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Dynamic simulation of benzene vapor treatment by a
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Part II: Model calibration, validation, and predictions
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bstract

The two-phase partitioning bioscrubber (TPPB) model presented in Part I has been validated using experimental data under constant and transient
perating conditions for the treatment of benzene waste gases by Achromobacter xylosoxidans Y234 with n-hexadecane as an immiscible, organic
hase. Model calibration was performed to account for observed enhancements of benzene biodegradation rates in biphasic media, postulating that
irect benzene uptake from dispersed organic droplets increased substrate bioavailability. This led to the use of an ‘effective dissolved substrate
oncentration’ to model cell specific growth rates. Model predictions were greatly improved using this empirical modification. The characteristics
f the organic phase, both in terms of the volume fraction selected and its high equilibrium solubility, are found to be of critical importance for
inimizing effluent gas VOC concentrations and stabilizing performance during transient operation. The biokinetic parameters μmax and KS are also
articularly important, greatly influencing the response of the TPPB both during and while recovering from transient periods. KS was found to be
mportant for influencing steady-state benzene removal efficiencies under even invariant operation, leading to the conclusion that microorganisms
hich can maintain high rates of biological activity under very dilute substrate concentrations will make ideal biocatalysts in the TPPB.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Two-phase partitioning bioscrubbers (TPPBs) continue to
merge as a viable alternative to physicochemical waste gas
reatment processes, as well as to the more traditional vapor
hase bioreactors, such as biofilters. Demonstrated high elimina-
ion rates and efficiencies and increasing ease of operation have
risen from their continual development [1–4]. In Part I of this
aper, a mechanistic, dynamic model for the TPPB process was
ormulated to describe its primary constituent phenomena. Here,
he model is validated using experimental data, beginning with
calibration step to adapt the generic model equations to our

articular experimental conditions and address discrepancies

rising from non-ideal behavior in the TPPB experiments. Much
f the model validation is conducted using dynamic conditions,
ecause they represent more practical operating conditions, and
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ecause they allow for a more rigorous assessment of the pre-
ictive capability of the model for adequately capturing the
haracteristic time constants of the TPPB. The validated model is
hen used to make predictions regarding the performance poten-
ial of the TPPB, as well as to identify key design variables that

ay be adjusted to further improve operation.

. Materials and methods

.1. Validation experiments

Validation of the proposed model was performed in multi-
le stages, each representing various limiting cases or practical
perating scenarios. Firstly, mass transfer in the TPPB was stud-
ed using a cell-free system in order to validate both the model
tructure and parameter estimates used to describe the associated

bsorption/desorption and partitioning processes. A feed stream
ontaining 5.6 ± 0.3 mg/L benzene was applied at 1 L/min to a
PPB containing 2 L of sterile aqueous medium and 1 L of sterile
-hexadecane. After the liquid phases reached saturation, a step

mailto:daugulis@chee.queensu.ca
dx.doi.org/10.1016/j.bej.2007.02.027
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Nomenclature

aA/O aqueous–organic interfacial area (m2)
As amplitude of transient spike
c1, c2, c3 empirical parameters of the expression of Chatzi

et al. [15]
CA dissolved oxygen concentration in the aqueous

phase (mg O2/L)
C∗

A aqueous dissolved oxygen concentration equili-
brated with gas phase (mg O2/L)

CA,SS steady-state dissolved oxygen concentration in
the aqueous phase (mg O2/L)

CO dissolved oxygen concentration in the organic
phase (mg O2/L)

dSM Sauter mean diameter of dispersed organic
droplets (m)

Di impeller diameter (m)
DC dissolved oxygen aqueous–organic partitioning

coefficient
HSO Henry’s Law coefficient of substrate in the organic

phase
KC half-saturation constant of oxygen (mg O2/L)
kLaCA lumped, volumetric mass transfer coefficient of

oxygen absorption in the aqueous phase (h−1)
kLaCO lumped, volumetric mass transfer coefficient of

oxygen absorption in the organic phase (h−1)
kv inverse time constant of flowmeter valve actuation

(h−1)
KS half-saturation constant of substrate

(mg substrate/L)
mC specific maintenance rate on oxygen

(mg O2 mg cells−1 h−1)
n empirical parameter of the Luong kinetic model
N bioreactor agitation rate (rpm)
SA dissolved substrate concentration in the aqueous

phase (mg substrate/L)
Se

A effective dissolved substrate concentration in
biphasic media (mg substrate/L)

Sin
G influent gas substrate concentration

(mg substrate/L)
Sin

G,0 nominal influent gas substrate concentration
(mg substrate/L)

Sm inhibitory substrate concentration of the Luong
kinetic model (mg substrate/L)

