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Abstract The mass transfer of phenol and butyl acetate

to/from water was studied in two-phase partitioning bio-

reactors using immiscible organic solvents and solid

polymer beads as the partitioning phases in a 5-L stirred

tank bioreactor. Virtually instantaneous mass transfer was

observed with phenol in water/2-undecanone, and with

butyl acetate in water/silicone oil systems. The mass

transfer of butyl acetate to silicone oil was rapid irrespec-

tive of the viscosity of the partitioning phase. When

Hytrel� polymer beads were employed as the partitioning

phase, substrate transport to the polymer was found not to

be externally mass transfer limited, but rather internally by

substrate diffusion into the polymer. In contrast to gaseous,

poorly soluble substrates studied in other works, mass

transfer of soluble substrates such as phenol and butyl

acetate to the polymer was unaffected by impeller speed

but rather by polymer mass fraction.

Keywords Mass transfer � Partitioning bioreactor � Mass

transfer coefficient � Soluble substrates � Organic solvents �
Polymers

Introduction

Two-phase partitioning bioreactors (TPPBs) have been

shown to be highly effective in overcoming the limitations

of substrate toxicity and delivery typically experienced by

conventional bioremediation strategies [1]. TPPBs consist

of a cell-containing, aqueous phase and a non-biodegrad-

able, immiscible organic phase which acts as a delivery

agent that effectively partitions toxic substrates to/from the

aqueous phase. Toxic contaminants with low water solu-

bility partition into the organic phase at much higher

concentrations than the aqueous phase, thus maintaining

their concentration in the cell-containing phase at sub-

inhibitory levels. The compounds are continuously deliv-

ered to the aqueous phase based on the metabolic demand

of the cells and the maintenance of thermodynamic equi-

librium between the two phases [2].

Such contaminants can include benzene which is rela-

tively insoluble at 1,600 mg/L, but is toxic to many cells at

a concentration of about 100 mg/L. Detoxification by

sequestration is one of the primary goals of using TPPBs

instead of conventional single-phase biodegradation pro-

cesses. In studies by Tomei et al. [3], 4-nitrophenol bio-

degradation was achieved in the TPPB employing polymer

beads, while no degradation occurred for the conventional

one-phase stirred tank bioreactor. In addition, in studies by

Littlejohns and Daugulis [4], polymers were able to buffer

large concentrations of benzene, toluene, ethylbenzene and

o-xylene (BTEX) in a solid–liquid TPPB and the polymer

beads accounted for 93, 91, and 70 % of the total BTEX

present in the working volume of the reactor.

In cell processes, if the mass transfer rate between the

phases is substantially higher than the microbial con-

sumption rate, the overall process rate is controlled by

microbial kinetics [5]. For optimal performance of biore-

actors, substrate delivery should be limited by microbial

consumption rate rather than by mass transfer. Although

several studies have investigated the potential of TPPBs in

overcoming the limitations of oxygen mass transfer in

biotransformations [6–11], relatively little attention has

been paid to investigations involving substrate/contaminant
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mass transfer. Moreover, most studies on substrate mass

transfer have focused on poorly soluble gaseous com-

pounds such as oxygen, hexane, a-pinene, and isopropyl-

benzene [5, 7, 12–16]. TPPBs have also been successful

in the controlled delivery of relatively water-soluble

substrates such as phenol [17, 18]. A systematic study of

the mass transfer of relatively water-soluble substrates in

TPPBs has not been previously undertaken. Cruickshank

et al. [19] presented a dynamic mechanistic model des-

cribing the mass transport of a water-soluble substrate,

phenol, using estimated mass transfer coefficients. In the

work presented herein, a systematic study involving

operational parameters such as rotational speed and non-

aqueous phase fraction are investigated to quantify the

effect of these operating variables on the magnitude of the

mass transfer coefficient.

