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Abstract

Volatile organic compounds (VOCs) are a family of chemicals which are known
to have adverse effects on climate change and health, and thus emissions of VOCs are
regulated. One such control method is via biodegradation in a biofilter and other similar
reactors. Many hydrophobic VOCs, however, are diffic ult to degrade in such devices.
Biphasic bioreactors are desgned to remove and treat hydrophobic compounds from
waste gas streams. In addition to the water phase, a biphasic bioreactor includes a
secondary (2°) liquid phase where hydrophobic VOCs are absorbed and made available
for degradation by bacteria. A viable 2° phase is non-miscible with water, non -toxic to
bacteria in the bioreactor, and has a strong affinity for target pollutants. In this work,
methods were explored by which candidate 2° phases may be screened for suitability to
treat two commonly studied hydrophobic VOCs , toluene and hexane. 2° phases
included the commonly used silicone oil, paraffin oil and several ionic liquids (ILs), a
novel type of solvent popular with the chemical industry. The air-liquid partition
coefficient of toluene and hexane with each 2° phases was determined. Additionally the
effect on the oxygen uptake rate (OUR) and cell growth in a flask of each 2° phase on
biological cultures enriched on toluene and hexane was studied. It was determined that
OUR is a poor method of screening 2° phases for biophasic bioreactors. Additionally,

cell growth studies failed to capture accelerated degradation of the target pollutants in



biphasic cultures. The presence of ILs resulted in sigiificant biological inhibition, and

thus do not appear to be promising 2° phase candidates for biodegradation purposes.
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1. Introduction

1.1 Background

Volatile organic compounds (VOCs) are a major family of chemicals which are
known to cause adverse effects on climate change and individual health. VOCs include
compounds such as aromatics (e.g., benene, toluene, xylenes), aliphatics (pentane,
hexane), chlorinated hydrocarbons (trichloroethene, dichloromethane), alcohols
(methanol, isopropyl alcohol), ethers, esters (ethyl acetate), glycols, chlorofluorocarbons
and many more. The majority of these compounds have been linked to numerous
adverse health effects from chronic exposure, including asthma, eye toxicity, nervous
system degeneration and carcinogenicity and other serious conditions [1-3]. As a result,
policies such as the Clean Air Act and other state regulations have been enacted and
effective control methods are required.

One such control method of VOCs is via biodegradation. Biofilters and similar
reactors are common abatement devices that rely on the uptake and utilization of VOCs
by bacteria which generally convert VOCs to CO2, water and biomass. While these
bioreactors are generally appropriate for polar compounds which partition favorably
into an aqueous phase, many hydrophobic compounds are not effectively removed in
conventional bioreactors for air pollution control. The elimination capacity of

hydrophobic compounds is also often found to decrease rapidly when mixtures of



hydrophobic and hydrophilic pollutants are treated [4, 5], a common condition in re al-
world appl ications.

Two phase partitioning bioreactors (TPPBs), an emergent technology designed to
address some of the issues mentioned, utilize a secondary (2°) liquid phase to improve
the transfer and bioavailability of target pollutants [6]. The ideal 2° phase is a non
miscible, non-biodegradable, non-volatile, non-toxic liquid or solid with a high affinity
for the target pollutant and appropriate mass transport (partition coefficient, absorption
rate) characteristics. When hydrophobic VOCs in the waste gas contact the 2° phase,
they are more readily transferred and made available for degradation by bacteria at the
water/2° phase interface. Examples of studied 2° phases include silicone oil, oleic
alcohol, paraffin oil, n-hexadecane and solid styrene butadiene beads[7-10]. In addition
to improving retention of hydrophobic or low concentration pollutants, the presence of
the 2° phase al so i n dohamlle eariadonsrire laadihgo \WhHers
pollutant feeding is discontinuous, biomass starve [11]; conversely, when pollutant
concentrations spike, toxic or substrate inhibition effects can be observed. Both
starvation and shock loading effects can lead to decreased treatment performance but
bioreactors with a 2° liquid phase can cope better with such adverse conditions. As an
example, Boudreau and Daugulis quantified the ability for TPPBs recover from different
transient loading conditions. In one experiment, a TPPB containing n-hexadecane as a

secondary phase was able to contirue to operate at a constant removal efficiency of 97%

abi



versus a oneliquid phase control with a decrease of efficiency from 95% to 69% when
toluene loadings were cyclically changed from 343 g m=3 h-1to 2400 g m3 h-1[§].

lonic liquids (ILs) are a novel type of solvent which have recently gained
popularity in the chemical industry due to their unique properties. These compounds
are composed of a cation and an anion which, because of their large size, poor symmetry
and weak lattice energy of the crystalline phase, remain in a liquid state at room
temperature [12]. Unlike traditional organic solvents, ILs do not have a vapor pressure
(and thus ILs do not emit VOCs), they have high thermal stability and high
electrochemical stability [12, 13]. Furthermore, the properties of each IL, such as melting
point, density, viscosity and hydrophobicity can be designed by making slight
alterations to the structure or functional groups of its constituent ions [12], making them
prime candidates for two phase bioreactor systems tailored to degrade specific
pollutants.