SO dissolved substrate concentration in the organic
phase (mg substrate/L)

t time (h)
ts duration of transient spikes (h)
VT total liquid volume of the TPPB (L)
We Weber number
XSS steady-state biomass concentration (mg cells/L)
YX/C biomass-to-oxygen yield coefficient

(mg cells mg O2
−1)

Greek letters
α interfacial affinity constant
φORG organic phase volume fraction
μ specific growth rate (h−1)
μmax maximum specific growth rate (h−1)
ρd density of the biphasic dispersion (g m−3)
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σ aqueous–organic the interfacial tension
(dyn m−1)

hange in the influent benzene concentration to 9.3 ± 0.7 mg/L
as performed and maintained until a new steady-state was

chieved. The TPPB was then stripped of dissolved benzene by
eration at 2 L/min until no benzene was detected in the liquid
hases or effluent gas.

The performance of the cell-containing TPPB under constant
onditions from start-up through establishment of steady-state
peration was validated in bioscrubbers with 3 L total liquid
olumes and organic phase volume fractions of 0, 0.10, and
.33. Experimental data were obtained from experiments which
ere conducted by following the procedures reported by Nielsen

t al. [5]. A constant influent gas benzene concentration of
.1 ± 0.3 mg/L was used in each of these experiments at an
eration rate of 60 L/h.

Finally, predicted TPPB performance in response to transient
perating conditions was validated for both long-term (4 h) and
hort-term (5 min) fluctuations in the influent gas benzene con-
entration. Transient data were obtained from Nielsen et al. [4]
or an organic phase volume fraction of 0.33. Data were also
btained by analogous experimentation at organic phase volume
ractions of both 0 and 0.10.

.2. Numerical methods

Solution of the proposed model was performed using
atlab® and the intrinsic ordinary differential equation solver,

de15s. Transient responses of the TPPB were investigated
xperimentally beginning from the process steady-state, corre-
ponding to the ‘maintenance state’ of the culture. Accordingly,
nitial conditions for all of the state variables were determined by
imultaneous solution of the steady-state form of the model pre-
ented in Part I via Newton’s method using the routine presented
y Constantinides and Mostoufi [6].

. Results

.1. Model calibration

Preliminary analysis of the experimental data sets quickly
ndicated that benzene biodegradation rates measured dur-
ng transient operation were higher in the TPPB than in a

ingle-phase bioscrubber under otherwise identical conditions.
omparison of these data to preliminary simulations confirmed

hat observed biodegradation rates were also faster in the two-
hase system than would be predicted using the Luong kinetic
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estimates of α obtained are also provided in Fig. 1, and average
to 0.055 ± 0.011, thus indicating its statistical significance and
hence, independence of step magnitude or organic fraction stud-
ied. Since the introduction of the interfacial affinity constant, α,

Fig. 1. An example of model calibration by introduction and estimation of the
‘interfacial affinity parameter’, α, to improve predicted off-gas benzene concen-
52 D.R. Nielsen et al. / Biochemical E

odel and its previously measured parameter estimates obtained
rom single-phase batch kinetic studies in Part I. As a result,
nacceptable offsets arose between the experimental data and
odel predictions, particularly with respect to Sout

G , the key
erformance indicator of this process. The discrepancies were
ost apparent during transient operation during which signif-

cant amounts of benzene would rapidly accumulate in both
iquid phases in response to an increase in Sin

G , leading to subse-
uently higher rates of biological activity. These unanticipated
igh rates of biological activity suggest that benzene was actu-
lly more bioavailable in the two-phase system than previously
redicted, even when assuming that a spontaneous partitioning
quilibrium exists between the liquid phases. Efroymson and
lexander [7] reported similar findings for the biodegradation
f phenanthrene by a Pseudomonas sp. using various organic
hases.

There are many plausible biological and physical expla-
ations for this observed inconsistency. For instance, as has
een reported for naphthalene [8], substrate partitioning equi-
ibrium between the organic and the aqueous phases may be
nadequately represented by a linear isotherm for the range of
oncentrations experienced. Alternatively, microorganisms may
ctively promote greater substrate bioavailability by increas-
ng the surface area of dispersed organic droplets or reducing
nterfacial tension between the phases through the secretion of
urfactants or solubilizing agents [9]. Finally, it is also possi-
le that substrate uptake occurs directly from the organic phase
y cells in contact with its surface, a mechanism that is fre-
uently reported among partitioning bioreactors [10–12]. This
echanism involves hydrophobic bacteria that attach to dis-

ersed organic droplets, thereby increasing the bioavailability
f the partitioned substrate through its direct uptake. Accord-
ngly, the biomass is segregated to include a subpopulation
f cells that exists at the surfaces of the dispersed organic
roplets with μ = f(SO), while the remainder is subjected to
ower concentrations in the aqueous phase with μ = f(SA). The
verall biodegradation rate is therefore, a function of both
A and SO, however their individual contributions are not
asily identified experimentally [12]. Modelling these effects
ndividually can also be challenging due to difficulties in pre-
icting the relative distribution of the segregated portions of the
iomass.

