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Research Article

A continuous single organic phase process
for the lipase catalyzed synthesis of peroxy
acids increases productivity

The design of an optimal process is particularly crucial when the reactants deactivate
the biocatalyst. The reaction cascades of the chemo-enzymatic epoxidation where
the intermediate peroxy acid is produced by an enzyme are still limited by enzyme
inhibition and deactivation by hydrogen peroxide. To avoid additional effects caused
by interfaces (aq/org) and to reduce the process limiting deactivation by the sub-
strate hydrogen peroxide, a single-phase concept was applied in a fed-batch and
a continuous process (stirred tank), without the commonly applied addition of a
carrier solvent. The synthesis of peroxyoctanoic acid catalyzed by Candida antarctica
lipase B was chosen as the model reaction. Here, the feasibility of this biocatalytic
reaction in a single-phase system was shown for the first time. The work shows the
economic superiority of the continuous process compared to the fed-batch process.
Employing the fed-batch process reaction rates up to 36 mmol h™! per gram,,, and
a maximum yield of 96 % was achieved, but activity dropped quickly. In contrast,
continuous operation can maintain long-term enzyme activity. For the first time,
the continuous enzymatic reaction could be performed for 55 h without any loss
of activity and with a space-time yield of 154 mmol L™! h™!, which is three times
higher than in the fed-batch process. The higher catalytic productivity compared to
the fed-batch process (34 vs. 18 gp;od & ' cat) Shows the increased enzyme stability in
the continuous process.
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peroxide in an enzymatic reaction, followed by spontaneous
epoxidation [2—4]. The application of less hazardous reactants

Epoxidations are industrially important chemical syntheses. The
Prileshajev reaction is used to produce epoxides at industrial
scale, e.g. > 200 000 tons per year of epoxidized soybean oil [1].
In the traditional epoxidation process, peroxy acids produced
ex situ, or strong mineral acids are used as oxidizing agents. In
contrast, in a lipase-catalyzed system, the unstable percarboxylic
acid can be generated in situ from carboxylic acids and hydrogen
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makes the chemo-enzymatic reaction a safe and environmentally
friendly alternative to the traditional synthesis.

Candida antarcticalipase B (CalB) catalyzes the peroxidation
reaction very efficiently [2,3]. Also, the immobilized form of this
lipase was found to be suited for the chemo-enzymatic epoxida-
tion of various substrates [4,5]. The chemo-enzymatic epoxida-
tion with CalB has been studied intensively in the last decades,
but it is still limited by enzyme deactivation. To improve the
enzyme stability, the reaction was usually carried out with an
additional solvent (mostly toluene) [4, 6-8]. With a focus on a
minimized E factor [9] and greener processes, processes where
only the organic substrates and water but no additional carrier
solvent are present—so-called solvent-free processes—were also
investigated [10, 11]. The main drawback is a loss of enzyme
activity at conditions optimized for high initial reaction rates
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and yields. Particularly a high reaction temperature and a high
concentration of hydrogen peroxide harm the enzyme (6,8, 12].
Also, the substrates, e.g., hydrogen peroxide and octanoic acid
(>6 M) can inhibit the enzyme [7, 10, 13]. From chemical reac-
tion engineering principles it is clear that continuous operation
at low substrate concentrations can circumvent this issue.

Most studies were carried out using a two-phase system with
immobilized lipase. In contrast to a two-phase system, a single
phase avoids effects caused by interfaces, e.g., high local con-
centrations of hydrogen peroxide or mass transfer limitations
at the liquid/liquid interface, which itself can be harmful to en-
zymes [14]. Although an organic single-phase epoxidation sys-
tem would be advantageous, the number of publications on this
topic is limited. Hilker et al. used stearic acid in toluene saturated
with hydrogen peroxide [15].

Typically, the enzymatic epoxidation cascade was studied and
evaluated with respect to the yield of epoxide. However, the first
enzymatic step was less investigated isolated from the subse-
quent chemical step, especially in an organic single-phase [15],
so currently the individual contributions of the enzymatic and
the chemical step cannot be distinguished. Furthermore, to the
best of our knowledge, carboxylic acids have not been used as
single-phase solvent-free systems.

