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ABSTRACT

The effect of moisture content of biocatalyst on the performance of a gas phase continuous
bioreactor was investigated along with study on the mass transfer limitation. The biocatalysts whose
moisture contents are 46.2% and 37.2%, respectively were prepared by immobilization of alcohol oxi-
dase on Amberlite IRA-400, following by slow dehydration method, and packed into a column. Relative
production rate (RPR), acetaldehyde composition (X;) and conversion (X) of biocatalysts (37.2%)
are better than those of biocatalysts (46.2%), and it was considered that these are attributed to the

mass transfer enhancement in the gas phase compared with the agueous phase.

INTRODUCTION

Since the discovery that enzyme in the dry
state can react on gaseous materials (1), it has
been known that enzymes require a small amount
of moisture to be active catalytically (2), It 1s
known that enzymatic reaction rate in the gas
phase depends on water activity (3) or there ex-
ists an optimum total/bound water content for
the immobilized enzyme reaction in the organic
phase (4). Although a few articles on the gas
phase enzymatic reaction were published since
1969 (5, 6), it appears that only one research
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group (7, 8) ran the continuous bioreacctor in
the gas phase using immobilized enzyme. Howev-
er, they did not investigate further the effect of
variables on the performance of a continuous
bioreactor. Recently, the effect of water activity
of enzyme powder on the performance of a gas
phase continuous bioreactor was reported by the
same group (9). However, this enzyme powder is
not suitable for the fixed bed reactor because en-
zyme powders cause problems as packing materi-
als. Furthermore, the biocatalyst lost its activity
during the dehydration process (10) and this
result was confirmed by our study (11). In order
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to overcome the difficulties arising when prepar-
ing the biocatalyst (10, 11), we developed a new
biocatalyst; alcohol oxidase enzymes which are
immobilized on Amberlite IRA-400 (spherical
bead) and investigated the variable effects; tem-
perature, flow rate of gaseous stream and ethanol
vapor concentration (12) on the performance of
a continuous bioreactor in the gas phase. This bio-
catalyst offered a new chapter of biocatalysis on
gaseous materials and did make it possible to
scale up a fixed bed reactor.

In this paper, we report the effect of the mois-
ture content of biocatalyst on the performance of
a gas phase continuous bioreactor.

REACTION KINETICS

The stoichiometry of the reaction from ethanol
to acetaldehyde 1s as follows :

Alcohol Oxidase
C:H:0H(g) +0.(g) > CH,CHO(g) +H:0:(g)

In this study, we used new terminologies : com-
position of product and relative production rate
(RPR). The composition of product, acetaldehyde
Xp 1s expressed as follows :

where RPR 1s
RPR=

continuous production rate [ 4 mol/min + mg enzyme |

batch production rate [ x mol/min - mg enzyme |
The derivations and the reasons why these are
used are well explained elsewhere (12).

MATERIALS AND METHODS

Materials

Alcohol oxidase (E. C. 1.1.2.13 : initial activity
=20 to 30 U/mg) and Amberlite IRA-400 were
purchased from Sigma Chemical Co. (St. Louis,
MO). Ethanol was purchased from Florida Distill-
ers Company. All other chemicals were of rea-
gent grade and obtained from Fisher Scientific.

Korean J. Biotechnol. Bioeng.

Preparation of Biocatalyst

Five mL of sodium phosphate buffer solution
(pH 7.5, 0.001M) containing 2mg/m! of alcohol
oxidase was added to two grams of Amberlite in
a plastic bottle and shaken at 150 rpm by a
vibrax (Model VXR S-1, Janke & Kunkel GmbH
u. CoKG) for 3 hours at room temperature. The
mixture was gravity filtered using Whatman fil-
ter paper (No. 4), the treated support was dried
for 5 hours in a dessicator at room temperature,
and its moisture content was adjusted to constant
slowly using a saturated sodium chloride solution.
The filtrate was diluted and its absorbance was
measured spectrophotometrically by a B & L
Spectronic 2000 at 280 nm and its alcohol oxi-
dase concentration was determined. The amount
of immobilized alcohol oxidase was determined
from that of alcohol oxidase in filtrate subtracted
from the total alcohol oxidase.

