected by either higher styrene loading or

B even its overloading (Fig. 4B) indicated that the
two substrates’ catabolic enzymes were different
Figure 3 - Loading rates and their impact on RE ofand independent, just as expected. In previous
styrene (A) and acetone (B) in the TBR similar study with multiple aromatic and polar
and BF. OL-TBR 4), OL-BF (A), RE-  compounds, this feature was not observed (Paca et
TBR (0), RE-BF @). al. 2010). In particular, the acetone removal was
negatively affected by increasing loads of toluene

and xylenes in the presence of esters and ketones,

By contrast, the styrene removal was negatively, o renty due to multiple substrate interactions
impacted by a moderate increase of its ow Paca et al. 2012a)

loading, this effect being more pronounced in th

t (days)
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Table 1 shows the comparison of BF and TBReffective aqueous layer thickness in the BF due to
performance at the same substrate loadings,limited water supply.
conducted at the upper threshold value for BF, a&cetone mass transfer through the aqueous
explained above. Evidently, the biofilter showedmedium is higher compared to styrene because of
better performance in styrene removal up to thithe two orders of magnitude difference between
upper threshold value, with similar acetonethe corresponding Henry's law coefficients
removal efficiencies. This trend is well visible in (Staudinger and Roberts 2001; Yaffe et al. 2003).
Figure 5, which is an EC vs. OL plot. This showedPreferential utilization of more water-soluble
that under steady state conditions, the biofilteketones in the presence of aromatics was, thus
outperformed the TBR, particularly at higherobserved in previous studies (Cai et al. 2006; Paca
loadings, as long as @k, was below an upper et al. 2012a). However, consistently <100%
threshold value of 30.m*h. acetone removal observed in the current study in
both the reactors while styrene was removed
Table 1 - Comparison of performance parameterscompletely at similar (low) concentrations

achieved under steady state at,3t 33 g/m°/h. indicated that the biochemical acetone degradation
RE RE RE EC Ap fluxes could be comparable to those of its mass

SIv. A W hd transfer. Such a dual nature of the rate-limiting

(%) (@/m’h) (MMHO)  step of acetone removal corroborated the

TBR 61 97 65 22 2.24 modeling results obtained in a similar system by
Gerrard et al. (2010), the modeling ascertained the

BF 73 94 " 25 >37 zero order on acetone but yielded comparable

goodness of fit for mass transfer and reaction
limited assumptions.
Chang and Lu (2003) and Atoche and Moe (2004)
reported the values of @y for overloading by
aromatics (toluene), 68 (BF) and 125 (TBR)
gJ/m’/h, respectively, which ed the threshold value
of 30 g/m*h observed in this study. Apparently,
due to mass transfer limitations the selection of
0 , , ‘ L ‘ the most effective packing material becomes a
0 10 20 30 40 crucial factor f(_)r the removal of hydrocarbons.
Mathur and Majumder (2008) reported theg gl
OLy (g./m?/h) = 125 g/m*h for a mixture of toluene, xylenes

) _ ~ . and ketones using coal as a packing material to
Figure 5 - Comparison of the overall elimination improve mass transfer
capacity in the TBR «) and BF ¢). '
Only the steady state values were used.

Dynamic tests upon overloading
The dynamic recovery tests, conducted upon a

. step-drop of Okyy after overloadingshowed that

A higher styrene removal efficiency observed i he system remained to be robust, despite the prior
the BF compared to TBR provided the evidenc y . ' P P
ong-term overloading by styrene. The new

for mass transfer being rate-limiting, at least fo 7.
styrene removal. This difference could bepseudo-steady-state >90% efficiency values were

: . . o chieved in just 26 min and 56 min in the BF and
explained by a smaller packing particle size in thé;ll' . . o .
BF leading to a larger effective mass transfe BR, respectively (Fig. 6). Yet, the biofilter &til

surface area, as shown by Paca et al. (2012 utperformed the TBR. The Bf in the TBR

Corroborating this observation, Mathur and on'gnue_d_to climb slowly, reaching the near-
Majumder (2008), as well as Paca et al. (20091}00/0 original valge, ie., equal_ to that observied a
showed that the styrene elimination capacity coul e start of experiments, only in 10°h. TheA.BE

be increased by an order of magnitude by using. nce the styrene overloading was lifted,

packing made of activated carbon, which was aéﬁ;medlately increased in both the reactors, from

. e to 100% in the BF and from 95 to 98% in the
effective styrene absorbent facilitating its mas
transfer. This effect could be enhanced by a lowe BR. Subsequently, the R& gradually dropped
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back to 98 and 90-95%, respectively, exhibitingg0% removal efficiency even under severe

oscillations in the TBR. overloading. Dynamic recovery tests showed that
the system remained robust after styrene
100 overloading.
80
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