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Continuous immobilized cell reactor for amide hydrolysis
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SUMMARY

This article deals with continuous hydrolysis of acrylamide into acrylic acid using the wild-type Brevi-
bacterium sp. R312 which can hydrolyze all water-soluble amides into their corresponding acids. Biotrans-
formation has been carried out in a fluidized bed reactor specially designed to obtain good contact conditions
between cells entrapped into small calcium alginate beads (2-3 mm) and low-concentration acrylamide so-
lutions (1040 g - 171). Different flow rates, biocatalyst loads and substrate concentrations have been inves-
tigated. Kinetic constants for the immobilized enzyme have been identified. It appears that the Michaelis
constant does not change with operating conditions and remains roughly equal to the value obtained for free
cells. In contrast, the maximum rate of hydrolysis is considerably decreased, as if only cells on the outskirts
of beads were involved in the transformation. On the whole it is proved that corynebacteria cells could be
usefully used for the bioconversion of amides in a continuous immobilized cell reactor; the higher the solid
hold-up and/or the smaller the beads, the more efficient the biological transformation.

INTRODUCTION

Nowadays, nitriles are widely used in organic
synthesis to produce chemical compounds such as
amides and organic acids, that are of the greatest
importance in industry in the manufacture of plas-
tics, synthetic rubbers and fibers, insecticides, etc.
However, conversion of nitriles in the traditional
‘chemical’ way presents several disadvantages:

— heating-energy consumption is high;
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~— reactions proceed in either strongly acid or basic
media;

— by-product formation (with toxic substances
such as H-C=N) is important.

The newly investigated ‘biological’ procedure in
which microorganisms are used as the catalyst is
more attractive because pH and temperature con-
ditions are less severe, and because very pure prod-
ucts are formed. However, the use of efficient mi-
crobes is necessary.

Just a few microbial strains are able to hydrolyze
nitriles, such as Arthrobacter sp. J1 [5,6] and Bre-
vibacterium sp. R312 [1-3]. The second one pos-
sesses two enzymes to perform conversion: a nitri-
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le-hydratase to transform nitriles into amides
[4,10,12,40], and an amidase to transform amides
into organic acids [24,28-30,37-39]. Other micro-
bial amidases do exist, the activity and the biosyn-
thesis of which have been investigated in several
works, especially amidases from Pseudomonas sp.
[8,13-16] and Aspergillus nidulans [19-23]. Amidase
from Brevibacterium sp. R 312 has the advantage
over the others of both being associated with a ni-
trile-hydratase and owning a wide substrate spec-
trum.

The present work more particularly examines
the feasibility of biological dmide hydrolysis in a
continuous manner using amidase from Brevibac-
terium sp. R312. Acrylamide was tested as sub-
strate. It is worth recalling that this compound may
be obtained by either chemical [31] or biological
[7,9,17,18,26,33,41-44] hydration of acrylonitrile.
Reactions were carried out in a newly patented
three-phase fluidized bed apparatus, the so-called
‘High Compacting Multiphasic Reactor’ (HCMR)
[35].

CELL PRODUCTION

Bacterial strain
As already mentioned, the strain used was the
wild-type Brevibacterium sp. R 312 [1-3].

Culture conditions

The basal minimum medium used for growing
the Brevibacterium sp. R 312 strain had the follow-
ing composition (g17!): KH;PO., 1.20;
Na,HPO,-12H,0, 1.95; K,;HPO,, 0.98; CaCl,,
0.012; ZnCl,, 0.0012; FeSOy4, 0.0012; MnSOy,
0.0012. This medium was sterilized by autoclaving
at 110°C for 35 min. A MgSO,4-7 H,0 solution and
a thiamine hydrochloride solution were sterilized by
membrane filtration (Millipore 0.45 um) and added
to the basal minimum medium at final concentra-
tions of 0.5 g-17* and 0.002 g-1 1, respectively. Glu-
cose was used as carbon source at a final concen-
tration of 10 g1 1. Nitrogen was provided by add-
ing ammonium sulfate to 5 g17 ! final concentra-
tion. Since the amidase from the Brevibacterium sp.

R 312 wild type is inducible [24,30,37], N-methyl-
acetamide was added as inducer into the medium
to 50 mM final concentration.

Cultivation was performed using a Biolafite fer-
mentor with a 15-1 volume flask. Temperature was
set to 28°C; pH was regulated at 7.0; agitation was
set at 500 rpm. The medium was inoculated with
1500 ml of a preculture grown in an Erlenmeyer
flask containing the same medium. Aeration was
performed by bubbling filtered air into the vessel.
Cells were harvested during the log phase and froz-
en until used.

Counting of cells

Cells in suspension were counted using the ne-
phelometry technique. Turbidity of solutions was
measured with a Klett-Summerson colorimeter
equipped with a blue filter (400-450 nm). A linear
relationship was established between optical den-
sity and number of cells as follows: a suspension
with 570-10° cellssml™ 1! gives a 1.3 O.D. reading (or
650 Klett units).