Initial research on TPPBs employed low-viscosity organic

solvents as partitioning phases [20, 21]. Silicone oil has also

been used in TPPBs as the sequestering phase, since it is

biocompatible and non-biodegradable [22]. More recently

TPPBs have employed solid absorbents such as polymer

beads as the partitioning phase [5, 23]. In addition to being

biocompatible and non-biodegradable, polymer beads offer

operational advantages such as easier separation and

recovery [17] and much lower cost [24]. However, the use of

solid polymers may present a limitation to mass transport due

to low pollutant diffusivity and low interfacial area com-

pared to liquid organic solvents. The purpose of this study

was to systematically determine the mass transfer in a TPPB

using phenol and butyl acetate as model compounds, which

were chosen to represent relatively soluble substrates. The

mass transfer coefficient was evaluated as a function of

bioreactor operation conditions such as impeller speed and

sequestering phase fraction. 2-Undecanone, silicone oil at

two different viscosities and solid polymer beads (Hytrel

8206�) were separately employed in the TPPB. 2-Undeca-

none was chosen as a model for low-viscosity organic sol-

vents, which were initially used as partitioning phases in

TPPBs. Silicone oil was also employed to represent a high-

viscosity sequestering phase and has been used previously in

TPPBs [6, 9, 25]. In addition to these two model solvents,

solid polymer beads have also been used as the partitioning

phase in the TPPB, and substrate mass transfer was evaluated

using these model solvents and the solid polymer.

Materials and methods

Materials

Butyl acetate, phenol, 2-undecanone and silicone oil were

obtained from Sigma Aldrich (Oakville, ON, Canada).

Butyl acetate at a purity of C99 % had a density of

0.88 g/mL at 25 �C and a boiling point of 124–126 �C.

2-Undecanone had a density of 0.825 g/mL at 25 �C and a

boiling point of 231–232 �C. Silicone oil (dimethylpoly-

siloxane) was obtained at two viscosities (5 and 200 cSt

at 25 �C). HYTREL� 8206 beads (Dupont, ON, Canada)

were used as the solid phase. HYTREL� is a polyether

ester thermoplastic (PEEP) consisting of oval-shaped

beads, approximately 5.5-mm long and 3.5-mm wide. It

has a melting point of 180 �C, a glass transition tempera-

ture of -60 �C and a density of 1.17 g cm-3.

Analytical methods

The concentration of phenol was determined with the

4-aminoantipyrene method [26] which is effective at

detecting phenol to concentrations of 5 lg/L. Absorbance

was measured at 510 nm using an Ultraspec 3000 spec-

trophotometer and a calibration curve was employed to

detect phenol concentrations. The concentration of butyl

acetate was determined by high-performance liquid chro-

matography (HPLC) using UV/Vis at 200 nm and an

injection volume of 20 lL. The retention time of butyl

acetate was 5.3 min. The concentration was determined by

a predetermined area count calibration curve of analytical

standards.

Partition coefficients

Partition coefficients were determined for substrate and

sequestering phase selection as well as for the calculation

of the initial substrate aqueous phase concentration that is

required to yield a final sub-inhibitory concentration of

1,000 mg/L in the TPPB. The partition coefficient of

phenol in 2-undecanone and of phenol in silicone oil was

determined according to the procedure by Collins and

Daugulis [27]. The partition coefficient of phenol in sili-

cone oil was found to be nearly 0; silicone oil has virtually

no affinity for phenol and appears to be suitable only for

highly hydrophobic substrates; therefore, butyl acetate was

employed as a model substrate, since it has been shown to

partition into silicone oil [28]. The partition coefficient of

butyl acetate in silicone oil was also determined according

to the procedure by Collins and Daugulis [27]. The parti-

tion coefficient of phenol in HYTREL� and of butyl ace-

tate in HYTREL� was determined according to the

procedure by Prpich and Daugulis [2].

