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MODELOWANIE PROCESU OCZYSZCZANIA POWIETRZA Z LOTNYC H
ZWI AZKOW ORGANICZNYCH W BIOREAKTORZE STRU ZKOWYM

Abstract: The biodegradation of styrene by bacterial stRgaudomonasp. E-93486, coming from VTT Culture
Collection (Finland), was studied. The kinetic expents with the presence of styrene as the onlgaraand
energy source were performed both in batch andreanis cultures at optimal environmental conditiforsthe
growth of the tested strain (pH = 7 and 30°C). Haédane inhibitory model was found to be the bedittthe
kinetic data, and the estimated kinetic equatiomamaters wereu, = 0.119 h% K, = 5.984 g-ri¥,
Ki= 156.6 g-it. The experiments conducted in a chemostat atusudiution rate ® = 0.035-0.1 ) made it
possible to determine the value of the coefficfenimaintenance metabolismn{= 0.0165 h') and the maximum
yield coefficient value {{xgmax= 0.913). The determined complete model of growtlE€3486 strain in the
presence of styrene was verified by comparisorhefdomputed and obtained in batch experimentslgsofif
changes in biomass and styrene concentrations. thextested strain was immobilized on the packifig o
a pilot-scale trickle-bed bioreactor operating etcarrent down-flow of gas (air contaminated byreitye) and
liquid (mineral solution) phases. The effect okindtyrene concentration on its degradation wadieddufor initial
concentration in the air changing in the range.2fDg-m>. The recirculation rate of liquid medium was &h
whereashe gas flow rate was changed in the range 50-756" mThe conversion degree depended on operational
parameters and changed in subsequent experimehis iange of 75-95%.
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Introduction

Volatile organic compounds (VOCs) are emitted irttee atmosphere in large
quantities from chemical and petrochemical indastriAs styrene is included in this
category, the economic and effective removal ofesty from waste gas and waste water
from chemical plants is needed. It is released itltle environmental during the
manufacturing and application of its isomers inabgd polystyrene, styrene-butadiene
rubber, acrylonitrile and copolymers resins. Stgrememployed in the chemical industry as
a starting material for synthetic polymers as veslla solvent in the polymer processing
industry and is, therefore, present in many indaiseffluents. The world production
capacity of styrene amounts to about 32.5 Tg amdteotly increase, on average by 2-3%
a year. Such common and quantitatively big styremesumption considerably affects its
emission into the atmosphere, estimated at 25 @gaa In general, the concentration of
styrene in industrial waste gases may reachniq1], and average range varies between
0.15 and 0.4 gn™ [2]. Styrene has been listed among the 189 hamarémd toxic
atmospheric contaminants under Clean Air Act Ameeiis [3].

Chronic exposure to styrene in humans results iraréety of discomforts such as
mucous membrane and eye irritations, headachguétiweakness, depression, central
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nervous system dysfunction, hearing loss, and perg neuropathy [4]. Styrene is
suspected to be potentially carcinogenic, mainigough pulmonary and percutaneous
arterial absorption (solvents generally modify thyoplasmic and external membranes).
Styrene oxide, which is an oxidation product of #ide chain and the majon vivo
metabolite of styrene, may also have an immunonaadry effect on workers exposed to
gaseous emissions in an industrial setting [bherefore, before discharge to the
environment, both the liquid and gaseous efflueftsdustrial complexes should undergo
an appropriate treatment to decrease the condenti@tstyrene to below toxic level [4, 6].

Many different methods have been used for thertreat of styrene laden waste gas
streams. The use of physicochemical processes asidatalytic and thermal oxidations,
wet scrubbing and activated carbon adsorption,rinbigh capital and operating costs and
usually results in the production of secondaryuedffits and does not always reduce the
pollutant concentration in the air or wastewater atceptable levels. Therefore, the
biotreatment has proven to be an effective and@woa@al technology with minimal energy
requirements and low waste production among tHereifit air pollution control techniques
for reducing VOCs and odors in air.

Biotreatment provides significant advantages owamventional techniques, such as
adsorption, condensation, activated carbon adsorpéind thermal and catalytic oxidation,
in terms of large air volumes and low gaseous pemliiconcentrations.