Emulsification of a portion of the organic phase (up to
5 vol.%) was routinely observed, further indicating that there
as some degree of cellular interaction with the organic
hase. Microscopic examination of biphasic liquid samples
emoved from the TPPB routinely showed ample interaction by
chromobacter xylosoxidans Y234 with n-hexadecane droplet
urfaces in the TPPB, however, cellular accumulation at the
rganic interface was not excessive and the majority of the cells
esided in the aqueous phase. This indicates that direct uptake of
enzene from n-hexadecane droplets was possibly a contribut-
ng, but not the sole mechanism of biodegradation. To capture

he effect of enhanced bioavailability in this biphasic medium
he use of an effective substrate concentration, Se

A, is now pro-
osed to empirically account for organic phase interactions as
function of its volume fraction, φORG using an ‘interfacial

t
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a
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ffinity constant’, α, as:

e
A = SA + αφORGSO (1)

Note that Eq. (1) predicts Se
A will reduce to SA in the case

f the single-phase system (φORG = 0). By its definition, α is
lumped parameter which intends to combine the pertinent

henomena influencing cellular behavior at the organic surface
nd the associated effect on the observed biodegradation rate.
sing this approach, segregation of the biomass population is
ot required and all cells are assumed to have equal opportunity
o intermittently access the organic interface in the well-mixed
ystem. With this change, the kinetic growth expression used in
he originally derived model is now replaced here by Eqs. (1)
nd (2):

(SA, SO, CA) = μmax
Se

A

Se
A + KS

[
1 − Se

A

Sm

]n
CA

CA + KC
(2)

Estimates of α were obtained via non-linear regression with
he objective of minimizing deviations between predicted and
bserved values of Sout

G with the ultimate goal of eliminating
he offset between experimental data and model predictions.
his calibration step was performed using data obtained dur-

ng transient operation in the form of 4-h step changes in Sin
G

f various amplitudes with TPPBs containing different values
f φORG with Sout

G selected as the operating variable for which
o perform the calibration. Fig. 1 demonstrates how modify-
ng the original model with Eq. (2) has dramatically improved
he predictions with the initial sum-of-squared-errors (SSE0)
eing reduced through this calibration step (see SSEfit) by a
inimum of 94.1% for each set of dynamic data. The best-fit
rations during a 4 h, 11-fold increase in the influent gas benzene concentration
ith an organic phase volume fraction of 0.33. Experimental data (closed circles)

re compared with both the original and calibrated model predictions (dashed
nd solid lines, respectively). Results of similar dynamic calibrations under
arious dynamic conditions are also listed in the inset table.
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ig. 2. Experimental (points) and model predicted (solid lines) benzene conce
eed gas (open circles), along with the average feed gas concentration (dotted lin
rganic (solid squares) phases, and (c) the off-gas (open squares), as also comp

as altered the structure of the equations it is prudent to revisit
he sensitivity analysis in order to investigate the influence of α

n the predictions and to determine what effect this modifica-

ion may have had on the roles of the other model parameters.
uch was performed for the calibrated model under the same
onditions used in Part I, and the results have been included in
ppendix A.

s
a
u

ig. 3. Validation of TPPB start-up and steady-state operation under constant conditi
ration, (c) effluent gas benzene concentration, and (d) aqueous dissolved oxygen co
ractions of: 0 (solid line, open circles), 0.10 (dashed line, open triangles), and 0.33
ontaining 3.1 ± 0.3 mg/L benzene fed at 60 L/h, while maintained at 30 ◦C, pH 6.6,
n profiles during an absorption experiment using a cell-free TPPB in: (a) the
d gaseous volumetric flow rate (dashed line), (b) the aqueous (solid circles) and
ith the average feed gas concentration (dotted line).

.2. Validation of mass transfer effects: abiotic TPPB
imulation
In order to confirm the validity of the key assumptions, model
tructure, and parameter estimates used to simulate the biphasic
bsorption of benzene, an absorption experiment was conducted
sing a cell-free system. The experimental results are compared

ons in terms of (a) aqueous phase benzene concentration, (b) biomass concen-
ncentration using experimental data and predictions at organic phase volume
(dotted line, open squares). Each TPPB was operated using a feed gas stream
and agitated at 800 rpm.
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ith the model predictions in Fig. 2a–c. The model captures
he experimental trends associated with the mass transfer pro-
esses under all conditions examined, even when subjected to
erturbations of the influent benzene concentration and gas flow
ate, and is able to predict the characteristic time constants of
bsorption and desorption at different aeration rates, as well as
he steady-states.