Model

The diffusion of a solute through a liquid film at a fixed

depth d, into an absorbing matrix (polymer bead) according

to the quasi-steady state model used to describe solute

transfer to an absorbing domain, is shown in Fig. 1 [29].
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The model describes the change in solute concentration

with time in the absorbing domain and assumes constant

solute concentration within this domain. The assumption is

valid for conditions where the solute flux through the dif-

fusion domain adjacent to the absorption domain is large

compared to the rate of change in boundary concentrations

[29]. The rate of change in solute concentration in the

absorbing polymer is given by:

dC

dt
¼ D

d
a CL � CLSð Þ ð1Þ

where D is the diffusion coefficient, CL is the substrate

concentration in the bulk liquid, CLS is the substrate con-

centration at liquid surface adjacent to the solid, and a is

the liquid–solid interfacial area per unit volume.

At the interface, equilibrium exists between the liquid

phase and the absorbing polymer where:

Q ¼ CLS

CPS

ð2Þ

where Q is the partitioning coefficient, and CPS is the

substrate concentration at the polymer surface.

Substitution of Eq. 2 into 1 yields:

dC

dt
¼ D

d
a CL � QCPSð Þ ð3Þ

dC

dt
¼ D

d
a CL � QCPð Þ ð4Þ

or

dC

dt
¼ Ka CL � QCPð Þ where K ¼ D

d
ð5Þ

Equation 5 can be expressed using equilibrium concen-

trations:

dC

dt
¼ Ka CL � C�L

� �
ð6Þ

Assuming Ka is constant with time, Eq. 6 can be

integrated between time t1and t2 to yield:

ln
CL2 � C�

CL1 � C�

� �
¼ Ka t2 � t1ð Þ ð7Þ

Ka can be determined from the slope of the line of

ln CL2�C�

CL1�C�

� �
versus t2 � t1ð Þ

Mixing in polymer-loaded systems

To investigate the effect of polymer mass fraction on

mixing in the TPPB, and its subsequent effect on the mass

transfer coefficient, tracer experiments were conducted

using 5-mL pulse injections of 99.7 % pure acetic acid

(Fisher Scientific, Nepean, Canada) added to the top of the

liquid phase of the TPPB. The working volume was 3 L of

tap water and 100, 200 and 300 g polymer beads were

employed separately. Triplicate reactor runs were con-

ducted for the three HYTREL� polymer loadings. The

change in pH with time was monitored with a data acqui-

sition system before and after the pulse injection of acetic

acid until a steady-state value of pH was attained.

The first-order-with-dead-time model is typically used to

predict the response of a CSTR to a step change in input [30]:

Y 0ðtÞ ¼ Kð1� e�ðt�hÞ=sÞ ð8Þ

where Y 0ðtÞ is the output response in deviation variables, s is

the time constant, and h is the time delay. The time constant is

a measure of the time required for complete mixing in the

CSTR and hence can be used to compare mixing time in

TPPBs employing different polymer mass fraction [30]. Time

constant values were obtained for the response in pH to the

pulse injection of acetic acid by using the EXCEL� SOLVER

function to minimize the square of the residuals between

experimental values and those predicted by the model.

Reactor operation

A New Brunswick Bioflo� III bioreactor with an internal

diameter of 17 cm, a working volume of 3 L, a single six-

blade Rushton turbine impeller of diameter 7.7 cm, four

baffles each with a width of 1.5 cm, operating at 30 �C,

was used to conduct all mass transfer experiments. The

substrate was loaded to the aqueous phase (RO water) and

mass transfer was evaluated from the aqueous to the

organic solvent/solid phase. The transfer of phenol from

RO water to 2-undeconone was achieved by using an

organic phase ratio of 25 % (750 mL of solvent) at

impeller speeds of 200 and 600 RPM. 10 mL samples were

collected from the reactor and allowed to phase separate for

δ

)( 1tPSC

)( 2tPSC

)( 1tPC

)( 2tPC
)( 2tLSC

)( 1tLSC

)( 2tLC

0

)( 1tLC

Fig. 1 Substrate transfer model from the aqueous phase to the

polymer
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1 min. Aqueous phase samples were aspirated and subse-

quently analyzed. The transfer of butyl acetate from RO

water to silicone oil was determined using silicone oil

viscosities of 5 and 200 cSt and 200 g of silicone oil at

400 RPM. Sampling was conducted with the same proce-

dure as that for the phenol in water/2-undecanone system.