Recent research has sought to determine if ILs are appropriate for use as a 2°
phase in biodegradation studies and has primarily focused on 1-butyl-3-
methylimidazolium or 1 -hexyl-3-methylimidazolium cations (abbreviated BMIM or
HMIM, respectively) and complimentary anions Cl -, I, BRr, PR and NTFz. The previous
anions are listed in order of increasing water immiscibility; Cl -, I, and BR- matched with
an appropriate cation (BMIM or HMIM) are miscible, but PF ¢ and NTFz are immiscible

with water [14]. One of the findings of a review by Quijano et al, 2010 is that growth



inhibitions or decreases in cell viability are associated with many of the studied ILs [15].
Song et al. demonstrated that there is in an inhibitory effect on eukaryotic yeast cells
cultured in the presence of BMIM [PF¢] but that this effect is not toxic and cells could be
revived when re moved from the IL mixture [16]. Furthermore, Quijano et al., 2011
successfully cultured cells from activated sludge in the presence of BMIM [PFe and

BMIM [NTF 2], but only after a significant lag time of 48 hours [17].

1.2 Research Goals

The overall objective of this research was to determine the suitability of ionic
liquids as a secondary phase for application in gas-phase bioreactors for the control of
hydrophobic volatiles. Support ing objectives to reach this goal were to develop a set of
high-throughput methods for rapid screening and selection of appropriate 2° phases
that would result in enhanced degradation of hydrophobic VOCs in biotrickling filters,
to determine if OUR is an appropriate assay for high-throughput screening; and to
compare ILs as a 2° phase with commonly used nonaqueous liquids for two phase
biotrickling filters.

Specific tasks to be conducted to meet these goals included:

1. Utilizing toluene and hexane asthe model VOCs, two pollutants studied in gas -
phase bioreactors
2. Determining the air -liquid partition coefficients of the model VOCs with

commonly used 2° phases silicone oil, paraffin oil, as well as a suite of



imidazolium -based ionic liquids BMIM [NTF 2], BMIM [BF4], BMIM [PF¢], and
HMIM [PF ).

Investigating the suitability of OUR to detect an enhancement in VOC
degradation with the aforementioned VOCs in the presence of 2° phases.
Comparing results from OUR studies with biodegradation and cell growth

kinetics in flasks and biomass vyields.



2. Materials and Methods
2.1 Secondary Phases and VOCs

The ILs 1-butyl -3-methylimidazolium bis(trifluoromethylsulfonyl)imide (BMIM
[NTF2]), 1-butyl-3-methylimidazolium tetrafluoroborate (BMIM  [BF4) and 1-butyl-3-
methylimidazolium hexafluorophosphate (BMIM [PF ¢]) were purchased from lolitec
(Tuscaloosa, AL). The IL X:hexyl-3-methylimidazolium (HMIM [PF ]) and silicone oil (20
cst) was purchased from SigmaAldrich (St. Louis, MO). Paraffin oil was purchased from
EMD (Rockland, MA). Toluene was purchased from BDH (West Chester, PA) and n-
hexane from Acros Organics (West Chester, PA) All chemicals were quoted with a
purity of 99 wt% or greater.

Table 1: Notable properties o f secondary phases used. Values are reported at
25°C. Paraffin viscosity is reported at 37 °C.

Saturated
Viscosity  Water
Density Viscosity in Water  Content

(g mLY) (cP) (cP) (PPM) Structure
CH,
Silicone Ol 0.96 20 NA NA Jﬁi%
CH,
Paraffin Qil 0.87 24* NA NA NA
BMIM . =\ Fo
(BF[14] 1.12 220 NA miscible SN N F—E—F
BMIM = 9 N D
1.4 27 2 NN P S0 B F
INTFA[14] 3 69 3280 ~_ NN F>F( o g K
BMIM =\ A
(PF[14 1.36 450 400 11700 ~_~ NN F/E\F
HMIM =\ EfF
1.2 4 4 P SPE
[PFs[14] ? 590 0 8840~~~ NG




Table 2: Notable properties of the VOCs used. Values are reported at 25 °C.

Density  Solubility in Water

(mg mL™) (mg L™ H Structure
Toluene 870 470 0.27 @
n-Hexane (hexane) 650 9.5 34-37 e L

2.2 Partition Coefficients

Exact volumes of 40 ml EPA vials were determined first gravimetrically with
nanopure water. Then, 2.0 ml of IL, silicon or paraffin oil was added to each vial and 2
or 4 ul of toluene were added to each. Vials were placed upright on a shaker and phases
were allowed to come to equilibrium for 12 hours for oils and 24 hours for ionic liquids.
Headspace VOC concentrations were determined using a Shimadzu GG2014 gas
chromatograph fitted with a 30 m DB -624 (0.32 mm dia. 1 um film, Agilent, Santa Clara,
CA) capillary column and a flame ionization detector. The gas chromatograph was

calibrated with air samples spiked with known concentrations of the tested VOCs.

