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Within this study, an enzymatic hydrolysis process using a-cellulosic feedstock was
performed in a specially designed plug-flow reactor, referred to as an Oscillatory Flow
Bioreactor (OFB). The aims of this approach were to achieve intensification in terms of
realising a more energy- and resource-efficient enzymatic hydrolysis, as well as to set the
basis for continuous processes in such a reactor. The OFB performance was evaluated for
high solid loadings of up to 15 %, and compared to the performance of a Stirred Tank
Reactor (STR). Experimental results of the OFB operating at an oscillation frequency of
2 Hz and an oscillation amplitude of 10 mm exhibit better conversion efficiencies (+ 6.7 %)
than the STR after 24 h, while requiring only 7 % of the STR power density (W m™).
Therefore, the OFB enables efficient, uniform mixing at lower power densities than

STRs for applications with high solid loadings.
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Introduction

The potential of biogenic resources for the pro-
cessing of its valuable compounds such as cellulose,
hemicellulose, and lignin is tremendous. Lignocel-
lulosic waste serves as a feedstock for a wide range
of value-added products in biobased industry, the
food and pharmaceutical industries, and the pulp
and paper sector'. The abundance of lignocellulosic
waste in agricultural and forest residues or food
waste makes it a cost-effective and sustainable
feedstock for the production of high-value chemi-
cals and commodities?.

However, there are numerous challenges in-
hibiting the development of an industrial enzymatic
bioconversion process that can compete with
fossil-based routes®. An often prominent problem
within the enzymatic saccharification step of cellu-
lose and hemicellulose is that it is difficult to effi-
ciently extract soluble sugars such as glucose or
pentoses*’.

Regardless of enormous efforts over the past
decades, the actual costs of this core step of any
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bioconversion process remain high due to two
strongly intertwined factors: the large amount of en-
zyme needed for a particular conversion/time, and
the rather slow reaction kinetics, resulting in ineffi-
cient process performance®. Significant cost savings
can be achieved by lower enzyme requirements and
shorter hydrolysis time’. Another major impediment
in bioprocess engineering is accomplishing reac-
tions at high solid loadings for further process in-
tensification.

Usually, enzymatic hydrolysis is performed in
batches in Stirred Tank Reactors (STR)%. However,
the STR has a number of fundamental drawbacks
from a reaction engineering viewpoint, despite its
conceptual simplicity and widespread use in indus-
trial processing’!'’. STRs suffer from inadequate
mixing and a non-structured media flow, which may
lead to problems in process monitoring and control.

Oscillatory Baffled Reactors (OBR) offer ad-
vantages such as eminent mixing and plug-flow
properties, which result in consistent product quali-
ty in the chemical and process industries, as shown
in previous studies''. The optimization of oscillato-
ry flow reactors has been studied for various pro-
cesses such as separations, flocculations, and po-
lymerizations'>'*. Significant enhancement of heat
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and mass transfer has already been shown in several
studies in the early nineties'*!*. In this study, the
OBR concept is further refined for biobased applica-
tions at high solid loadings, resulting in what has
been termed an Oscillatory Flow Bioreactor (OFB).
Yet, there are few studies on the application of
OBRs in bioprocesses. An overview on OBRs in bi-
ological processes is given by Abbott er al.'*; re-
porting a 50 %-time reduction in an OBR cultiva-
tion of microorganisms compared to a parallel STR
approach'é, such as the approach of simultaneous
saccharification and fermentation as potential in the
bioethanol production'’. A general core characteris-
tic of OBRs is their ability to decouple flow veloci-
ty and residence time, enabling the treatment of
continuous processes with extended residence
times. Oscillations induce short —lived vortices and
thus increase the turbulence of the process media
flow within the inter-sections of the baffles'® (oscil-
latory Reynolds number, Re_ = 1000 — 2000, de-
pending on the net flow), while the net flow veloci-
ty remains in the laminar regime (Re < 200). The
oscillatory Reynolds number (Re,) is defined as:

Re, = P2 Xod (1)
u
where p is the fluid density (kg m™), f'is the fluid
oscillation frequency (s™!), X, is the fluid oscillation
centre-to-peak amplitude (m), d is the internal tube
diameter (m), and y is the fluid density (kg m's™).
OBRs are thus perfectly suited for processes in
which long residence times, uniform mixing, and
plug flow are required. The area between the baffles
is turbulent and ideally mixed, while the reactor it-
self remains stationary'®. The aforementioned prob-
lems are addressed within this study; however, a
new reactor concept for the continuous enzymatic
hydrolysis for lignocellulosic feedstock at high sol-
id loadings is the primary research objective. This
paper focusses on the evaluation of the first batch
mode results of the OFB system at a-cellulose con-
centrations of up to 15 % (w/v).