The rate of substrate release from the polymer was inves-

tigated with phenol using RO water and 100 g HYTREL�

at 400 RPM, to confirm whether the mass transfer coeffi-

cient was equivalent to that obtained when the substrate is

absorbed by the polymer. The transfer of phenol from RO

water to phenol-free HYTREL� polymer beads was first

evaluated to determine the rate of phenol uptake by the

polymer. Following the uptake reactor run, phenol-loaded

polymer beads were sieved and towel dried. The phenol

release from the polymer was conducted by adding the

phenol-loaded polymer to the bioreactor and repeating the

experiment.

The effect of impeller speed on the mass transfer of

phenol between RO and HYTREL� was found at impeller

speeds of 200, 400, 600 and 800 RPM and 100 g

HYTREL�. In order to determine the effect of polymer

mass fraction on substrate mass transfer, 200 g HYTREL�

beads were also employed at the same initial phenol con-

centration as that used when 100 g polymer was used.

Additional reactor runs were also conducted to verify the

effect of polymer mass fraction on substrate mass transfer

using butyl acetate and employing 200 and 300 g

HYTREL� separately in the TPPB.

Results and discussion

Partition coefficients

The partition coefficient of phenol in 2-undecanone was

found to be 40.4, while it was nearly 0 in silicone oil. The

partition coefficient of butyl acetate in silicone oil was

found to be 27. The partition coefficient of phenol in

HYTREL� was found to be 43 [(mg phenol/g HYTREL�)/

(mg phenol/mL solution)] and for butyl acetate in

HYTREL� it was found to be 7.4 [(mg butyl acetate/g

HYTREL�)/(mg butyl acetate/mL solution)]. Compared to

silicone oil, HYTREL� was able to sequester a wider range

of substrates and this offers an operational flexibility

advantage to solid polymers as opposed to liquid organic

solvents such as silicone oil.

Mass transfer of phenol in 2-undecanone

The rate of mass transfer of phenol from the aqueous phase

to 2-undecanone occurred rapidly, and the aqueous phase

concentration reached equilibrium by the time the first

sample was taken at 30 s of reactor operation at 200 and

600 RPM. This demonstrates that in TPPBs operating with

dissolved substrates and with non-viscous organic liquids

as the partitioning phase, equilibrium is quickly attained.

These results also indicate the absence of external mass

transfer in the liquid film adjacent to the organic/aqueous

phase interface as well as the absence of internal mass

transfer within the organic layer. These findings also reveal

that for users of TPPB technology with liquid organic

solvents and with soluble substrates, mass transfer limita-

tions may be non-existent and optimization of the process

can be directed more toward consideration of microbial

growth limitations.

Mass transfer of butyl acetate in silicone oil

The mass transfer of butyl acetate from the aqueous phase

to silicone oil was also very rapid as the aqueous phase

concentration reached equilibrium within the first minute,

operating with silicone oil at 5 and 200 cSt. These results

indicate that in TPPBs operating with soluble substrates

and with silicone oil as the partitioning phase, equilibrium

is also reached quickly and the fermentation process would

not be limited by mass transfer. As observed with phenol

transfer in 2-undecanone, neither external mass transfer in

the liquid film adjacent to the organic/aqueous phase

interface nor internal mass transfer within the silicone oil

droplets (irrespective of viscosity) limits the overall mass

transfer at the reactor conditions herein.

In contrast to insoluble substrates [31], operating with

higher viscosity silicone oil did not affect mass transfer to

the partitioning phase. These findings are also important for

TPPB operation where high-viscosity sequestering phases

can be employed with soluble substrates with no mass

transfer limitation to the overall process rate. The overall

process rate may be limited by other biological factors that

could be optimized.