.3. Validation of constant operation: start-up through
teady-state

Constant operation implies that the operating variables of the
PPB are maintained at their nominal values at all times. Since

he proposed model incorporates an unstructured cell model to
redict growth and biodegradation rates, simulation of the lag
hase is not possible and can only begin after the lag, by which
ime a significant amount of benzene has accumulated in the liq-
id phases and the off-gas stream. This state is used as the initial
ondition for generating model solutions for constant operating
onditions. The TPPB always responded quickly after this lag
eriod, consuming dissolved substrate and rapidly reducing all
enzene concentrations to their steady-state levels. The required
esponse time depends upon the total mass of benzene dissolved

s well as the inoculum size, both of which varied between exper-
ments. As can be seen from Fig. 3a and c, the response of
he model from the initial start-up period is more sluggish than
bserved experimentally for all organic fractions studied. This

c
a
o
e

ig. 4. Experimental and model predicted response of a steady-state TPPB with an o
oncentration by magnitudes of 2.3-fold (open triangles, dotted line), 5-fold (open
3.1 mg/L).
ering Journal 36 (2007) 250–261

iscrepancy is most apparent in the aqueous phase benzene con-
entration, as effluent gas concentrations more closely follow
redictions for these start-up trends. The predicted biomass and
issolved oxygen concentrations, shown in Fig. 3b and d, respec-
ively, remain essentially insensitive to this preliminary transient
eriod because only relatively small quantities of substrate are
eing consumed at this time.

All of the predicted variables approach steady-states that are
umerically consistent with their respective experimental data
Fig. 3). For example, it is both predicted and observed that an
ncreased presence of the organic phase drives the steady-state
queous benzene concentration lower through partitioning of
enzene into the second liquid phase. Likewise, apart from the
ase of φORG = 0.10 where the biomass appears to have accumu-
ated in a linear manner, predicted characteristic time constants
f biomass growth and accumulation in the TPPB are consis-
ent with the remaining experimental observations. Similarly, the
onsistent prediction of the total cellular mass present at steady-
tate in each TPPB system agrees well with previous work [5].
he enhancing effect of the organic phase on oxygen absorp-

ion rates is confirmed in Fig. 3d. As was previously predicted
13], when φORG is increased the correspondingly higher rates
f oxygen transfer lead to greater total dissolved oxygen con-

entrations for identical total rates of benzene degradation and
ssociated dissolved oxygen consumption. Steady-state values
f Sout

G decreased as φORG was increased due to the beneficial
ffect that the favorable organic phase gas–liquid affinity has on

rganic volume fraction of 0.33 to 4 h step changes in the influent gas benzene
circles, dashed line), and 11-fold (open squares, solid line) its nominal value
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ig. 5. Effect of the organic phase volume fraction on the predicted and experim
enzene concentration by magnitudes of approximately 2-fold (open triangles,

he overall absorption rate, however, both the experimental data
nd model predictions demonstrate that the resultant effect on
PPB performance may be only subtle under constant conditions
nd particularly at steady-state. This is a consequence of follow-
ng an operating policy that encourages high levels of biomass in
he TPPB, thereby providing higher potential rates of biodegra-
ation. Operating in this manner ensures that dissolved benzene
oncentrations in both liquid phases will be maintained at a min-
mum, allowing for high rates of benzene absorption at steady-
tate, regardless of the organic phase volume fraction selected.

.4. Validation of transient operation: step change
uctuations

The response of the steady-state TPPB to 4 h step changes
n the influent gas benzene concentration is shown in Fig. 4.
he particular case of φORG = 0.33 was used to examine the
bility of the model to properly capture the pertinent transient
henomena. Step change amplitudes of approximately 2-, 5-,
nd 11-times the nominal influent gas benzene concentration of
.1 ± 0.3 mg/L are considered. Although some offset between
he experimental data and certain predicted variables was

bserved under some sets of transients, there was notable
onsistency between the observed trends in the experimental
ata and the profiles of their respective predictions. In particular,
he consistency of the responses suggests that the order of

a
a
t
d

transient TPPB performance in response to 4 h step changes in the influent gas
line) and 5-fold (open circles, dashed line) its nominal value (3.1 mg/L).

he dynamic model equations is correct. On this basis, the
odel structure is deemed to be adequate for predicting TPPB

ehavior. However, improved parameter estimates could still
ossibly produce better agreement with the experimental data
y reducing the observed offset.