As a first step towards continuous chemo-enzymatic epoxida-
tion, a fed-batch/enzyme recycle reactor with gradual hydrogen
peroxide feeding was used by Hilker et al. for the development
of a mathematical model for the epoxidation of linseed oil in
a fed-batch [15]. In this enzyme recycle process [15, 16], de-
activation occurred, e.g., after 300 min at 60°C (20 % aqueous
hydrogen peroxide). However, Wiles et al. [17] observed no enzy-
matic deactivation within 24 h of continuous operation at 70°C
employing a glass capillary packed-bed reactor, filled with 0.1 g
Novozym" 435. For 1-methylcyclohexene a yield of 99.1 % and
a production rate of 6.7 mg/h was reported [17], which com-
putes to a specific production rate of 1.6 g g_, d~'. However,
an acceptable economic and ecologic combination of process
operation (mode) and operating parameters, which enables a
long-term productive operation has not been described yet.

As the next step towards continuous enzymatic epoxidation,
this work focuses on two main topics: the development of a
single-phase process to exclude effects caused by liquid/liquid
interfaces and the development of a process where deactivation
by the substrate hydrogen peroxide can be avoided or minimized.
Therefore, different process set-ups were investigated. Firstly, the
enzymatic reaction was carried out in batch experiments (two-
phase, Supporting information), secondly, in a single-phase fed-
batch process, and thirdly, in a CSTR with a single-phase influent.
The biocatalysis of peroxyoctanoic acid by CalB was chosen as
a model reaction for the reasons mentioned above (Fig. 1). The
concentrations of hydrogen peroxide and of the enzyme were
varied in the batch and fed-batch experiments.

2 Materials and methods
2.1 Enzymes and chemicals
CalB immo (immobilized lipase B from C. antarctica on

methacrylate carrier) with a specific activity of 8100 LU/g was
obtained from c-LEcta GmbH (Germany).

760

Eng. Life Sci. 2017, 17, 759-767

AU COOOH

Peroxyoctanoic acid

AN COOH

Octanoic acid

H202
CalBimmo
OA (org)
' H,0 (aq)
H202

Figure 1. Lipase-mediated peroxyoctanoic acid production as a
first step of the chemo-enzymatic epoxidation in the solvent-free
system.

Hydrogen peroxide (50 wt% in water) and all chemicals used
for HPLC analyses and derivatization: methyl p-tolyl sulfide
(MTS 99 %), triphenylphosphine (TPP 99 %), methyl p-tolyl
sulfoxide (MTSO 97 %), triphenylphosphine oxide (TPPO 98
%), acetonitrile (ACN > 99.9 % gradient grade) were purchased
from Sigma-Aldrich, Germany. Octanoic acid (= 99.5 % for
synthesis) was obtained from Carl Roth, Germany.

2.2 Experimental setup

2.2.1 Fed-batch operation

The single-phase reaction was carried out in a stirred tank. The
organic phase was saturated continuously with hydrogen perox-
ide in a liquid/liquid extraction column (reservoir tank). This
saturation serves as continuous dosing of hydrogen peroxide
into the stirred tank, where the reaction occurred. The fed-batch
system (FBS, Fig. 2A) consists of a glass reservoir tank (290 mL
volume), where the organic phase is saturated with hydrogen
peroxide, a stirred tank made of PTFE (polytetrafluoroethylene,
total volume 50 mL) with a PTFE propeller stirrer (Bola, Ger-
many) driven by an overhead digital stirrer motor (Eurostar 60
control, IKA, Germany), a pump (MCP-Z with a Z040 micro
pump head, Ismatec, Germany) and a 3-way stopcock (Bola,
Germany). To retain the enzymes, a 250 um ETFE sieve (1)
(ethylene tetrafluoroethylene, Franz Eckert GmbH, Germany)
was used at the bottom of the stirred tank.