2.3 Cell Cultur e Enrichment

Mixed bacterial cell cultures were enriched from an activated sludge sample
from the North Durham Water Reclamation Facility in nitrate mineral salts medium

(MSM). Cells were enriched in 250 ml bottles (50 mL culture and 200 mL headspace) to



which 20 pl of toluene or hexane as the sole carbon and energy source (note that these
VOC concentrations did not exceed their solubility in water). The bottles were sealed
with Teflon -lined silicon septa. The composition of the MSM used throughout the enti re
experimentation was (g L): KH2POs, 1; KHPO4, 1; KNOs, 1; NaCl, 1; MgSQe 7 #D, 0.2;
CaCl;, 0.02; HBOs, 0.00006; MnCi 4 #, 0.00005; CoCk 6 #D, 0.00006; ZnCi
0.000035; NiCte 6 #D, 0.0000125; CuCk 2 #D, 0.0000075; NaMo@ 2 #D, 0.0000125;

EDTA, 0.0052 adjusted to a pH of 7.

2.4 Oxygen Uptake Rate (OUR)

Cells were then centrifuged (5000 g, 5 min) and rinsed three times with MSM to
remove excess VOC and degradation byproducts. Due to solubility limits of toluene and
hexane in water (~250 and ~16 mgL, respectively), a different method was used for

each VOC as described below.

2.4.1 Toluene Culture OUR

Cells were resuspended and diluted to an optical density ~0.50. During the
course of experimentation (6 hours), cells were continuously aerated. A toluene solution
was prepared by filling and sealing a 42 ml EPA vial with water then injecting 14.2 pl
toluene (~250 mg L! solution) and allowing it to mix 2 h until dissolved. For each
experiment, 3 ml of cell culture were transferred to a custom made, magnetically stirred
OUR chamber fitted with a YSI DO probe (Xylem Inc, Yellow Springs, OH) and a data

logger, and the chamber was capped with a slanted lid ensuring there was no



headspace. After the endogenous OUR was established, addition of toluene and/a of
the 2° phase was performed depending on the test group, and as discussed in the

results.

2.4.2 Hexane Culture OUR

Cells were resuspended at a much higher optical density (~2.0) and were aerated
via shaking instead of aeration to reduce water evaporation. A saturated hexane solution
was prepared by filling and sealing a 250 ml bottle with MSM and 1 ml hexane and
shaken to mix, well above the ideal saturation limit. The aqueous concentration of
hexane in that bottle was monitored via GC yielding a concentration of 8.23 + 0.47 mg L
1, 3 ml of MSM (normal or loaded with hexane depending on the trial) was transferred to
the OUR chamber and an appropriate volume of cells was added such that the OD in the

chamber was 0.50.

2.4.3 OUR Testing Method

A picture of the OUR device is shown in Figure 1. Each test was broken up into
several groups. Group 1 measured the VOGCinduced OUR; group 2 analyzed the effects
of adding VOC to a sample already containing a 2° phase; group 3 analyzed the
opposite- a sample containing VOC to which a 2° phase was added; group 4 studied the
effects of exposing cells to a 2° phase which was loaded with VOC (referred to as pre
loaded); and finally group 5 analyzed the effects of adding infused 2° phase after

exposing cells to toluene. SeeTable 3 for a flow chart of each of these groups. A pre-



loaded 2° phase is simply one which has the target VOC dissolved into it, so that when it
is added to the OUR chamber, the equilibrium aqueous concentration of VOC should be
equal to the concentration in other trials at that concentration. For example, if 10 mg L+
of toluene is utilized for OUR experiments, the pre -loaded sample would have sufficient
toluene in it to achieve an aqueous (equilibrium) concentration of 10 mg L ! after it is

added.

Figure 1: 3ml OUR chamber. The outer shell is an optional water bath. In the
bottom is an actively stirring bar and on the right is the YSI DO probe.

Output from OUR trials was measured as dissolved oxygen (mg L 1) vs. time (s).
Slopes along the linear range were measured as mg ! st. Unless otherwise noted, the

substrate-induced OUR was determined by subtracting the endogenous OUR from the
10



OUR measured after the addition of the substrate. Also, the variation of the endogenous
OUR before and after exposure to a 2° phase was used to determine potential toxicity.
The effect of the order of exposure to 2° phases on OUR was also examined.

Table 3: Order of operation for each test group for OUR experiments

Endogenous 1st addition  2nd Addition

Group1l Cells VOC -

Group 2 Cells 2° phase VOC

Group 3 Cells VOC 2° phase

Group 4 Cells Infused 2° -

Group5 Cells VOC Infused 2° phase

2.5 Biodegradation and Cell Growth Kinetics in Flasks

Flasks were prepared by adding 2.5 ml of the selected secondary phase (if
applicable) to 50 ml MSM. Toluene or hexane was added such that the agueous phase
concentration was the same in each bottle (as determined by partition coefficient
experiments, reported in Table 4) and was allowed to equilibrate overnight. An equal
mass control was also used which contained a similar mass of toluene to the secondary
phase flasks resulting in a much higher aqueous concentration. Finally, flasks for BMIM
[BF4] and a no-cell control were made, but data are not reported; the no-cell control had
negligible losses over the course of the experiment and BMIM [BFsj] was found to be
miscible in the nutrient solution and had no capacity to improve partitioning of toluene

into the aqueous phase.