Good agreement during transient operation is also attained
hen φORG = 0 and 0.10, as seen in Fig. 5. Although the pre-
icted effluent gas benzene concentrations may not capture all
f the intricate details which were displayed experimentally
hroughout the dynamic period, the predictions are able to cap-
ure the relative magnitude of the effluent concentration at all
imes. The data and predictions both consistently demonstrate
hat the presence of the organic phase helps to lower benzene
elease from the bioscrubber during step changes. Further-
ore, the model provides good predictions of the characteristic

esponse times of both the effluent gas benzene concentrations
nd dissolved oxygen concentrations, as the step increase is both
ntroduced, and returned to the nominal condition. A substan-
ial offset does exist, however, between the experimental and
redicted dissolved oxygen concentration which becomes more
ronounced both as the amplitude of the step input is increased,
nd φORG is decreased. This discrepancy is likely a result of

low estimate of the oxygen mass transfer coefficient of the

queous phase, kLaCA. Meanwhile, although oxygen transfer in
he two-phase system is similarly a function of kLaCA, it also
epends upon estimates of kLaCO, allowing the combined effect
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ig. 6. Effect of the organic phase volume fraction on the predicted and exper
enzene concentration by magnitudes of approximately 5-fold (open triangles,

o mitigate the impact of a potentially poor estimate of kLaCA
n the overall prediction.

.5. Validation of transient operation: spike fluctuations

The spikes introduced were of particularly short duration
5 min) and produced by manually adjusting a rotameter. It was
ound that a simple step-up, step-down function of Sin

G in the
odel poorly represented the data because the time required

o adjust the rotameter was significant relative to the transient
eriod itself. In order to more accurately represent this mathe-
atically, the following expressions (which result solely from
tting the data to an empirical model) were used for the dynamic

nput variable.

in
G (t) = Sin

G,0 for t < t0 (3a)

in
G (t) = Sin

G,0[As + (1 − As) e−kv(t−t0)] for t0 < t < t0 + ts

(3b)

in(t) = Sin [1 + (A − 1) e−kv(t−t0−ts)] for t > t + t (3c)
G G,0 s 0 s

here Sin
G,0 is the nominal influent gas benzene concentration at

teady-state, As the amplitude of the spike input, t0 the time at
hich the spike is initiated, and ts is the duration of the spike.

t
p
r
a

al transient TPPB performance in response to 5 min spikes in the influent gas
line) and 10-fold (open circles, dotted line) its nominal value (3.1 mg/L).

he inverse of time constant for valve actuation, kv, was esti-
ated as 100 h−1. These expressions of the input function have

ounded the corners on the steps up and down that form the spike,
nd simply allow for better representation of the data, as seen
n Fig. 6. Note that these transitions could have been included
hen modelling the longer (4 h) step changes, however, the time

equired to adjust the rotameter was insignificant relative to the
uration of the step, thus allowing a simple step-up, step-down
unction to suffice. Although there are modest inaccuracies in the
redicted rates of response in the effluent gas for the single-phase
ystem, the predicted magnitudes of benzene concentrations in
he effluent gas are consistent with the experimental data. As
ith the experimental data, the model is again able to predict

hat the presence of the organic phase helps to reduce benzene
elease from the bioscrubber. Similar to the predicted response
f the TPPB to step changes in Sin

G , considerable offset exists in
issolved oxygen concentrations. As previously argued, these
iscrepancies are likely a result of inaccuracies in the estimates
f kLaCA. In general, the model predicts a faster return of Sout

G to
ts previous, steady-state concentration after the spike has ended,
articularly in the single-phase system. This offset is possibly
ue to an experimental delay which is not modelled but occurs as

he effluent gas travels between the liquid surface and the sam-
ling port. With a headspace volume of approximately 3.6 L, the
esidence time of the effluent gas through this volume would be
pproximately 0.06 h.
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n Part I) of (a) φORG (solid line), HSO (dashed line), (b) KS (solid line), and μ

as benzene concentration is constant at 3.1 mg/L.

.6. Performance predictions

Now validated, the proposed model is used to simulate the
PPB under a variety of practical operating scenarios and to

urther explore the influence of those potential design parameters
hich were identified via sensitivity analysis (in Part I) as having

he greatest potential influence on performance. To reiterate, of
he parameters to which Sout

G was most sensitive, it was argued
hat HSO, μmax, and KS will be those whose manipulation will
e most practical via selection of an alternate organic phase
ompound or biocatalyst, respectively. In addition, φORG was
dentified as having an influence on transient performance, even
hough it may only slightly benefit removal rates under constant
oading conditions. The effect of these parameters is studied by
ndependently perturbing their values from the nominal values
eported in Part I. The design parameters are perturbed over a
ange of values representative of those found throughout the
iterature in order to maintain physically realistic conditions.

From Fig. 7, under constant loading conditions, only varia-
ion of KS has a significant effect on the steady-state removal
fficiency. Although the steady-state predictions of Sout

G are sen-
itive to HSO and μmax in Part I, the effect was ultimately found to
e insignificant over the parameter regions considered in Fig. 7.
s previously predicted, the steady-state performance remained
uite insensitive to φORG, consistent with the results of Fig. 3.