To ensure hydrogen peroxide saturation at the beginning of
the experiment, the reservoir tank (aqueous hydrogen peroxide
and octanoic acid) was mixed for at least 50 min before the
start of the reaction. Afterward, the total system was filled with
saturated octanoic acid from the reservoir tank, and the working
volume (stirred tank, Vi = 15 mL), the flow rate and the stirring
rate (500 min~!) were set. To circumvent a concentration drop of
hydrogen peroxide in the stirred tank, the system was operated at
a high flow rate of 686 mL/min. A 200 pm steel sieve (2) (Sporl
KG, Germany) was placed in front of the outlet of the reservoir
tank to avoid water drops entrainment into the stirred tank from
the aqueous phase.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The set-up enables the saturation of octanoic acid with hydro-
gen peroxide and avoids the transfer of water from the reservoir
into the reaction system. Therefore, it can be described as a
single-phase reaction system.

2.2.2 Continuous operation

For the design of the continuous process, the reaction rate R, de-
termined in the fed-batch study, was used for an estimation of the
required residence time 7 and enzyme mass and concentration,
respectively. Figure 2B shows the flow sheet of the continuous
set up (CSTR, Vr = 34 mL, working volume). Through the
overflow, a constant filling height was achieved, and effluent was
discharged. For enzyme retention, a stainless steel sieve (200 pum,
Sporl oHG, Germany) was used in front of the overflow/outlet.
The experimental run was started by filling the system with the
enzymes (2 g), the influent solution (see Section 2.2.2.1), setting
the flow rate (1 mL/min) and the stirrer speed (500 min™!).

2.2.2.1 Preparation of the organic bi-substrate influent solution.
As an organic bi-substrate influent solution, octanoic acid was
pre-saturated with hydrogen peroxide. The hydrogen peroxide
stock solution (50 wt %) was diluted with de-ionized water
to the desired hydrogen peroxide concentration. To ensure the
saturation with hydrogen peroxide, the pre-prepared aqueous
hydrogen peroxide solution and octanoic were mixed for at least
20 min (phase ratio of 1:2). For the comparison of the CSTR
with the FBS, an influent concentration of 97 mM was applied.
Therefore, a 12 M aqueous solution was required [Eq. (12)].
After phase separation, the aqueous phase was discharged, and
only the organic phase was used as the influent solution. The
influent solution was prepared and used at room temperature.

2.2.2.2  Continuous production of peroxyacetic acid. The in-
tegral mass balance for a reaction under continuous conditions
[Eq. (1)], can be simplified to Eq. (2) when steady state is reached.

dCi 1 .
E =T (Cl. in Cz) + Rz (1)

0=t

- (Ci. in =

Ci) +R;

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 2. Flow sheet of the process set up used
for A: fed-batch, and B: continuous operation.

Using Eq. (2) for peroxyoctanoic acid, the reaction rate [Eq.
(3)] and specific reaction rate [Eq. (4)] were determined.

R =1"'¢poy witht ' = — (3)
R

Vi - R
= (4)

Mcalp

c

y = _cpoa (5)

CHy0,.in

The yield was calculated from Eq. (5) and the space-time yield
from Eq. (6).

_ Npoa
VR -t

STY

(6)

The concentration of peroxyoctanoic acid cpos, hydrogen per-
oxide in the effluent cyy,0, and in the influent cy,0, in was de-
termined using the described HPLC method (2.3.1).