Moisture Content Studies

The prepared biocatalysts were placed in a col-
umn (i.d. X L=0.9cm X 15¢m ; Spectrum). The gas-
eous reactant flow rates were controlled using
metering valves connected to air cylinder lines.
Each air stream was mixed with ethanol and
water vapors and these streams were mixed to-
gether in the mixing chamber. Reaction was initi-
ated by introducing the ethanol/air stream to the
bioreactor. At 15minute intervals, a sample of the
outlet stream gas (1004 ¢ ) was withdrawn and
gas composition was determined chromatograph-
ically using a Perkin-Elmer Model 3920 Gas
Chromatograph equipped with a Hewlett-Packard
Model 3393A integrator. Continuous production
rates were calculated by multiplying acetaldehyde
concentration by flow rates of gaseous stream.
Relative humidity and gas flow rate at the outlet
were also measured using a thermohygrometer
(Model 330960, Cole-Parmer) and a digital flow
meter (Optiflow 520, Humonics), respectively. Its
configurations are shown in Fig. 1.
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Fig 1. Flow diagram of continuous flow biocata—
lytic reactor.

In order to calculate the batch production rate
(biocatalyst activity), approximately 0.03g of bio-
catalyst was placed in a 4-dram vial (15ml) and
shaken at 1,000 rpm by the vibrax. Their activi—
ties were measured by introducing ethanol vapor—
containing air to vials. At designated intervals,
10024 of headspace gas was withdrawn and gas
composition was determined chromatographically.
From the acetaldehyde concentration against re-
action time, the reaction rate was determined,
and three experiments were repeated to calculate
the average batch production rate.

RESULTS AND DISCUSSION

Moisture Content Effects
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Biocatalyst (immobilized enzyme powder)
activity in a batch bioreactor depends on its
water activity (equilibrium relative humidity)
showing maximum at 0.75 water activity (3) or
there 1s an optimum moisture content of immobi-
lized enzyme powder with respect to the reaction
rate in an organic solvent (4). Water activity 1s
defined as the ratio of the vapor pressure of
water in the sample to that of pure water at the
same temperature. In practice, it is very difficult
to measure water activity without losing the sam-
ple prepared. When there i1s not enough sample,
moisture is lost from sample to the surrounding
air in the chamber where the electrode of humidi-
ty meter (hygrometer) is inserted. This is equal
to “drying process” of sample and causes the
greatest error in measurement. This phenomenon
led us to employ an indirect method to measure
the moisture content of biocatalysts.

Instead of measuring the equilibrium relative
humidity (water activity), we used the weight
difference method before and after treatment. Be-
cause the dehydrated enzyme loses its activity
(10, 11) when exposed to direct oxygen tension
in air, a new method for preparing biocatalyst
was designed and developed in this study instead
of using the method adopted by Barzana et al.
(3). In order to prevent the biocatalyst from los-
Ing its activity by the drying process, alcohol
oxidases were immobilized on Amberlite, were
partially dehydrated instead of complete dehydra-
tion and their moisture content was adjusted
slowly and held constant.

Two kinds of biocatalysts with different mois-
ture content, 46.2% and 37.2%, were prepared.
The first ones (46.2% ) were wet, unrollable and
were very difficult to be packed into the column
which was used as a fixed bed bioreactor. The
content of moisture filling the pores of Amberlite
is known to be about 46.0% of total weight by
Sigma Chemical Co.. So the pores of biocatalysts
of high moisture content (46.2%) were consid-
ered to be filled with water fully (aqueous
phase). It was considered that ethanol vapor and
oxygen molecules diffuse from the bulk gas phase
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to the biocatalyst surface and contact with alco-
hol oxidase in the aqueous phase. Thus, most re-
action occurs in the aqueous phase. Most acetal-
dehyde molecules move through aqueous phase
and diffuse into the gas phase while a few diffuse
into the gas phase directly. Hence it was consid-
ered that there is mass transfer limitation com-
pared with the gas phase reaction.