The influence of the selected design parameters on transient
PPB performance was analyzed by predicting their individ-
al effect on Sout

G predictions while Sin
G was subjected to an

ntermediate dynamic step change duration of 1 h and ampli-

ude of five-times the nominal when compared to those studied
n Figs. 4–6. These predictions are compared in Fig. 8. A
ecrease in biological activity (lower μmax or higher KS) greatly
ffects the rate of response of the cells and their influence on

m
t
o
a

cy as predicted by the independent variation (from the nominal values reported
ashed line) between their respective, practical parameter spaces. The influent

emoval rates not allowing TPPB performance to stabilize dur-
ng shorter transitory periods. For example, when μmax = 0.1 h−1

r KS = 20 mg/L, benzene is predicted to accumulate in the liq-
id phases and the effluent gas throughout the entire 1 h period.
urthermore, a less active culture will delay recovery to pre-

ransitory performance after step changes are completed. When
S = 20 mg/L, this recovery took in excess of 1 h, as seen in
ig. 8. Increasing the total equilibrium solubility of the liq-
id phases (by increasing φORG or decreasing HSO) promotes
igher absorption affinities, and greater VOC capture. As noted,
n organic phase with high equilibrium VOC solubility will
ecrease the activity of the dissolved compounds, resulting in
reater retention and lower losses in the effluent gas stream [14].
hile this effect was obvious for the present benzene treatment

ystem, it would become even more apparent for more highly
olatile target compounds whose Henry’s Law constants in water
re even higher, further increasing the role of the organic phase.

While each of the identified design parameters are available
or manipulation, φORG is most easily changed by simply adding
ore or less solvent. Furthermore, its modification will not

ompromise the material or biological compatibility of the pre-
esigned TPPB system, making it the preferred design parameter
o be first considered. Although the organic phase has only a

odest impact on steady-state performance, Fig. 8 illustrates
he positive result it can yield in reducing effluent VOC concen-
rations during transients. Furthermore (Fig. 9), the beneficial
ffect during transient operation becomes more pronounced as
he magnitude of the fluctuation increases. At greater φORG,
he TPPB is capable of maintaining lower levels of Sout

G . If the

aximum magnitude of a fluctuation can be anticipated, then

he TPPB can be designed to include the lowest required level
f φORG while still maintaining a target maximum Sout

G . Such
n optimization would then ensure desired performance even
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Fig. 8. Effect of the key design parameters on the dynamic response of the TPPB t
nominal value (3.1 mg/L). Design parameters are independently varied (from the n
regions.

Fig. 9. Effect of the organic phase volume fraction on the dynamic performance
of the TPPB in response to 4 h step change fluctuations in the influent gas ben-
zene concentration of different amplitudes (from its nominal value 3.1 mg/L) as
measured by the maximum effluent gas benzene concentration emitted during
t
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he transient period. Experimental data obtained with TPPBs containing 0 (open
ircles), 10 (open triangles), and 33% (vol.) (open squares) organic phase are
rovided for comparison.

nder this worst case scenario, while minimizing material costs
nd wastes.

. Discussion

The overall effect that direct substrate uptake from the organic
hase will elicit on the total biodegradation rate will depend
n the degree of cellular interaction at the organic interface.

nterfacial interaction will be a function of the population den-
ity and the specific properties of the cells [12], as well as the
queous–organic interfacial surface area, aA/O [10], all of which
ay be time-varying. The following expression can be derived

t
i
c
r

o a 1 h step change in the influent gas benzene concentration of five-times its
ominal values reported in Part I) within their respective, practical parameter

o relate aA/O to the organic phase volume fraction, φORG:

A/O = 6φORG

dSM
VT (4)

here VT is the total liquid volume and dSM represents the Sauter
ean diameter of the dispersed organic droplets which can be

etermined experimentally by drop size distributions [10], or
stimated using an empirical relationship, such as that of Chatzi
t al. [15]:

SM = c1(1 + c2φORG)W−c3
e Di (5)

here c1, c2 and c3 represent empirical parameters that are char-
cteristic of the fluids and the Weber number, We = ρdN

2D3
i /σ.

he impeller speed and diameter are represented by N and Di,
espectively, ρd is the dispersion density and σ is the interfacial
ension. Although the combination of Eqs. (4) and (5) suggests
non-linear dependence of aA/O on φORG, note that as per the

tructure of the equations, although aA/O is a strong function of
ORG at low solvent fractions, its value will eventually reach a
aximal value where it will be relatively insensitive to changes

n φORG. Although it is clear that both non-linear and linear
egions will exist in the dependency of aA/O on φORG, without
pecific data regarding droplet formation patterns in the partic-
lar application it is difficult to predict where this transition
ill occur. These data can be difficult to obtain as accurate