Biofiltration is the cost effective and reliabletmm in treating VOCs emitted from
processes with large off-gas volume but low comegioin of pollutants [7]. Three types of
biofiltration such as biofilter (BF), trickle-beddseactor (TBB) and bioscrubber (BS) have
been developed for the treatment of waste gaséickde-bed bioreactor (TBB) consists of
an inert packed bed on which microbial biofilm geand a nutrient-trickling system.
TBBs often exhibit higher treatment performancentls, because more active biomass
can be accumulated and reactor operation conditansbe effectively controlled. One
drawback of TBBs is excess biomass accumulatioa packed bed. This produces a high
pressure drop and reduces removal efficiency obtbfiter [8].

Before proceeding with the research associated thvéldetermination of efficiency of
the process of biopurification of the air from stye, the optimal environmental conditions
for growth of the selected microorganisms were drath and next kinetic equation
describing both the rate of the growth of the wstgain and styrene degradation were
developed. The worked out kinetic model was vetifiasing on our own experimental
data-base, obtained in batch experiments. Thasdties of experiments of biopurification
of air from styrene was carried out in pilot sctiekle- bed bioreactor. The aim of the
experiments was to determine the range of the tipaed parameters for which maximum
elimination capacity was achieved.

Materials and methods

Microorganisms

The culture of gram-negative bacteria used in $higly, coming from VTT Culture
Collection (Finland), showed 97% homology wiflseudomonas putidand 97% with
Pseudomonas stutzefiom 16SrDNA analysis The strain, marked as E-93486, was
isolated from the activated sludge enriched withieste [9]. Proliferation of the cells and
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pre-incubation with styrene in the concentratior96fgm™ was performed as described
previously [10].

Analytical methods

The concentration of biomass was determined by ongasthe optical density (OD)
of the fluid culture ¥ = 550 nm). Next, the suspension absorbance wageded into
grams of dry mass of microorganisms according te dalibration curve. Styrene
concentration was determined by gas chromatograpsing Varian 3800 (USA)
chromatograph as described previously [10].

Results and discusion
Effect of temperature and pH on E-93486 growth

Before proceeding with the research associated stjttene biodegradation the effect
of pH and temperature on the growth of the selestein was examined. Pure cultures of
Pseudomonasp. E-93486 were inoculated into a triplicate st$00 cmi Erlenmeyer
flasks containing LB medium. Part of them was atdjdgo pH of 5, 6, 7 or 8 and incubated
in a shaker at 30°C, another part was adjustedit@ pnd incubated at 21, 25, 30 or 35°C
(Fig. 1). Optimal environmental conditions for tp@wth of tested strain were pH = 7 and
30°C and all experiments presented below were pagfd maintaining these parameters.
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Fig. 1. The rate of growth of E-93486 strain afatiént temperatures (a) and pH values (b)

Kinetic experiments

The kinetic model parameters are usually obtainexinfbatch experiments by
observing the biomass growth rate with time atffeidint initial concentration of substrate.
Microbial growth tests in the presence of styresi¢ghe sole carbon and energy source were
conducted in Biostat B fermenter (Sartorius, USAJth working volume of 2.7 dr
operating both in batch and continuous mode. Bexgferiments were carried out for initial
styrene concentration in the liquid phase changinthe range 5-90-g7> A InX = f(t)
graph K [g-m™¥ is concentration of biomass, [h] is time) was plotted for every
experimental point. In the exponential growth phdke dependence is a straight line of
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slope (l,e)- The compiled data-base made it possible to ahdasetic model and to
determine its constants. The Haldane inhibitory ekod

Hnet = LSISZ 1)
K5+51+K_li
was found to be the best to fit the kinetic datmaetjuation (1) [N is net specific
growth rate S [g-m7 is concentration of styrene in the liquid phagg[h™] is the model
parameter,Ks and K; are the half saturation constantrfg’] and substrate inhibition
constant [gm ], respectively.