Mass transfer of phenol and butyl acetate

in polymer beads

Phenol mass transfer to and from polymer beads

Prior to a biodegradation process in a TPPB, either the

sequestering phase or the aqueous phase can be loaded with

substrate. The transfer of the substrate to/from the aqueous

phase occurs until equilibrium is attained. Equilibrium is

typically reached before the system is inoculated. In Fig. 2,

the rate of substrate uptake by HYTREL� is nearly

equivalent to the rate of substrate release. This was also

verified by the mass transfer coefficients determined in

Table 1. This finding is useful from an operational point of

view, where the mass transfer rate between the two phases
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is independent of which phase is being loaded with the

substrate.

Effect of impeller speed

Figure 3 shows the rate of uptake of phenol by HYTREL�

at different impeller speeds. Compared to liquid organic

solvents [31], mass transfer was not externally controlled

by the extent of mixing (i.e., RPM) in the aqueous phase,

but by substrate diffusion into the polymer. These findings

are significant for users of TPPBs with polymers where

mass transfer limitations must be considered for efficient

process operation. In slurry systems, the solid/liquid mass

transfer coefficient is affected by the degree of suspension

of the solids, where solids settling leads to a drop in the

mass transfer coefficient [32]. A minimum impeller speed

is required for complete suspension, beyond which the

solid/liquid mass transfer coefficient is marginally affected

by the impeller speed [32]. In Fig. 3, even at the lowest

operating impeller speed of 200 RPM, phenol uptake by

HYTREL� is not limited by external mass transfer. The

impeller speeds employed could be adequate to provide

complete suspension that all polymer beads are in direct

contact with the aqueous phase and hence no limitation to

external mass transfer occurs. As indicated in Table 1, the

mass transfer coefficient was unaffected by impeller speed

for phenol transfer to HYTREL� at 100 g of polymer

loading. Similarly, the mass transfer coefficient for 200 g

of HYTREL� loading is almost identical irrespective of

impeller speed. These results indicate that phenol mass

transfer to HYTREL� is not limited by external transfer,

but rather by internal diffusion of substrate within the

polymer, which could result in an overall mass transfer

limited TPPB. In contrast to insoluble substrates such as

anthracene [31], higher impeller speeds did not affect the

mass transfer rate of phenol to the polymer beads. These

findings have not been reported previously. The signifi-

cance of these results is that the cost of TPPB operation can

be minimized by operating at lower impeller speeds with

lower energy requirements.
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Table 1 Mass transfer

coefficients of phenol and butyl

acetate in water/HYTREL�

TPPBs

Substrate HYTREL�

loading (g)

Impeller

speed (RPM)

Ka (min-1)

± 0.0004

a (m2/m3) K (9104 m

min-1)

Phenol 100 200 0.0158 63 2.51

100 400 0.0169 63 2.68

100 600 0.0159 63 2.52

100 800 0.0169 63 2.68

200 400 0.0225 126 1.79

200 800 0.023 126 1.83

Phenol uptake 100 400 0.0165 63 2.62

Phenol release 100 400 0.0156 63 2.48

Butyl acetate 200 400 0.0165 126 1.31

300 400 0.0192 189 1.02
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Effect of polymer beads mass fraction

The effect of polymer mass fraction on the uptake of

phenol in HYTREL� is depicted in Fig. 4, which shows

that compared to a HYTREL� loading of 100 g, the rate of

uptake of phenol by HYTREL� is greater for the 200 g of

HYTREL� due to the additional surface area available for

mass transfer due to the presence of more polymer beads.