11



Table 4: Toluene and hexane doses for kinetic experiments in shake flasks.

Toluene Hexane
Aqueous Toluene Aqueous Hexane
Conc. Added Conc. Added

Sample Group (mg/l) (uh (mg/l) (uh
Cell & No -Cell Control 16. 7 2 1.01 8
Eq. Mass Control 166.7 20 3.80 30
Silicone Oill 174 18 1.02 30
Paraffin Oil 17.3 28 0.99 38
BMIM [BF 4] 184 17 1.09 9
BMIM [NTF 2] 17.3 28 1.07 11
BMIM [PF¢] 16.8 20 1.02 9
HMIM [PF 6] 19.9 23 1.08 9

Seesection 3.3for a detailed description of these results.

2.6 Biomass Yields

Bi omass yields wer e calcul ated using a
Bradford protein assay as mg/ml bovine albumin. Reagents included Coomassie protein
assay reagent (Thermo Scientific, Waltham, MA) and bovine serum albumin (Sigma
Aldrich, St. Louis, MO). Due to some detection limitations in preliminary study, cells
were centrifuged, washed and resuspended in fresh MSM at 10 fold concentrations and

analyzed on a BioRad (Hercules, CA) Smarspec 3000 spectrophotometer.
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3. Results and Discussion

3.1 Partition Coefficients

From Table 5 and Figure 2A it is apparent that toluene has a similar partitioning
coefficient in each of the secondary phases, ranging from 0.00052 in paraffin oil and
BMIM [NTF 2] to 0.00097 in BMIM [BF] (C¢/Ci). Quijano et al. performed similar
partitioning experiments with tolue ne, and with BMIM [NTF 2] and BMIM [PFe] with
differing results [17]. There is a 25% difference between BMIM [PF] values and a 15%
difference between BMIM [NTF 2] values, with the partition coefficients of t his study
being lower (i.e., greater partitioning of toluene into the 2° phase). It is not unusual to
find differences of 15-25% reported for partition coefficients, given differences in
experimental methods and experimental uncertainties. Similarly, the r esults for hexane
partitioning are reported in Table 5 and Figure 2B. Unlike toluene, where each
coefficient for each 2° phase was within the same order of magnitude, results vary
greatly for hexane. What is most evident is the unfavorable partitioning of hexane into
an ionic liquid. When the liquid phase of a bioreactor is only 3 to 10% by volume of a 2°
phase the 2° phase must have a low partition coefficient for efficient absorption. Table 4
details the volumes of VOC injected into each of the flask experiments discussed in
section 3.3. Considering the BMIM [NTF2] group, there is a 1 pl (11%) difference
between the volume of hexane injected into the IL group and the control group in order

to achieve the same aqueous concentrationHowever in the paraffin oil group there is a
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Figure 2: Gas/liquid partition coefficients at 25 °C for

toluene (A) and hexane

(B) in each of the 2° phases considered in this study. For reference, the gas/liquid
toluene in water is 0.27 and of hexanein water is 34at 25 °C.

partition coefficient of
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30 ul (79%) difference between the volume of hexane injected into the paraffin group
and the control group. From a partitioning perspective, the paraffin and silicone oils
would be favored for hexane in a bioreactor over the ILs; for toluene, however, either the

oils or the ILs could be viable candidates.

Table 5: Gas-liquid partition coefficients for toluene and hexane in water and selected
secondary phases.

Water Silicone Paraffin BMIM BMIM HMIM BMIM
Qil Qil [NTF2] [BF4] [P [PFe]
0.27 0.000848 0.000517 0.000517 0.000968 0.000659 0.000721
H toluene +1.3E4 +33E5 +4.7E5 + 1.8E4 +9.4E5 +5.8E5
H toluene[ 17] - - - 0.00061 - - 0.00096
34 0.00456 0.00323 0.0412+ 0.283 % 0.104+ 0.0223 +
H hexane +6.5E5 +1.0E4 1.6E3 8.9E2 2.4E2 3.8E2

The initial hypothesis was that partition coefficients for hexane would be lower
(higher concentration in the 2° phase) compared to toluene since hexane is more
hydrophobic than toluene. However, results indicate that hydrophobicity is a poor
indicator of partitioning into the 2° phases tested. The key difference between these two
compounds is the aromaticity of toluene. Relative for the ILs, investigation by others has
revealed that aromatic compounds have a much higher affinity for imidazolium -based
ILs than aliphatic compounds [18, 19]. Practically, this means that these ionic liquids
would be less efficient at capturing hexane and other aliphatic VOCs in a biphasic
system relative to paraffin or silicone oil. This could adversely affect the microbial
kinetics in a bioreactor. However, from a partitioning and capture standpoint as

15



demonstrated by the calculated toluene partition coefficients in this work, ionic liquids
could prove valuable for the treatment of aromatic compounds if other criteria
mentioned in the introduction, such as biocompatibility, prove favorable as well.