2.3 Analysis
2.3.1 Determination of the peroxyoctanoic acid and
hydrogen peroxide concentration

To determine the concentration of peroxyoctanoic acid and hy-
drogen peroxide simultaneously, a derivatization reaction ac-
cording to Pinkernell et al. was used [18]. The stepwise quanti-
tative reaction of the peroxyoctanoic acid with MTS and hydro-
gen peroxide with TPP produces the corresponding MTSO and
TPPO. The substances were analyzed by a HPLC (module 1, Wa-
ters, USA) equipped with a LiChrosorb 100-5 RP 18, 250x 4.6
mm column (Knauer GmbH, Germany) and the Millenium 2.10
chromatography software was used. The injection volume was
20 uL and the UV detection wavelength 230 nm. A constant
flow of 1 mL min™' and a gradient of acetonitrile and water
(0-5 min 75 % ACN; 5-10 min ramped to 85 %, 10-20 min 75
%) were applied. The linear range (R*>0.98) of the calibrations
for MTSO and TPPO were 0.25-3.75 mM and 0.08-1.2 mM,
respectively. Samples with concentrations out of the calibration
range were diluted accordingly with the reaction medium oc-
tanoic acid. Typical retention times were 4.2 min for MTSO and
5.4 min for TPPO.
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Figure 3. Partitioning coefficient of hydrogen peroxide between
the aqueous and the organic phase, error bars represent the devi-
ation from the mean value obtained from duplicates.

2.3.2 Determination of residual activities

For the determination of the enzyme activity in the fed-batch
experiments, a standard reaction procedure was defined, which
employs the same substrates. At the end of the experiment, the
immobilized enzymes were rinsed and filtered (250 um ETFE
sieve, Franz Eckert GmbH, Germany) twice with fresh octanoic
acid to remove any residual peroxyoctanoic acid. Afterward, the
washed enzymes were added to the standard reaction mix (0.57
mL of 17.5 M hydrogen peroxide and 44.43 mL of 6.3 M octanoic
acid) and shaken for 1 h at 250 rpm at 30°C (incubator 3032,
GLF mbH, Germany), and samples were taken. As a control
reaction, 450 mg of fresh enzyme was added to the standard
mix. It was confirmed that the increase of the peroxyoctanoic
acid concentration was linear up to 1 h (R* = 0.99, data not
shown), so sampling after one hour was valid. According to Eq.
((7) )the residual activity Ar was determined. The reaction rate
R (fed-batch) was calculated from the measured peroxyoctanoic
acid concentration cpo, in the sample (Eq. (8)).

Rused enzyme

Ag (7)

- Rfresh enzyme

__dcpoa Acpoa

R dt At ®

3 Results and discussion

3.1 Distribution coefficient of hydrogen peroxide

Due to the single-phase set up, the organic phase is the only
source of hydrogen peroxide in the reaction system. Therefore,
the partitioning of hydrogen peroxide between aqueous and or-

ganic phases was investigated (Fig. 3). The knowledge of hydro-
gen peroxide partitioning is essential to calculate the concen-
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tration of hydrogen peroxide in the organic phase in the time
course of the experiment (fed-batch) or in the influent solu-
tion (CSTR). To determine the partitioning coefficient K, a set
of experiments was performed where the equilibrium hydrogen
peroxide concentration in the organic phase was measured de-
pending on the equilibrium hydrogen peroxide concentration in
the aqueous phase (Fig. 3).

Since the volume of both phases was the same, the mass
balance yields:

H,0 1 OA
CHy0, () = €0, — Cyo, (O )

Thus, the equilibrium concentration of hydrogen peroxide in
the aqueous phase can be calculated from the measured hydro-
gen peroxide concentration in octanoic acid [Eq. (9)]. A direct
HPLC determination of hydrogen peroxide in the aqueous phase
was not carried out because it requires highly diluted samples
(>1:10.000) which would increase the error. All experiments
were carried out at the conditions used in the actual reaction tri-
als (T=20°C). Despite the fact that the data suggest a non-linear
equilibrium law, a linear correlation was used in agreement with
Bhattacharya [10] in order to be able to compare the obtained
value with the one reported there. The distribution coefficient K
was determined to be 0.008 [Eq. (10)] which is the same as the
one reported by Bhattacharya [10] at 32°C.
Cgfoz,catc (t) = KHzoz ° Cl:égz (t) (10)
Control measurements were carried out during the experi-
ments to confirm the distribution coefficient (data not shown).
Figure 3 shows the very low solubility of hydrogen peroxide in
the octanoic acid phase. The low and tailored solubility of the
hydrogen peroxide in octanoic acid indicates that it can be used
as a model substrate because it enables a low concentration of
hydrogen peroxide in the organic phase.