stimation of aA/O, is of noted difficulty to perform [16]. As
uch, it cannot be expected that our proposed approach may be
ufficient for accurately capturing the interfacial effect over all
anges of φORG, however it will likely provide sufficient results
hen using relatively large organic fractions, as performed
hroughout this study. Furthermore, our approach may also be
nsufficient for predicting the influence of different operating
onditions on specific growth and biodegradation rates without
e-estimating α.
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Other researchers have attempted to capture the positive
otential effect that enhanced bioavailability in biphasic media
an have on specific growth and biodegradation rates by use of
max and KS estimates which vary as a function of φORG [17].
or the sake of comparison, we have re-estimated μmax and KS
sing non-linear least-squares regression by the Gauss–Newton
ethod with the same transient step change data presented in
ig. 1. It was found that the best-fit estimates of μmax and KS
ere slightly increased and decreased, respectively, from their
riginal estimates obtained from batch studies. The magnitude
f each variation from their original estimates was observed to
e a function of φORG. For example, although the original set
f parameter estimates provided for sufficient prediction of the
ingle-phase bioscrubber, by reducing KS from 1.6 mg/L to an
ptimal value of just 0.5 mg/L a TPPB containing φORG = 0.33
ould also have been as well simulated as was demonstrated in
ig. 1. Likewise, an optimal KS value of 1.0 mg/L would provide
ore accurate model predictions when φORG = 0.10. These data

uggest that a non-linear dependence of KS on φORG would have
lso been likely. In this way, the model predictions could have
lternatively been improved without the introduction of α and
he use of an effective substrate concentration. However, while
ur approach brings with it the introduction and estimation of
nother empirical parameter, in our opinion it is a preferred alter-
ative to manipulation of the kinetic parameters because it pre-
erves the integrity of the traditional notion of the biological con-
tants. Currently, the ability of A. xylosoxidans Y234 to uptake
enzene directly from the surfaces of n-hexadecane droplets is
onjecture, as there is insufficient experimental evidence to fully
upport this claim. Therefore, additional work should be directed
owards obtaining further insight into this phenomenon. Such
ill allow the further development of an interfacial uptake model

by use of an interfacial affinity constant, or even better predict-
ng KS as a function of φORG) and allow for accurate prediction
f specific growth rates in biphasic cultures. Furthermore, alter-
ative approaches beyond simple batch techniques which are
lso suitable for use with volatile substrates should be pursued
o re-estimate the kinetic parameters with greater accuracy and
recision and improve their significance.

Although it was predicted from Fig. 9 that the transient per-
ormance of the TPPB will be improved only through the use of
igher organic phase volume fractions, there are other issues to
onsider before selecting φORG when designing a TPPB system.
or instance, although increasing φORG will directly enhance the
quilibrium VOC solubility, and thereby the buffering capacity
f the TPPB, using an excessively large φORG could result in
n over-engineered process with excessive material costs. As
oted, anticipation of the maximum magnitude of fluctuation to
e experienced can help to select an ideal organic phase vol-
me fraction. Other practical features must be considered when
electing an appropriate φORG, including the effect it may have
n the hydrodynamic conditions in the bioscrubber, as well as the
otential effects it may have on foaming and cell entrainment.
As previously hypothesized [18], rates of oxygen absorp-
ion in biphasic media can be enhanced using solvents with a
igh equilibrium solubility of dissolved oxygen. Furthermore,
ielsen et al. [13] have analytically shown for the present sys-

i
p
m
t

ering Journal 36 (2007) 250–261 259

em that this enhancing effect depends on the volume fraction
mployed. This important prediction has now been demonstrated
uring active aerobic biodegradation. Since nearly equivalent
ates of benzene biodegradation were achieved in each con-
tant loading experiment, and because equal total masses of cells
ere obtained at each steady-state, the total rates of steady-state
issolved oxygen consumption are roughly equivalent between
xperiments and independent of φORG. The enhanced rates of
xygen absorption in the two-phase system led to steady-state
issolved oxygen concentrations which were elevated as a func-
ion of φORG (Fig. 3). Under transient conditions (Figs. 5 and 6),
his same phenomenon allowed the TPPB to treat fluctuations
f greater magnitude with less concern about approaching dis-
olved oxygen limiting conditions.

One specific area for improving the model predictions is the
etter representation of the biosynthetic response of the steady-
tate culture to the additional substrate that is rapidly made
vailable during step change fluctuations (Fig. 4). It is possi-
le that the steady-state culture, after experiencing prolonged
xposure to nearly starved conditions, could become physio-
ogically distinct from its actively growing counterpart. When
he culture in such a ‘maintenance state’ is then perturbed by
he re-introduction of excess amounts of substrate it is possible
hat a period of ‘re-acclimation’ may be required before cellu-
ar metabolism can be redirected towards biosynthesis. These
onditions could have induced a lag phase in the cells, lead-
ng to a time-delay in observed growth and lower associated
iomass yields than those predicted. As with start-up operation,
he unstructured kinetic model will not allow for adequate pre-
iction during such a state. This possible cellular response may
e accentuated by the magnitude of the change in substrate con-
entrations, which could account for the poor predictions during
he 4 h, 10-fold increase to Sin