Two-liquid phase biore actors generally contain 3 to 10% by volume of the 2°
phase. Given the large differences in partition coefficients between air and water or the
2° phase, it is useful to understand the partition of VOCs in air, water and non -aqueous
phases and the overallimplications of the values of the coefficients. If one assumes that
partitioning is ideal between each of the three phases, that is, no aqueous/2° phase
interactions affect partitioning; the following derivation can be made. To determine the
total mass of a VOC to inject into each flask in order to achieve a uniform aqueous
concentration across all sample groups:

a 0 zZw

yA b yA ,OO zZ
a 0 w —ZW — w
O O
a a a a
: 06
a 0 Zw O z0 zw — Zw
(@)
W

where m is the mass in a particular phase,C is the concentration in a phase,V is

the volume of a phase and H is the gas/liquid partition coefficient. Furthermore, it is

16



valuable to understand the concentrations of hexane and toluene in each of the
secondary phases. Again, assuming equilibrium and ideal partition, VOC concentrations
will remain constant for both the agueous and gaseous concentrations. Based on an

iteration of the previous derivation:

Table 6 demonstrates the wide range of capacities that may occurin each of the

2° phases.

Table 6: 2° phase concentrations of toluene and hexane at an equivalent
agueous concentration of ~17 mg Ltand ~1 mg L for toluene and hexane respectively .

Conc. of Conc. of

Toluene Hexane
(mgll) (mgll)

Silicone Qil 5570 8000

Paraffin QOil 9030 10500
BMIM [BF4] 5200 890
BMIM NTF 2] 9030 890
BMIM [PF¢] 6310 1000
HMIM [PF ¢] 7200 170

17



3.2 Oxygen Uptake Rate

Silicone oil, paraffin oil and BMIM [NTF 2] were the only non-aqueous liquids
utilized for OUR due to issues with the other 2° phases: BMIM and HMIM [PF ¢] were
too viscous to remain emulsified in the OUR chamber and the miscibility of BMIM [BF 4]
in water did not contribute to partitioning into the bulk liquid phase. Paraffin oil would
stick to the DO probe and would not slough off, which compromised some of the DO
measurements as was evidenced in the variability of the data. For both hexane and
toluene, addition of a secondary phase did not seem to impart any beneficial effect to
degradation rates. Indeed, at all concentrations, toluene in the absence of a2° phase
resulted in the highest rates of degradation of approximately 2.3 mg Lt min-t and
hexane in the absence of a 2° phase was degraded at approximately 1.5 mg-tmin-tas
seen in Figures 3, 4 and 5. Except for low concentration toluene tests, BMIM [NTFZ]
proved to be quite inhibitory as evidenced by a strong decrease of OUR.

Of primary interest was the effect that a 2° phase would have on the endogenous
OUR; a decrease in OUR may indicate toxicity to the culture or an increase may indicate
that the 2° phase is biodegradable. Table7 reports the effect of the 2° phase on the
endogenous OUR. The disparity between the two oils and BMIM [NTF 2] is most evident
and suggests some toxicity or inhibitory effects of the IL in both cultures. It is unclear
why there is an increase in OUR when cells cultured in toluene are exposed to silicone

oil and cells cultured in hexane are exposed to paraffin oil. One possibility is that the 2°
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phases are biodegradable for each respective culture and was considered during he
flask kinetics experiments.

Table 7: Effects of the secondary phase (5% vol.) on endogenous OUR rates for both
hexane- and toluene - degrading cultures.

% OUR Increase, Std. Dev. % OUR Increase, Std. Dev.

Toluene Culture (%) Hexane Culture (%)
Silicone Oill 24.87% 1.36 1.75% 1.01
Paraffin Oll -2.65% 0.69 36.86% 1.11
BMIM [NTF 2] -59.94% 1.88 -336.37% 2.00

Group 1 toluene trials (quantifying OUR after adding toluene only) captured the
OUR increase with respect toincreases in toluene concentration. At lower concentrations
(0.5 mg L* toluene), maximum OURs were below 1.5 mg L, but at concentrations of 10
to 30 mg L%, OUR ranged between 2.0 and 2.5 mg ! min-1. This meant the experiments
were within the desired | i near range of t h-Blenten upkofilau r e * s
(Appendix A ). Hexane trials were only conducted at 8 mg L-and thus whether this
concentration was in the first or zero order regime remains unclear.
Group 2 (quantifying OUR after addition of a 2° pha se then toluene) and group 3
(quantifying OUR after addition of toluene then a 2° phase) toluene trials offered some
interesting insight. It was assumed that the order of operation would not matter and that
OUR would be the same after injecting both the 2° phase and toluene. With silicone all,
OUR was always greater when a 2° phase was introduced to the cells before toluene up