APPARATUS AND METHODS

Cell immobilization

According to Miller and Knowles [32], diffusion
of molecules (substrate or product) through the cel-
lular membrane of Brevibacterium sp. is easy and
does not constitute a limiting step for hydrolysis.
For that reason, and in an attempt to simplify op-
erating conditions, entire cells that may be viewed
as ‘bags of enzymes’ were preferred to partially pur-
ified amidase.

To reduce catalyst losses by fluid transport, cells
were immobilized following the method described
by Svensson and Ottensen [36]. Microorganisms
were first mixed with a solution of alginic acid (final
concentration: 30 g-171) at pH 7.0. Then, this sus-
pension was dripped from a capillary tube into an
excess of 0.1 M calcium chloride. Small beads with
a size mainly dependent on tube diameter were ob-
tained, left to harden for at least 1 h, and finally,
washed with saline (NaCl, 9 g1 1).
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Fig. 1. Reactor set-up.

Pilot plant

To study immobilized amidase under continu-
ous reactor operating conditions, a pilot plant was
set up as shown in Fig. 1.

Basically, the HCMR [35] is a fluidized bed re-
actor which ensures a smooth and tight contact be-
tween liquid and solid phases, i.e., acrylamide so-
lution and cell-supporting particles, thanks to a
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Fig. 2. Scheme of the fluidized bed reactor (HCMR).
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specially designed gas distributor. The HCMR is
characterized by the original configuration of its
bottom plate built up from two components (Fig.
2): '
— a horizontal grid uniformly distributing the gas
so that a local upward particle transport is induced;
— an inclined deflector which brings back the solid
phase towards the bubbling zone.
A whirling movement of the solid phase and of the
dragged liquid is therefore promoted around a hori-
zontal axis, setting up a real vortex. In addition, a
low-amplitude and high-frequency movement of
particles is superimposed on the overall motion.
The HCMR is specially designed to operate in those
cases where traditional fluidization appears: to be
inefficient: particles with sticky surfaces or flat-
shaped particles, liquid and solid phases with nearly
equal densities, etc.

A previous work [34] mainly concerned with the
HCMR hydrodynamics has shown that:
- by analogy with traditional fluidization, a mini-
mum gas velocity may be defined at which the
whirling movement is set up, its value depending on
particle shape and solid hold-up;
— gas hold-up is lower than in a traditional flui-
dized bed;
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— liquid phase is perfectly mixed;

— solid hold-up may be as high as 50% (v/v);

— particles are not uniformly distributed through

the reactor, but for aqueous solutions close to a 1

c.p. viscosity, segregation tendencies become sig-

nificant if the density difference between liquid and

solid increases beyond 10%;

— energy consumption for aeration is negligible.
In this work, acrylamide solutions, alginate

beads and air were, respectively, the liquid, solid

and gas phases.

Analytical methods

Enzyme activity as well as amide concentration
were measured by the GLC technique previously
presented by Jallageas et al. [25] and Bui et al. [11].

Working conditions

At the beginning of each run, the reactor was
loaded with catalyst beads and then filled up with
buffered acrylamide solution (0.02 M Tris-HCI, pH
7.0) in such a way that the total hold-up was equal
to 0.9 1. Then, aeration was started, as well as liquid
pumping. Gas velocity was chosen so that good
whirling conditions prevailed. For various liquid
flow rates, @, conversion yield at steady-state,
(Ci—C,)/C;, was evaluated by measuring outlet
amide concentration, Cy. '

From time to time, solid particles were replaced
to prevent a decrease in whole enzyme activity due
to swelling of beads and the resulting cell losses.

Several sets of experiments were performed at
20°C, changing inlet amide concentration, C;, bead
diameter, d, immobilized cell content, m (wet weight
with nearly 15% dry matter), and solid hold-up, V..

Equations

On the assumption that perfect mixing condi-
tions are obtained in the reactor and that diffusion-
al effects are negligible, a simple mass balance leads
to the following equation:

Ci—C,

r(Co) @

T =

with 7, the space-time, defined as the ratio of liquid

hold-up, V1, to volumetric feed rate, Q, and r (C,)
the rate of disappearance of acrylamide, which may
be written:

Tmax * Co
F(Cy) = Xt C @

according to a Michaelis-Menten model. X is or-
dinarily referred to as the Michaelis constant, while
Fmax 15 the maximum reaction rate that linearly var-
ies as a function of ‘useful’ enzyme concentration.
Inserting the Michaelis-Menten equation into
the mixed flow performance equation gives [27]:

GG ®E+C)
Fmax * Co

3

On rearrangement, we find an equation which al-
lows a direct evaluation of ., and K (Fig. 3):

Coz_K+rmax‘

c_C. @

RESULTS AND DISCUSSION

Results are reported in Table 1 and in Figs. 4-
9, with the kinetic constant values for immobilized
cells, 7ax and K, determined by regression analysis
in Fig. 5, 7 and 9. For comparison purposes, free
cell characteristics under homogeneous conditions,
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Fig. 3. Graphical determination of ry.y and K.