G , while satisfactory agreement
as obtained for 2- and 5-fold changes. Finally, the inconsis-

ent biodegradation rates that were observed may have simply
een a result of subtle physiological differences in the culture
sed in the various experiments, for example, cell viability. The
ifficulty of predicting any of these plausible mechanisms of
ehavior stems from the fact that they cannot be represented
ithout the use of a structured cell models or segregation of the

ell population.
This general mechanistic model has been validated for the

articular system of interest: degrading high concentration, low
ow rate benzene waste gases by A. xylosoxidans Y234 using
-hexadecane as the organic phase. Further experimentation and
imulation of an alternate TPPB system will provide useful struc-
ural validation of the proposed equations. However, since this

odel has been derived from fundamental material balances
ncorporating well-understood phenomena, it is anticipated that
t will readily translate for use with other TPPB systems of
nterest.

Finally, extrapolation of the predictions made here much
eyond the operating regions which have already been exam-

ned experimentally should be done with caution because certain
henomena may have been oversimplified in developing this
odel. This may become particularly evident with respect to

he behavior of the biocatalyst.
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. Conclusion

The predictions of the fundamental model presented in Part I
f this work provide adequate representation of the experimen-
al data during constant and transient operation. Calibration of
he model was required in order to generate adequate predic-
ions, and this was accomplished by introducing an “interfacial
ffinity constant”, α, which is largely an empirical parame-
er, and the use of an effective, biphasic dissolved substrate
oncentration to predict cell specific growth rates. The pro-
osed modification suggests that increased bioavailability is the
ost plausible explanation for the macroscopic observation of

nhanced biodegradation rates in this biphasic system.
The modest performance improvements that were predicted

nd observed during constant operation may seem to provide
nadequate justification for employing an organic phase in a bio-
crubber process. However, by helping to stabilize and maintain
inimal effluent gas benzene concentrations when subjected to

ransient feed fluctuations, it is clear that the dynamic perfor-
ance of a bioscrubber can be significantly improved as a direct

esult of the inclusion of a second, immiscible organic phase.
he previously predicted ability of the organic phase to enhance
xygen absorption rates has also now been demonstrated exper-
mentally.

Although the potential for improved performance is pro-
ortional to the organic phase volume fraction selected, φORG
hould be carefully chosen, and even optimized, to ensure that
he TPPB is not over-engineered for a desired practical appli-
ation. The Henry’s Law coefficient of the organic phase was
lso found to be a relatively important parameter, particularly
or helping to maintaining low effluent gas concentrations dur-
ng transient operation. For this reason, it is recommended that
t be treated as a critical design parameter for consideration in
he preliminary design of any TPPB process.

The particular importance of the biological parameters μmax

nd KS suggest that selection of an effective biocatalyst is key
or maintaining high VOC removal rates under stable conditions
nd, particularly, during transient operation. Microorganisms
apable of maintaining high rates of biological activity under

s
p
u
o

ig. A1. Normalized sensitivity coefficient profiles predicted for the proposed model
tart-up through steady-state, as performed in Part I.
ering Journal 36 (2007) 250–261

ven the most dilute conditions will make ideal candidates for
se in TPPBs.
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ppendix A

As can be seen from Fig. A1, the model is most sensitive
o α during start-up when the TPPB is not mass transfer limited
nd significant dissolved substrate concentrations exist. Both SA
nd Sout

G were found to be sensitive to α at all times following
tart-up, including at the steady-state. The reason for this result
s as was analogously reported for KS because α also greatly
nfluences the biodegradation rate in the same manner, particu-
arly under substrate limiting conditions. This will in turn affect
he rate of substrate accumulation in the liquid phases of the
PPB, and consequently the removal efficiency of VOC from

he waste gas itself. In general, calibrating the model by struc-
ural modification did not alter any of the qualitative results of
he original sensitivity analysis. However, doing so did result in
heightened sensitivity of certain predicted variables to particu-

ar parameters. Most notably, a greater sensitivity of SA (and SO)
nd Sout

G to VOC mass transfer parameters (kLaSA, kLaSO, HSA,
SO) was observed. These sensitivities were found to be between
- and 4-fold larger than the results from the uncalibrated model.
ince the simulated biodegradation rates are enhanced as a result
f interfacial uptake of substrate, the modelled culture becomes
urther limited by mass transfer, making those parameters all
he more important to the predicted performance. An increased

ensitivity to φORG was also observed, which is intuitive as this
arameter controls the amount of material from which interfacial
ptake may occur. Meanwhile, incorporation of α had no effect
n the characteristic sensitivities of either X or CA (or CO).

with respect to α, corresponding to the simulated operation of the TPPB from
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