to the 20 and 30 mg L! trials. In [NTF 2] trials, however, OUR was greater when the IL
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was added after toluene at concentrations between 10 and 30 mg Lt Finally, in paraffin
trials, OUR was substantially higher for group 2 trials at 0.5 and 10 mg L and slightly
higher for group 3 trials at 20 mg L. This has led to some interesting thoughts about
partitioning. Considering the sil icone trials, if partitioning of the VOC was rapid, the
expected agueous concentration at the lowest and highest concentrations tested would
drop from 0.5 to 0.02 mg L*and from 30 to 1.7 mg L%, respectively in the presence of
silicone oil. By comparing these data to the MichaelisMenten curve, the OUR associated
with a concentration of 1.7 mg L1 still falls within the region associated with a maximum
growth rate . It remains unclear why exposure to silicone oil before toluene results in a
much higher OUR than when cells were exposed to toluene then silicone oil at
concentrations below 10 mg L*

Group 4 (quantifying OUR after addition of pre -loaded 2° phase) and group 5
(quantifying OUR after addition of toluene then pre -loaded 2° phase) yielded mixed
results. In the silicone oil trials, there was little difference between each group at each
toluene concentration. In the BMIM [NTF 2] study, there was a decrease in OUR with
respect to toluene concentration. In fact, at the 0.5 mg L' concentration, group 4
performed at 64% and group 5 performed at 95% of the OUR compare to the group 1
control. At 30 mg L-* groups 4 and 5 performed at 6 and 8% respectively relative to the

group 1 control.
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A comparison was also made between group 3 and group 5 (hexane followed by
2° phase or preloaded 2° phase). Table 8 details the results. At the lowest toluene
concentration (0.5 mg/l), differences in OUR between the two groups are important,
indicating that a 2° will rapidly absorb a VOC and make it less available for
biodegradation, while showing that a loaded non -aqueous phase can be a suitable
source for biodegradable substrate. Even though it is evident that [NTF2] has a toxic
effect on the cells, it isworth noting there is still an increase in the OUR when it is added
loaded with a VOC.

As mentioned in the group analysis, increasing concentrations of the toluene
during OUR experiments resulted in smaller differences between test groups with
silicone oil; the opposite trend holds true for BMIM [NTF 2. At 0.5 mg L* samples
containing infused IL perform comparably to the gro up 1 control but at toluene
concentration increases, maximum OUR rates for groups 2 through 4, especially with the
pre-loaded sample groups, decreases. One possible explanation for this trend is that
reductions in in OUR at higher concentrations is not based solely on the IL, but on the
combination of the IL and toluene. If cell density and BMIM [NTF 2] concentration
remain constant but toluene concentration increases with negative effect, there must be
an interaction between BMIM [NTF 2] and toluene which causes the decrease in OUR.
The group 1 trial demonstrates that it cannot be toluene toxicity alone as the cells could

still thrive at the higher test concentrations. A better understanding of the VOC
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absorption mechanisms and IL droplet interactions with cells would be needed to better

design ILs as a 2° phase.

Table 8: Comparison of maximum achieved OUR (mg L -* min ) between groups 3 and
5 type experiments. Hexane was only studied at one concentration due to di ssolution

limitations.
Toluene Silicone  Silicone Hexane Silicone Silicone
Conc. Group3 Group5 % Conc. Group3 Group5 %
(magll) OUR OUR difference | (mg/l) OUR OUR difference
0.5 0.02 1.12 7000% 8.0 0.58 0.85 45.54%
10.0 1.04 1.93 85% - - - -
20.0 1.93 1.83 -4.96% - - - -
30.0 2.21 2.19 -0.59% - - - -
Toluene Paraffin  Paraffin Hexane Paraffin  Paraffin
Conc. Group 3  Group 5 % Conc. Group3 Group5 %
(mgll) OUR OUR difference | (mg/l) OUR OUR difference
0.5 -0.02 0.98 6200% 8.0 0.54 0.62 14.81%
10.0 0.06 1.26 1905.90% - - - -
20.0 0.99 1.29 30.84% - - - -
30.0 - - - - - - -
BMIM BMIM BMIM BMIM
Toluene  [NTFZ] [NTF2] Hexane [NTF2] [NTF2]
Conc. Group3 Group 5 % Conc. Group3 Group5 %
(mgl) OUR OUR difference | (mg/l) OUR OUR difference
0.5 0.26 1.23 374.67% 8.0 0.25 0.33 32.00%
10.0 0.19 0.49 156.04% - - - -
20.0 0.32 0.35 10.31% - - - -
30.0 0.29 0.16 -42.39 - - - -

Overall, the results of these experiments do not indicate that a 2° phase imparts

an increase in OUR (and assumed increase in VOC biodegradation). Thus, why is it that

most bioreactor studies suggest that the addition of a 2° phase increases the

biodegradation rate of the target contaminant? The key difference between OUR and a
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bioreactor is the gas/water interface. In OUR there is no headspace, so there is ho mass
transport from the gas phase, as there is in a TPPB. Perhaps OUR is limited as an assay
for the selection of 2° phases as it fails to capture the real hindrances in a bioreactor, the

interactions between the gas/liquid rate of absorption of VOCs.