3.2 Fed-batch operation

The concentration of hydrogen peroxide in octanoic acid, which
is the relevant substrate concentration for the enzymatic step
(octanoic acid excess), was determined from the overall hydro-
gen peroxide mass balance [Eq. (11)]. The total initially present
amount of hydrogen peroxide consists of the hydrogen peroxide
dissolved in the octanoic acid and in the aqueous phase, and
of the hydrogen peroxide which is converted to peroxyoctanoic
acid.

N = N, (0 + Ni2o () + Npg, () (11)

Substituting Nﬁigz (t) from the mass balance by cgigz(t) .

VO and N4, (t) by ngz\oz () - VO leads to Eq. (12).

total  __ OA A
CHzo (t) _ NHZOZ NPOA (t) _ COA (l’) Vo
H; O, - VH20 Hy 0, VH20

(12)

Inserting Eq. (12) into Eq. (10) and rearranging leads to Eq.
(13),
N’Hozﬂgz - NI(’)SA (1)
K1 V”zO + VOA
which was used to calculate the concentration of hydrogen per-
oxide in the octanoic acid during the course of the reaction

o, (0= (13)

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Reaction rate R, specific reaction rate f, maximum product amount N and yield Y, FBS (Fig. 4). The residual activity Az was

determined at the end of the experiment (Eq. (7), Section 2.3.2)

Operating conditions Results
MCalB Cgﬁ 82 NHZ 0Oy Rlnitial Tnitial N}(J)SA Y AR
[mg] M] [mmol] [mMh™!] [mmol h—!g~!] [mmol] [%] [%]
225 2 1 5 7 n.d.
450 0.6 60 4 1 5 9 n.d.
900 7 1 5 9 n.d.
0.6 4 1 5 9 n.d.
450 4.4 60 27 20 51 85 16
17.5 50 36 58 96 7
60 50 36 58 96 7
450 17.5 120 33 24 30 25 n.d.
180 37 27 21 11 3

(FBS). Additionally, the hydrogen peroxide concentration in the
octanoic acid was checked occasionally using HPLC (2.3.1).

3.2.1  Effect of enzyme concentration
In general, in a kinetically controlled enzymatic reaction, the
correlation between enzyme mass and reaction rate R is linear.
Figure 4a shows the amount of peroxyoctanoic acid and the hy-
drogen peroxide concentration during the course of the reaction
using different amounts of enzyme. The hydrogen peroxide con-
centration was 0.6 M in the aqueous phase, and octanoic acid
was used in excess.

With this experimental set-up, it is possible to achieve a rela-
tively constant concentration of hydrogen peroxide in octanoic
acid, which was calculated by Eq. (13). In this period, less than

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

9 % of the substrate was converted, and a possible product in-
hibition is unlikely. Table 1 shows the specific reaction rate,
maximum product amount and yield depending on the enzyme
mass.

Figure 4a and Table 1 show the expected correlation in the
early phase of the reaction. With an increasing enzyme mass,
a higher initial reaction rate was obtained. Using a low con-
centration of hydrogen peroxide in the aqueous phase (0.6 M),
which resulted in a lower concentration in the octanoic acid
phase, a low yield (7-9 %) was obtained, even though both
substrates were present in sufficient amounts. In the system
with 900 mg CalB, the highest yield was achieved. In this sys-
tem, the product formation rate decreased after approx. 2.5 h.
Nevertheless, in all trials, a maximum yield of about 9 % was
detected.
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To compare the single-phase FBS with the two-phase batch
experiments (BE), the same substrate/enzyme ratio (0.13 mol/g)
was applied. The productivity (yield h™!) in the initial phase
of the reaction was calculated (see Supporting information Fig.
SI.1a). For the FBS it is approx. 0.8 % h~! and for the BE ap-
prox. 3.3 % h™'. The productivity using the FBS is four times
lower than the productivity determined in the BE. Neverthe-
less, this is reached with a 130 times lower concentration of
hydrogen peroxide in the single-phase FBS (~4.6 mM) than in
the BE (0.6 M). Based on this, the single-phase FBS has a bet-
ter process potential than the BE described in the Supporting
Information.