The second ones (37.2% moisture) were
rollable as beads and seemed to be dry to the
touch and visual inspection. In the case where bio-
catalysts have 37.2% moisture content, pores in-
side biocatalysts were partially filled with water
and 1t was considered that there 1s less water at
outlayer of biocatalyst pellet compared with the
inside because of slow dehydration. This provides
the biocatalyst (immobilized alcohol oxidase)
with less water compared with the former case
(46.2% moisture content). In immobilization step,
dynamic contacting method (agitation) was used,
thus most alcohol oxidases were immobilized near
the outlayer of biocatalyst pellets (13). Unlike aqg-
ueous phase diffusion, ethanol vapor molecules
and oxygen molecules diffuse through the pores
of biocatalyst from the bulk gas phase, bind with
alcohol oxidase molecules, acetaldehyde and
hydrogen peroxide molecules are produced in the
gas phase, and diffuse into the bulk gas phase.
When the biocatalysts contain less water, either
reactants or products diffuse mostly in the gas
phase. This enhancement of mass transfer rate
makes the system produce more acetaldehyde.

In this study, volumetric flow rate was 5.18ml/
min for biocatalyst of 46.2% moisture content
and 5.08 ml/min for biocatalyst of 37.2% mois-
ture content and temperature was 35°C. This
minor difference in flow rates had no effect on
the performance of a continuous bioreactor. The
relative humidity of inlet gas stream was con-
trolled at 40% to 50% and, from the results, it
was known that the relative humidity effect of re-
actant on the performance was very limited.

The results are shown in Fig. 2—-4. In RPR (rel-
ative production rate) profile, the biocatalysts of
46.2% moisture content produce less acetadehyde
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Fig 2. Continuous relative produciton rate as a
function of reaction time:Run 1=moisture
content 46.2% at 35°C and 5.18 ml/min, Run
2 = moisture content 372% at 35°C and

508ml/min.
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Fig, 3. Continuous relative conversion as a function
of reaction time:Run 1=moisture content
46.2% at 35°C and 5.18 ml/min, Run 2=mois-
ture content 372% at 35°C and 5.08ml/min.

compared with those of lower moisture content
(37.2%). This phenomenon is the same either in
the case of acetaldehyde composition X or con-
version X. In all cases, these average maximum
values obtained with high moisture content (46.2
%) biocatalysts are about one-half of those ob-
tained with low moisture content biocatalysts
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Fig. 4. Continuous acetaldehyde composition as a
function of reaction time:Run 1=moisture
content 462% at 35°C and 5.18 ml/min, Run
2 = moisture content 372% at 35C and
5.08ml/min.

Table 1. Average maximum RPR, Xr and X by dif-
ferent moisture content of biocatalyst.

Moisture
Contnt % ] RPR X X
00 0.0 0.0 0.0
37.2 0.299 0.567 0.081
46.2 0.163 0.276 0.032

(37.2%). In a continuous bioreactor, ethanol and
oxygen concentration on the biocatalyst surface
of lower moisture content (37.2% ) are higher be-
cause of higher mass transfer rate compared with
those on the biocatalyst surface, which have
higher moisture content (46.2% ). This leads to a
higher acetaldehyde production as shown in Table
1. Based on this result, in other cases where the
effects of temperature, flow rate of gaseous reac-
tants, ethanol vapor concentration are investigat-
ed, this moisture content (37.2%) was used in
order to prepare the biocatalyst (12).

Toxicity of Hydrogen Peroxide on the Gas

Phase Reaction

In a continuous bioreactor, the acetaldehyde
molecules are swept by gas flow continuously
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Fig 5. Relative activity of biocatalyst (alcohol oxi-
dase on Amberlite) as a function of storage
time at room temperature.

and their build up in the bulk gas phase are un-
likely. This prolongs the operations of the
bioreactor. Hence, the decrease of acetaldehyde
production rate within a few hours was attribut-
ed to the decrease of biocatalyst activity by
hydrogen peroxide, one of products (6) consider-
ing that the biocatalyst half life without reaction
is 5 days (Fig. 5). Hydrogen peroxide has a high
boiling point, 158°C. Thus, the hydrogen peroxide
is considered to stay inside the biocatalyst parti-
cle, and this would eventually lead to a hydrogen
peroxide build—up resulting in the deactivation of
the biocatalyst.