The kinetic equation parameters were estimatechgasi the own database using the
least-square error method with the help of NLReggmmme, and they were:
um=0.119 A% Ks=5.984 g- ¥, K; = 156.6 g- Nt

The developed equation with a mean relative error:

1ynN
ey = — )i
Y Nzl_l Hexp,i

not exceeding 5.5% approximates the experimental dia Eq. (2) subscriptsxpandcalc
denote experimental and calculated values, resgdgti

The conducted experiments made it possible alsaetermine the value of the
observed biomass yield coefficientfons = 0.72) (Fig. 2).
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Fig. 2. Specific growth rate (circles) and obserygeld coefficient (triangles) as a function oftial styrene
concentration (solid line correspond to the modetijztion)

The experiments conducted in a chemostat at vadiuson rate D = 0.035-0.1 i)
enabled us to determine the value of the coefficitarx maintenance metabolism
(my = 0.0165 hY) and the maximum yield coefficient valueY¢Qmax = 0.913). The
determined complete model of growth of E-93486irstia the presence of styrene allows
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to calculate the profiles of the changes of bionsss$ growth substrate concentrations in
the periodic cultures. For this purpose the sysiédifferential equations must be solved:

dx 0.1195X t
—=——|(1-exp(—= ) 3)
de (5.984-+Sl+ St )( ( t’)

156.6

as; 1

dx
= m(a) 4+0.0165 - X 4)

whereX is the concentration of cell§, is concentration of styrene in the liquid phasnd

t, are time and duration of lag phase, respectivbly;last term on the right hand side of
Eq. (3) considers the existence of an adaptati@slof durationy. The above system of
equations with the initial condition:

whent = 0, thanX = X, and§ = Sy (5)
was solved by Runge-Kuttd'4rder method.
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Fig. 3. Profiles of changes in concentration ofniéss (circles) and styrene (diamonds) for differiaitial
concentrations of growth substratgen symbols experimental valuedilled symbols values computed
using set of eq. (3)-(4): §=15gm=,b)S=30gm=,¢)S=70gm=> d)S = 90gm™

In Figure 3 the profiles of changes in biomass stytene concentration calculated and
obtained experimentally for a few periodic cultucé®seudomonasp. E-93486 cells were
compared. It is worth emphasizing that the resaftsiumerical simulations performed
using set of eq. (3)-(4) fit the experimental valugth good accuracy.
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Purification of the air in pilot scale trickle-bduioreactor (TBB)

The experiments of the air purification were peried in a pilot scale installation
shown schematically in Figure 4.
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Fig. 4. Scheme of the experimental set-up: 1 -ilbdof 2 - sprinkler, 3 - vaporizer, 4 - mixer, Feservoir of
mineral salt solution

Its main part was a cylindrical column of 1.084 .m.Ifilled with polypropylene Ralu
rings up to the height of about 1.8 m. The air hgdid phases (mineral medium) flowed
co-currently downward through the packing covereithwa thick layer of the
microorganisms. During experiments the concentnatibstyrene both on the inlet and the
outlet of bioreactor was controlled in the gas badid phases. The detailed qualitative and
quantitative analysis of microorganisms in the nadating mineral solution was also
performed every day. The effect of inlet styrenecamtration on its degradation was
studied for initial concentration in the air chamgiin the range of 0.2-1-g>. The gas
flow rate was changed in the range of 50-156hm whereas the liquid flow rate was
maintained at the level 8 %h™. The experiments were performed during the pedbd
more than six months (Fig. 5).

It must be emphasized that conducted experimemtaesh high activity of examined
bacterial strain in the styrene biodegradation; ¢haversion degree obtained for tested
operational parameters changed in the range o5%6-% means that for the tested range
of changes of pollutant load the high eliminati@pacity of the process was achieved; for



Modelling of the air purification from volatile ganic compounds in a trickle-bed bioreactor 429

maximum pollutant load (80-gi>h™) about 2500 g styrene was removed from the air
every day.
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Fig. 5. Changes in the concentration of styrentaénair at the inlet (black circles) and outlet if@hdiamonds) of
the reactor as well as conversion degree of thetsatb (stars) during operation of the plant

Conclusions

The paper presents the issues associated with ghakanof microorganisms to remove
the selected volatile organic compound which wasathly source of carbon and energy for
the examined strain. As a result of the kineticegipents the equation describing the rate
of the biological reaction of styrene oxidation Bgeudomonasp. E-93486 bacteria were
determined. The developed kinetic model was vetifiasing on our own experimental data
base. It should be emphasized that the rate okfradiation of the growth substrate is one
of the most important stages of the processesdapiace in bioreactor. The formulated
relationships are necessary to verify the mathemlatnodel of the bioreactor since
drawing up mass balance of the compound removed fhe air or sewage, regardless of
the type of a bioreactor, always requires a knogdedf an expression determining the
biodegradation rate of the removed pollutant. Téstetd strain was immobilized on the
inert packing of TBB and for several months effeely decomposed styrene contaminating
big stream of air. The created data-base will beddsr verification of the mathematical
model of the process of gas purification carrietliod BB.