3.2.2  Effect of hydrogen peroxide concentration

As a next step, the influence of the hydrogen peroxide concen-
tration on the peroxyoctanoic acid synthesis was investigated.
The starting concentration of hydrogen peroxide in the aque-
ous phase in the reservoir tank was varied between 0.6 and
17.5 M.

Calculated from Eq. (13), the starting concentration of hy-
drogen peroxide in octanoic acid in the reactor varied in the
range of 0.0046 to 0.08 M. Even bearing in mind that the linear
approximation for K can lead to slight deviations in certain con-
centration ranges (see Fig. 3), the trends shown in Fig. 4 would
remain the same and the differences between runs would still
be significant. The other substrate—octanoic acid—was used in
excess. An increase of the hydrogen peroxide concentration from
0.6 M to 17.5 M led to a strong increase in the initial reaction
rates. As expected, also the amount of peroxyoctanoic acid in-
creased with increasing reaction rates and a maximum yield of 96
% was achieved. Riisch gen. Klaas and Warwel reported a similar
yield of 98 % peroctanoic acid (two-phase system, toluene as an
additional solvent, determined by titration) [7].

An enzyme deactivation depending on the hydrogen perox-
ide concentration was observed (Table 2). Using a concentration

100 y © O
O g o O 8
EIEJED op #l
g 80 O o ] =
= [}
IE. CH,0, Croa 0
S 60+ = B
b Influent ©
=
% 40 - Effluent A |
o
c @
8 20 o @ m
b T =34 min
Z% T =RT
0 . . . mCaIBlz 29
0 20 40 60 80 100

Time [h]

Figure 5. Long-term performance of the continuous peroxyoc-
tanoic synthesis catalyzed by CalB.
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of 17.5 M hydrogen peroxide, the enzyme was almost entirely
deactivated after 27 h (residual activity 7.3 %), whereas a lower
concentration (4.4 M) led to less deactivation (residual activ-
ity 16.1 %) and a similar yield, product amount, respectively.
From the low residual activities but high yields (also see Ta-
ble 2) we assume that deactivation rather than peroxyoctanoic
acid instability) is the main reason for the plateaus in Fig. 4,
which means that the impact of enzyme deactivation on the
peracid concentration is significantly higher than the influence of
instability.

3.2.3 Effect of hydrogen peroxide amount

Gradual dosing was reported to avoid or to reduce enzyme deac-
tivation by hydrogen peroxide [13]. To prevent a concentration
drop of hydrogen peroxide in the octanoic acid phase during
the experiments as seen in Fig. 4b and to simulate continuous
dosing, the volume of the hydrogen peroxide solution in the
reservoir tank was increased. However, the same concentration
of hydrogen peroxide was used in all experiments, and the related
amount of hydrogen peroxide within the system rose from 60 to
180 mmol.

As expected, Fig. 4c shows that higher amounts of hydrogen
peroxide led to a more stable concentration over time (contin-
uous dosing) in the organic phase over the whole experiment
and to a higher starting value [Eq. (13)]. It can be seen that the
higher the concentration in the octanoic acid phase, the earlier
the deactivation occurs (1.5, 3, 6 h) and the lower the remaining
enzymatic activity (Table 1). Providing a continuous dosing with
a constant concentration of hydrogen peroxide and only ~110
mM of hydrogen peroxide in the octanoic acid phase, which
is much lower than in the aqueous phase, the deactivation oc-
curred quickly (1.5 h, residual activity 3.2 %). In contrast, if the
hydrogen peroxide in the octanoic acid phase was not constant,
the deactivation occurred later and was not as strong (residual
activity 7.3 %).