Table 1

Kinetic constant values
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Results G d Vs Vo 0m e P max 10K 100K Fmax " max
from m Ymax
Fig. @™ @m ® (O (@ (molh LY (mol1 %) (molh™*.g™1)
4 10 3 028 062 15 018 3.25 14.2 10-160  0.13 18
20
10
20
6 30 2 034 05 25 034 430 14.2 10-16.0  0.10 13
40
8 10 2 034 056 32 044 5.50 14.2 10-160  0.10 13
10 2 042 048 40  0.60 8.00 14.2 10-160  0.10 13

which are the same as those for partially purified
amidase, have also been indicated (Table 1).
From Figs. 5 and 7, where (C,, 1C,/(C;—C,))
coordinates have been adopted, it is clear that data
points obtained with a given catalyst load at var-
ious liquid flow rates, and inlet substrate concen-
trations less than 30 g1 *, easily fit a straight line.
This tends to indicate that estimated 7., and K val-
ues are intrinsic kinetic constants instead of appar-
ent values, in agreement with the hypothesis on neg-
ligible diffusional effects. At low space times, 7, and

(%)
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Fig. 4. Bioconversion yield as a function of volumetric feed rate.
@ C=10gl"x,C=20gl",d=3mm,m= 15g, Vs
= 0281, ¥V, =0621

higher inlet concentrations, C;, the observed devia-
tion is certainly due to increased viscosity that re-
sults in worse mixing conditions and reduced re-
action yields.
It is also worth noting from Table 1 that:

— amidasic activity of Brevibacterium is high
(around 107 * mol-h *.g™! for free cells) and just
slightly depends on harvest; obviously, cells pre-
pared for the initial experiments (Fig. 4) had nearly
the same enzyme content as the ones grown. later
(Figs. 6 and 8);
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Fig. 5. Graphical determination of kinetic constants for the
working conditions of Fig. 4.
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— the Michaelis constant for immobilized cells does
not change with operating conditions; it is not sig-
nificantly different from the one found for free cells:
K=14-10"% moll™! against K° = 10-1073~
16.1073 mol1™! (Table 1). This result is logical,
considering that diffusional effects are negligible;
— whatever the case, rp,, s far less than r°,,; more-
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Fig. 7. Graphical determination of kinetic constants for the
working conditions of Fig. 6.
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Fig. 8. Bioconversion yield as a function of volumetric feed rate
(Ci=10gl). @ d=3mm, Vg =0281, V. =0621 m
=15gx,d=2mm, Vs =0341, V. =056, m=25g; N,
d=2mm, Vs=0341L V., =056, m=32¢g A, d=2mm,
Vs=0421, ¥V, = 0481, m =40 g

over, it appears that 7° .y /Fmax values decrease with
d, suggesting that only cells on the outskirts of
beads actually are active. Supposing that cells are
homogeneously distributed within the gel, the ac-
tive layer thickness has been estimated; for 2- and
3-mm beads, it has been found to be equal to 30
um: as a comparison, it may be kept in mind that
Brevibacterium cells are rods between 4 and 9 ym
in length and almost 1 ym in diameter.
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Fig. 9. Graphical determination of kinetic constants for the m
= 32 gand m = 40 g working conditions of Fig. 8.



Finally, with regard to industrial applications,
several salient features are also to be underlined and
commented upon:

— the HCMR is very efficient for treating solutions
of low concentration; it allows a quick and com-
plete conversion of large volumes in small-size ap-
paratuses and at low expense; problems ordinarily
encountered in fixed bed units disappear: poor con-
tact of phases due to bad percolation of liquid
through solids, clogging which appears in the long
run as a consequence of swelling of grains, high en-
ergy demands for pumping solutions, etc;

— the reactor performance is improved by increas-
ing solid hold-up and/or decreasing particle size
(Fig. 8), but it becomes worse when concentration
is increased (Figs. 4 and 6) because of a deteriora-
tion in mixing conditions due to higher viscosity; in
the latter case, it is reasonable to think that results
could be improved by increasing particle density;
— in the long run, cell losses take place as a conse-
quence of swelling of alginate beads; this phenom-
enon becomes more critical as acrylamide solutions
are more concentrated.

CONCLUSIONS

This work clearly shows that the use of im-
mobilized cells of Brevibacterium sp. R312 in a
fluidized bed reactor (HCMR) continuously fed
with low-concentration solutions is a very promis-
ing way of performing biological hydrolysis of
amides into organic acids.

With the help of a simple graphical method, ki-
netic constant values for catalysts may be reached.
From the ones here obtained, it can be concluded
that inclusion does not modify basic enzyme attack
mechanisms. From a fundamental viewpoint, this
result constitutes a new argument in support of the
idea that using corynebacteria for metabolite pro-
duction in modern fermentation processes is par-
ticularly interesting. Indeed, corynebacteria cells
may be viewed as ‘bags’ that prevent enzyme loss
without introducing diffusional product limita-
tions. In this case, with regard to practical devel-
opments, purification of enzymes appears to be use-
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less, which induces reduced cost and simplified
operation.
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