This effect was also observed in the increase in Ka when

200 g compared with 100 g of HYTREL� beads were

employed (Table 1). However, the value of the mass

transfer coefficient K was lower by 30 % when 200 g

HYTREL� beads were used compared to that obtained

when 100 g beads were used (Table 1). As the polymer

mass fraction increases, the presence of additional beads

could affect mixing in the TPPB and hinder the convective

transfer of the substrate in the aqueous phase to the surface

of the beads. A similar effect of polymer mass fraction on

the substrate rate of uptake by HYTREL� and on Ka and K

was obtained when butyl acetate was employed (Fig. 5;

Table 1). The value of Ka increased due to the additional

surface area available for mass transfer, but the value of K

dropped by 22 % when 300 g of HYTREL� beads were

used compared to that obtained when 200 g HYTREL�

beads were used. Joosten et al. [33] determined the change

in the gas–liquid mass transfer coefficient kLa as a function

of solids (glass, polypropylene and sugar particles) content.

At low solids concentrations, kLa increases to a small

extent, however, as more solids are added the value

remains constant at first, and then starts declining.

According to Mills et al. [34], inert solids can decrease kL

by creating a diffusion blocking effect at higher solids

concentration. It is likely that HYTREL� could have

contributed to a hindering effect to convective mass

transfer similar to that observed by Mills et al. [34] leading

to a decrease in K with increased mass fraction of polymer

beads.

Mixing in polymer-loaded systems

To investigate further the potential hindering effect to

convective mass transfer observed with higher mass frac-

tion of polymer beads, mixing in the TPPB was studied

by conducting tracer studies and observing the reactor

response. The response of the TPPB to a step change in pH

and the model fit of the experimental data to the first-order-

with-dead-time model are depicted in Fig. 6. Time constant

values were obtained for all reactor runs with 100, 200, and

300 g polymer loadings and are given in Table 2. An

unpaired student’s t test was conducted to determine

whether the mean values of the time constants obtained

from the model fits for data obtained with different poly-

mer loadings are significantly different. The mean value of

the time constant obtained for the 100 g reactor runs was
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significantly less than that obtained for the 200 g and the

300 g reactor runs (unpaired t test, p \ 0.05). Significant

difference between the mean values of the time constant

was also obtained for experiments employing 200 and

300 g polymer loadings (unpaired t test, p \ 0.05). The

time constant is a measure of how fast the system responds

to the step change and is a measure of the degree of mixing

in the TPPB [35]. With higher mass fraction of polymer,

higher time constants were obtained. The presence of more

polymer beads could have altered mixing in the reactor

hindering convective mass transfer of the substrate to the

bead surface leading to a decrease in K. These findings

indicate that when operating with solid polymer beads with

high volume fraction in the TPPB, mixing can be reduced

and this limitation must be considered in optimizing the

overall process.

Future work will focus on the understanding of the

limitations to internal mass transfer within the polymer.

Polymer beads with different sizes (i.e., diffusional path

lengths) and with different diffusivities will be used in the

TPPB, and mass transfer of the substrate will be investi-

gated. Such an attempt would provide a deeper under-

standing of the mechanisms of mass transfer involved and

allow for more suitable polymer selection.

Conclusions

The mass transfer of phenol in water/2-undecanone and of

butyl acetate in water/silicone oil TPPB system was found

to occur rapidly. The significance of these results is that for

TPPB process optimization, mass transfer limitations are

non-existent when low- and high-viscosity solvents are

used as sequestering phases and when soluble substrates

are employed. In contrast to insoluble substrates, mass

transfer of phenol to the solid polymer beads was unaf-

fected by impeller speed. These findings are important for

reducing the operating cost of the TPPB by using lower

impeller speeds with lower energy requirements. Substrate

transfer of phenol and butyl acetate to the polymer surface

was found to be limited by internal diffusion in the polymer

and this limitation must be considered in optimizing the

overall TPPB process rate. Using higher polymer mass

fraction led to an increase in the available area for mass

transfer; however, mixing in the reactor was reduced.

These results are important in predicting the overall mass

transfer rate which is critical in optimizing the overall

process rate of the TPPB.
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