The experiments showed high activity of tested adcganisms in the process of
biodegradation of styrene and relatively low séwisjt to the inhibitory influence of
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styrene at higher concentrations in solution (tiggn Ivalue ofK;). Due to such feature, the
examined microorganisms may be recommended fomigahapplications as biological
material in the processes of removing styrene fn@ste air and sewages.
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MODELOWANIE PROCESU OCZYSZCZANIA POWIETRZA Z LOTNYC H
ZWI AZKOW ORGANICZNYCH W BIOREAKTORZE STRU ZKOWYM
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Abstrakt: Badano proces oczyszczania powietrza ze styremstencji zaliczanej do grupy lotnych zakow
organicznych (LZO), prowadzony w pilotowym bioreaize strukowym (TBB). Poniewa najwaniejszym
etapem procesu oczyszczania powietrza z LZO w akboeze stritkowym jest biologiczna reakcja jego rozktadu,
zatem, projektuic proces, naley przede wszystkim starannie wyselekcjonéwaikroorganizmy efektywnie
rozktadajce usuwane z powietrza zanieczyszczenie, sbkrevarunki najkorzystniejsze dla ich wzrostu oraz
wyznaczy kinetyke reakcji. W wyniku testéw poréwnawczych wyselekgwano szczep efektywnie
wykorzystupcy styren jako jedynerddio wegla i energii. Byt to, pochodey z kolekcji VTT (Finlandia), gram-
ujemny szczep z rodzajlPseudomonaspznaczony symbolem E-93486. W testach ¢pisych okrélono
najkorzystniejsze dla jego wzrostu parametry (pi3GPC,DO = 5 mg-dnT) i zaréwno eksperymenty kinetyczne,
jak i proces oczyszczania powietrza w TBB prowadzontrzymujc wyznaczone, optymalne dla reakcji
biochemicznej warunki. Pierwszsert eksperymentéw kinetycznych przeprowadzono w reaktoekresowym,
zmieniajc w kolejnych eksperymentach patkowe stzenie substratu wzrostowego w zakresie 5-907g-m
Badania wykazaly inhibitgpy szybkd¢ wzrostu mikroorganizméw wplyw substratugdstdo opisania kinetyki
wzrostu E-93486 w obeckd fenolu wybrano model Haldane. Zgromadzona baaaych déwiadczalnych
umazliwita estymacg statych tego rownanigug= 0,119 h*, K= 5,984 g-1¥, K; = 156,6 g-17f). Hodowle cigte,
prowadzone przy tdej szybkéci rozcigiczania D = 0,035-0,1 H), umadiwily okreslenie wartdci
wspéiczynnika metabolizmu endogennegg £ 0,0165 hY) i maksymalnej wartai wspétczynnika wydajnii
biomasy (Yxgmax= 0,913). Otrzymane pelne rownanie kinetyczne wzregtzepu E-93486 w obedd styrenu
zostalo zweryfikowane przez poréwnanie obliczonyabtrzymanych eksperymentalnie profili zmiarezetnia
biomasy i styrenu. Badania procesu oczyszczaniagi@a ze styrenu przeprowadzono w pilotowej irasdjal



Modelling of the air purification from volatile ganic compounds in a trickle-bed bioreactor 431

ktorej gtéwnym elementem byt bioreaktor skawy o srednicy 1,084 m, wypetiony na wysckol,84 m
inertnym wypetnieniem (polipropylenowe pieienie Ralu), na powierzchni ktérego unieruchomiarostat
testowany szczep. W badaniach strumigzyszczanego gazu zmieniano w zakresie 50-15@ mnatomiast
stezenie styrenu w powietrzu doprowadzanym do reaktarniano w zakresie 0,2-1 g-inPodczas trwagych
ponad 6 miegty eksperymentdéw uzyskano stapikonwersji styrenu kdu 75-95%, co oznaczage przy
maksymalnym obagizeniu ziza (80 g-r-h?) kazdego dnia usuwane bylo z powietrza ~2500 g styrenu.
Potwierdzona zostata w ten sposéb skutegztestowanej technologii oczyszczania powietrza ©LZ

Stowa kluczowe:styren, kinetyka, bioreaktor sitkowy