In the future study, it is suggested that chemi-
cal functional group which has the capabilities to
decompose hydrogen peroxide into water and oxy-
gen should be tried and attached to the surface of
the support materials, thus creating a lot of
active sites next to alcohol oxidase and enabling
hydrogen peroxide molecules to be decomposed
without deactivation of biocatalyst. In example,
the use of support materials with hydrogen perox-
ide decomposing materials like TiO, or MnO, or
supplementation with inorganic catalysts like
platinum is suggested by Barzana (14). In the
case of using whole cells (15), the operation peri-
od was more than 30 days. This longevity of bio—
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Table 2. Parameters used in the calculation of the

observable modulus.
Parameters Values
Cas 0013X107°  [M]
Dr 0.048 [cm]
Ds 0117 [en/sec]
Ke/K. 1
\% 1.27X107° [M/min]
& 0.506
T 4

catalyst was considered due to catalase in
peroxisomes of whole cells, thus suggesting the
use of catalase.

Internal Mass Transfer Limitation

Based on the above results, internal and exter-
nal mass transfer limitations were investigated.
Assuming that the reactant concentration at the
external surface of the biocatalyst pellet is equal
to the reactant concentration of the bulk gas
phase, the observable modulus was calculated in
order to Investigate whether there is internal
mass transfer limitation or not.

For 0th order irreversible reaction (16), the ob-
servable modulus is

o V(Ve/Ary
2De CAs
where D, is

Kp

K.

The data used In this calculation are shown in
Table 2.

The calculated value of observable modulus
was in the order of 107 which is 5 order of mag-
nitude less than the criterion of 0.3 for internal
mass transfer limitation (17). Thus, this indicates
that there is no internal mass transfer limitation
In the gas phase.

3
De = DSO7P-‘

External Mass Transfer Limitation

In order to investigate the external mass trans-
fer Lmitation on the reaction rate in the gas
phase, a batch bioreactor (volume=15ml) was
shaken by increasing rpm of a vibrax in order to
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Fig 6. Reaction rates of biocatalyst (alcohol oxi-
dase on Amberlite) as a function of rpm (rev-
olution per minute).

increase the mixing extent. The reaction rates of
ethanol oxidation in the gas phase were shown as
a function of a vibrax’s rpm (revolution per min-
ute) (Fig. 6). It showed that there is no effect of
rpm on the reaction rate suggesting no external
mass transfer limitation above 1,000 rpm. The de-
crease in reaction rate at higher rpm might be at-
tributed to the severe relative motion of biocata-
lyst particles which causes partial enzyme loss by
particle-particle abrasion. Although the effect of
flow rates (superficial velocity) on the perform-
ance of a continuous bioreactor was investigated
under the different residence time (12), it is sug-
gested that the effect of flow rates on the per-
formance of a continuous bioreactor should be in-
vestigated under the same residence time in order
to investigate the external mass transfer limita-
tion of a continuous bioreactor
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NOMENCLATURE

Ap  surface area of biocatalyst; 47Dp cni]
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Ca : ethanol concentration [ x mol/ml]

Ca, . ethanol concentration at the surface of
biocatalyst [ ¢ mol/ml]

Ce : acetaldehyde concentration [ x mol/ml]

D, : effective diffusivity of ethanol vapor in air
[cm/sec]

D, : diffusivity of ethanol vapor in air
[cni/sec]

D, : particle size [cm ]

K, : equilibrium partition coefficient

K. : reduction factor of restricted diffusion

V  :reaction velocity [M/min ]

Ve : volume of biocatalyst particle; (r/6)Ds?
[cn®]

X reaction conversion

Xp . acetaldehyde composition

& . porosity

T . tortuosity factor

@ . observable modulus

2 o
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