Using the FBS a maximum (initial) space-time yield STY of
49 mmol L' h~! was achieved (Table 2).

In comparison to the STY of 3mol m—> h~! (0.5 kgm=> h~!)
reported by Bhattacharya [10] (epoxydodecene, peroxyoctanoic
acid as intermediate, Lewis cell, two-phases, 15 g of 50 % w/w
silcoat-NZ435) the maximum STY of the single-phase FBS for
the peroxyoctanoic acid production in this study is around 16
fold higher (49 mol m™ h™!). Nevertheless, the enzyme was
deactivated within the earlier mentioned 1.5 h.

3.3 Continuous operation

Since the enzyme was deactivated very quickly in the FBS, a con-
tinuous process was designed and investigated as another pro-
cess alternative. From the reaction rate R obtained in the FBS,
the required residence time 7 and enzyme mass for the CSTR
(Eq. (2)) were calculated. This design also based on the linear
correlation between enzyme concentration and reaction rate
(Fig. 4a, Table 1) shown in the FBS experiments. To estimate
the long-term enzyme activity or rather reusability, recycle ex-
periments are commonly applied [8, 13, 19]. These, however,
include, e.g., the influence of storage and solvent drying on the

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Comparison between the FBS and the CSTR: 1. FBS with H,0, concentration not constant, 2. nearly constant, 3. CSTR H,0,
concentration constant. Hydrogen peroxide influent concentration, specific reaction rate r, time when deactivation was significant tq

NOA

amount of product formed Ng§,, catalytic productivity Pc., yield Y. To compare the process set-ups, the space-time yield STY of the FBS

was calculated in the initial part of the reaction

Operation Results
B CHr0s.in P Npoa Pear Y STY
[mM] [mmol h='g™!] [mmol] [mmol g~!] [%] [mmol L~ h™!]
start end
1 FBS 80 5.6 36 58 128 96 49
2 110 105 27 21 46 11 36
3 CSTR 97 3 425 213 90 154

enzyme support, which leads to overlapping or masking of the
deactivation caused by hydrogen peroxide. Instead, actual long-
term activity in the reaction environment should be studied.
Therefore, long-term enzyme activity was investigated during
continuous operation in a CSTR (tr = 34 min, T = RT). Si-
multaneously, the feasibility of continuous peroxyoctanoic acid
synthesis was proven.

Figure 5 shows the concentration of hydrogen peroxide in
the influent and the concentration of hydrogen peroxide and
peroxyoctanoic acid in the effluent.

The production of peroxyoctanoic acid was stable for nearly
55hin the CSTR, which is 37 times longer than in the FBS apply-
ing a similar hydrogen peroxide influent concentration (CSTR:
97 mM vs. FBS: 110 mM, Table 2). Generally, the enzyme stabil-
ity is affected by hydrogen peroxide. With a yield of 90 % (2-55
h) the remaining concentration of hydrogen peroxide at steady
state in both the effluent and stirred tank was 17 mM (Fig. 5),
which is 6 times lower than in the FBS. The lower concentration
leads to less deactivation in the CSTR than in the FBS. Hilker
et al. also observed a deactivation free period and assumed this
was the time in which the carrier material is damaged by which
sensitive regions of the enzymes become exposed and therefore,
deactivation becomes significant [15,16].

From the drop in the concentration of peroxyoctanoic acid
and the simultaneous increase in the concentration of hydrogen
peroxide after 55 h, it can be concluded that the enzyme activity
decreased.

Despite the low specific reaction rate i of 3 mmol h™'g™" a
much higher STY of 154 mmol L™ h™! could be achieved using
the CSTR in comparison to the FBS (Table 2).

Figure 5 also shows that hydrogen peroxide is stable at an
average of 97.4 mM over several days in the influent tank. A
comparison with the value calculated in analogy to Eq. (13) (94.5
mM) confirms that the error caused by the linear approximation
of K is within an acceptable range.