3.3 VOC Biodegr adation Kinetics in Shake Flasks

Figure 6 shows the total mass of toluene and hexane respectively remaining in
the shake flasks vs. time. Flasks with BMIM [PFs], BMIM [BF 4] or HMIM [PF ¢] as 2°
phases exhibited no statistical degradation of toluene and no cell growth, and thus the
results are not shown. Similarly, hexane was not degraded in flasks containing BMIM
[NTF2], BMIM [PF¢], BMIM [BF 4] or HMIM [PF ¢]. The equal mass control, silicone oil and
paraffin oil flasks each had similar kinetic trends for both hexane and toluene. Toluene
degrading cells required a lag time of 5 hours before subsantial biodegradation
occurred in the control group. The equal mass control and flasks containing silicone oil
and paraffin each required a lag time of 10 to 15 hours before substantial biodegradation
occurred while the presence of BMIM [NTF 2] induced a lag time of approximately 25
hours. A lag phase was expected due to the low initial concentration of cells in each
flask, but the difference in lag between BMIM [NTF 2] flasks and the silicon and paraffin
oil flasks is significant and may relate to some of the toxicity or inhibitory effects
observed in OUR experiments. Cells harvested from the BMIM [NTF: flask and

regrown under similar kinetic conditions maintained a similar lag time and did not
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display any adaptation over time. Hexane degrading cultures had a more substantial lag
time of 20 hours for the equal mass control and silicone oil flasks and a lag of nearly 40
hours in the presence paraffin oil.

This begs the question: what causes interference with VOC biodegradation and
cell growth associated with BMIM [NTF 2] and the other ionic liquids? It has been
suggested that the cations with long alkyl chain lengths and anions with high
lipophilicity or susceptibility to hydrolysis are responsible for toxicity [20, 21]. While
continuous enrichment and selection of ionic liquid resistant bacteria species is one
option, redesigning of the ionic liquid may prove to be a more viable option. Even
though both bacterial cultures were enriched from the same source, certainly different
mixed populations were selected based on exposure to either toluene or hexane and thus
different susceptibilities to toxicity exits. Future work could aim at testing long -term
adaptation over many generations or behavior in a dynamic system, such as a biofilter,

though these options are not conducive to rapid screening.
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Figure 7 Slope calculations along the linear phase for the averaged test groups.

For the culture enriched with toluene (A) and hexane (B) Only several data points
were taken along what was deemed linear and a maximum slope.
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To better understand the VOC biodegradation kinetics, linear trendlines were
added along regions of at least three data points where it appeared there was a
maximum rate of d egradation as plotted in Figure 7 with slopes condensed in Table 9.

Table 9: Slopes associated with toluene or hexane degradation.

Toluene Hexane Hexane
Dose Toluene Degradation Dose Degradation Slope
(mg) Slope (mg/hr) (mg) (mg/hr)
Control 1.7 0.26 5.2 0.52
Equal Mass Control 17.3 1.88 19.6 1.56
Silicone Oill 15.6 2.23 19.6 1.19
Paraffin Oll 23.4 2.53 24.9 0.82
BMIM [NTF 2 24.2 2.30 7.2 -

Each of the bacterial cultures which were viable in the presence of a 2° phase
exhibited similar rates of biodegradation. Most important is the comparison of the
biodegradation of the VOC in flasks with 2° phases to the control groups. There was
complete degradation of toluene in the equal mass control at a comparable rate as rates
in the 2° phase groups. Compared to the low concentration control, however, there is a
marked increase in biodegradation rate. What remains unclear is whether the increased
performance is due to the presence of a 2° phase or whether it is due to the increasd
guantity of cells over time which could grow on the greater amount of VOC supplied via
the 2° phase and equal mass control samples.

One of the proposed advantages of a secondary phase is that it protects against
loading spikes [8], yet the equal mass control group of this study retains comparable
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performance to the biphasic systems, even with a tenfold increase in aqueous
concentration of toluene. Boudreau et al.[8] conducted their experiments in dynamic
reactors whereas these expeéments were conducted in batch shake flasks. Perhaps the
drastic drop in elimination capacity (from nearly 100% to 58%) they observed in a
bioreactor treated with a toluene loading spike from 343 to 6,000 g m3 h! and a
subsequent agueous concentration d 160 mg L! was due to oxygen limitation or poor
rates of absorption, not pollutant -substrate concentration toxicity. In this study, rapid
biodegradation occurred at a toluene concentration around 120 mg L

Though cells were cultured from an activated sludge sample, just as with
Quijano et al, [17] there was no observed growth in BMIM [PF¢] or HMIM [PF ¢]-
containing sample groups after 48 hours. Flasks with BMIM [BF 4], which is also non-
miscible, had no observable growth. The first assumption was that toluene toxicity was
an issue, but due to the performance of the equal mass control (which contained a higher
mass of toluene) and ability of [NTF 2] containing sample groups to grow, inhibition may

be due tothe [BF4] and/or [PFe] ions as mentioned earlier [21].

3.4 Biological Yields from Growth Kinetic Flasks

Figure 8 depicts biomass vyields associated with each growth condition for toluene and
hexane. Though both mixed cultures were enriched from the same activated sludge
source, cells degrading toluene were difficult to quantify with the Bradford protein

assay and had to be oncentrated. Even at 10 fold concentration no protein could be
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detected for the low-concentration positive control. This is most likely due to the fact
that the equal concentration control was only dosed with 2 pl of toluene, an amount too
small to yield a measurable biomass. Biomass yields in the paraffin and the BMIM
[NTF2z] sample groups degrading toluene were both 76% higher than the equal mass
control. Additionally, the biomass yields in the paraffin sample group degrading hexane
were 62% higher than the equal mass control. The silicone oil containing cultures
degrading toluene had elevated biomass yields of only 27% and the cultures degrading
hexane had no difference in biomass yields relative to the equal mass control. It was
initially thought that re sidual paraffin oil or BMIM [NTF 2] not removed in the wash
steps could be responsible for those high yields, but emulsions would not react with the
Coomassie stain. The most likely explanation is that the cultures were able to degrade
these compounds leading to higher cell counts. In a study observing the degradation
potential of ILs by the microbe Sphingomonas paucimobili®\brusci et al. report that
BMIM [NTF 2] could be degraded by as much as 32% after 14 days and 90% after 28 days
[22]. Obviously for successful long term deployment in bioreactors, ILs should not be

biodegradable.
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4. Conclusions

Based on the results presented, there is still a large knowledge gap regarding the
applicability of ionic liquids as a 2° phase in bioreactors for pollutant biodegradation
and about the reasons for the exellent biodegradation performance observed with
traditional 2° phases such as silicone oil. Of the ionic liquids tested, only BMIM [NTF 2]
demonstrated the potential to be used as a 2° phase in a bioreactor treating VOCs

The partition coefficients calculated for toluene and hexane in each of the 2° phases
suggests that both the ILs and oils would be suitable candidates for deployment in a
biphasic bioreactor treating toluene. However, only silicone oil and paraffin oil would
be suitable candidates for a biphasic bioreactor treating hexane. These results also
demonstrate that hydrophobicity is a poor indicator of partitioning potential. In the case
of ILs it was concluded that aromatic compounds which have a higher affinity for
imidazolium -based lls may be suitable as a 2° phase in a bioreactor versus aliphatic
compounds which have a much lower affinity for imidazolium -based ILs.

The results of testing 2° phases with OUR suggest thatit is not an appropriate assay
for high -throughput determination of t he suitability of 2° phases. For hexane, OUR was
limited by the concentration range in which OUR could be performed. Due to saturation
limitation, better methods must be designed to allow for precise control and a broader
range of the concentration of poorly -partitioning target pollutants. The decrease in OUR

with the addition of silicone oll is also of concern as it is evident from bioreactor studies
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by others that silicone enhances degradation rates of toluene and hexane, but this result
was not reflected through monitoring OUR. OUR also poorly accounts for some of the
considerations that go into a biphasic bioreactor; it only captures kinetics which occur
between water and a 2° phase but fails to account for the air/water transfer which can be
the rate limiting step.

The results from the growth kinetics flask experiments demonstrated the ability for
enriched cultures to acclimate to the presence of a 2° phase. However, experiments were
inconclusive in demonstrating or explaining enhanced degradation in b ioreactors.
Compared to the low -concentration aqueous control, biphasic systems did demonstrate
elevated rates of VOC degradation, but compared to the equal mass control, they did
not. The kinetic flask experiments also demonstrate that a cell culture can acclimate to
the presence of an ionic liquid (toluene-degrading cells in the presence of BMIM [NTF2]),
though this acclimation did not result in a decrease in lag time to significant

biodegradation in the subsequent generation as discussed in Section 3.3

4.2 Further Research

Going forward, it would be best to first determine viable 2° phases by their
absorption rate in parallel with their biocompatibility for high throughput methods.
Those two factors seem to contribute the most to our understanding of what makes a
biphasic bioreactors excel n degrading poorly soluble VOCs. If research continues with

ILs, it would be best to determine what exactly makes them inhibit biological growth
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and to subsequently design ILs which are non-toxic to mixed cultures of p ollutant -
degrading bacteria.

Secondly, gowth kinetics in flasks could still be utilized as a method for rapid
screening of 2° phases if the rates of VOC degradation are normalized to the amount of
active biomass present over the course of the study. This would directly address the
analysis discrepancy between the equal mass and equal concentrationcontrols which
were utilized in this study. Flask microcosms could also be used for rapid screening of
adaptability over many enrichments. These experiments should also be used to screen

for 2° phase biodegradability.
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Appendix B- Aqueous Concentrations in flasks
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Appendix C- Example OUR Diagrams
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