The higher STY, the higher catalytic productivity and the abil-
ity to maintain enzyme activity over alonger period, demonstrate
the potential of the single-phase reaction and make the CSTR the
system of choice. This work forms a sound base for an advanced
coupling of the enzymatic step with the epoxidation, based on
the knowledge of the individual influences of every sub-step.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

4 Concluding remarks

The feasibility of the biocatalytic production of peroxyoctanoic
acid from octanoic acid and hydrogen peroxide (model reaction)
was shown for the first time in a single-phase systems, i.e. without
the commonly applied addition of a carrier solvent.

With the fed-batch system, a reaction rate of 36 mmol h™! per
gram enzymeand a maximum yield of 96 % could be achieved
with an initial hydrogen peroxide concentration of 80 mM in the
organic phase. Risch gen. Klaas and Warwel reported a similar
yield of 98 % in a batch reaction [5]. The highest space-time yield
applying the fed-batch system was 49 mmol L™! h™! which is
much higher than the space-time yield reported by Bhattacharya
using octanoic acid as substrate in a modified two-phase (org/aq)
Lewis cell [10].

In accordance with the literature [6, 8,12] it was found that
hydrogen peroxide is the driving force for reaction rates and
yields during the initial phase of the reaction, but hydrogen per-
oxide is also the driving force for enzyme deactivation. Hydrogen
peroxide was transferred into the organic phase via extraction,
mimicking a gradual feeding of this component which was meant
to overcome this enzyme deactivation. However, it can be stated
so far that the usage of relatively low hydrogen peroxide con-
centrations in the octanoic acid phase (4.6-110 mM, initial) or
gradual feeding (fed-batch) is not sufficient to avoid enzyme
deactivation completely.

As a process alternative to the fed-batch, a continuous process
was designed, which led to a 37 times longer stable period (1.5
vs. 55 h) using a hydrogen peroxide influent concentration in a
similar range (110-105 vs. 97 mM). At a residence time of 34
minutes, a yield of 90 %, a space-time yield of 154 mmol L™! h™!
and a catalytic productivity of 213 mmol g~! were observed. The
economic superiority of the CSTR compared to the fed-batch
was clearly shown by the higher space-time yield and the higher
catalytic productivity.

These outcomes form a sound base for an economic and
ecological coupling of the enzymatic step with the epoxidation,
based on the knowledge of the individual influences of each
sub-step. A further improvement could be made by a mod-
ification of the enzyme regarding higher hydrogen peroxide
stability.
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Practical application

There is a keen interest of the life science industry in real-
izing the benefits of continuous processing like consistent
product quality and high space-time yield. The design of
an optimal process is particularly crucial when the reac-
tants or substrates deactivate the biocatalyst. The reaction
cascades of the chemo-enzymatic epoxidation, where the
intermediate peroxy acid is produced by an enzyme, are still
limited by enzyme inhibition and deactivation. This work
deals with the identification of a suitable process to main-
tain enzyme activity, which is the base for an economic
and ecological coupling of the multistep reaction. For the
chosen model reaction, the lipase catalyzed peroxyoctanoic
acid production, it was shown that (1) a single-phase pro-
cess is feasible and (2) continuous operation could be
carried out for 55 h without any loss of enzyme activity
and with a high catalytic productivity. The advanced pro-
cess can be used for the enzymatic epoxidation of different
alkenes or terpenes. From these epoxides, pharmaceutical
drugs and agrochemicals can be synthesized.
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Nomenclature

A [-] activity

[ [mM] concentration

K [-] distribution coefficient
m [mg] mass

N [mmol] amount

n [min~!] stirrer speed

p [% h™!, mmol g7!] productivity

R [mMh™!] reaction rate

T [mmolh~! g7!] specific reaction rate
STY [mmol L™! h™!] space-time yield

t [h] time

T [min] contact time

\Y [mL] volume

Y [%] yield

Subscripts and superscripts

cat catalytic

d deactivation

OA octanoic acid

POA peroxyoctanoic acid

R residual

total hydrogen peroxide, initially present
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