Materials and methods

OFB reactor design

The Oscillatory Flow Bioreactor was designed
as a modular set-up — enabling batch and continu-
ous modes with 1 to 4 500 mL reactors. The reac-
tors were polymeric double-jacketed acrylic tubes
with a 25 mm inner diameter. Helical baffles of 2
mm and 3 mm thickness were used. A pump with an
oscillating piston was implemented to impose sinu-
soidal waveform oscillations in ranges of 0-10 Hz
frequencies and 0—11 mm amplitudes. Temperature
sensors were located in front of each module, as

well as inside the tube. Enzyme addition and sam-
pling ports were also placed in front of each mod-
ule. Temperature was controlled automatically; the
heating circuit was powered by a conventional heat-
boy (Heatboy Type E-Tech W 09).

All conversion tests were conducted in 50 mM
sodium citrate buffer (citric acid monohydrate and
tri-sodium citrate dihydrate, Merck Millipore) at pH
4.8, at 50 °C. Glucose formation was measured in
the form of glucose equivalents by density assess-
ment with DMA 35 (Anton Paar) whereas the sam-
ples were prefiltered with MN 615; 11 cm filters
(MACHEREY-NAGEL). Conventional Dinitrosali-
cylic (DNS) assay was used for the evaluation of
the glucose equivalents measured with the DMA
device. Heat transfer coefficients were evaluated
based on flow and temperature conditions of the
heated double-wall reactor modules monitored with
Flexim ultrasonic measurement equipment.

The switchboard installation included one main
power meter (Neris — DVH5241-M) to capture the
total plant power consumption accurately. In addi-
tion, seven bypass power meters (DDS 353) were
set up for monitoring the power consumption of the
operating units separately. Three frequency convert-
ers (VLT Midi Drive FC 280) were installed to en-
sure the correct power supply of the built-in three-
phase asynchronous motors. Finally, the momentary
electric power consumption, expressed in Watts,
was calculated from the recorded data.

Calibration of the adjustable engine power
numbers and the corresponding oscillatory frequen-
cies was conducted. Different amplitudes were set
by deploying respective plate discs in the range of 2
mm to 10 mm.

A novel Oscillating Flow Bioreactor (OFB) has
been developed for biogenic slurries to allow for a
continuous enzymatic hydrolysis process using a
plug-flow reactor with substantial positive effects
on mixing at high solid loadings. The overall OFB
design is based on existing Oscillatory Baffled Re-
actor (OBR) studies, such as the study involving
preliminary experiments for this study, at the Uni-
versity of Newcastle!'®?'*?*, The final plant concept
is shown in Fig. 1. The reactor was designed to de-
crease energy demand peaks and facilitate the po-
tential integration of waste heat without the enlarge-
ment of heat exchanger surface at continuous
processes.

STR reference tests were conducted in a con-
ventional Dasgip stirred tank bioreactor (1.5 L fed-
batch-pro® bioreactor system) equipped with a
six-bladed Rushton turbine impeller (DASGIP AG)
with 500 mL working volume. Cellic CTec2 en-
zymes (Novozyme Corp) and pure a-cellulose (Sig-
ma Aldrich) were used. An energy logger 4000
(Voltacraft) was applied for power measurements.
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Fig. 1 — Oscillatory Flow Bioreactor (OFB) — lab plant schematic and a picture

All conversion tests were conducted in 50 mM so-
dium citrate buffer at pH 4.8, at 50 °C. Enzyme
loading was at 10 Filter Paper Units (FPU); the ex-
periments ran for 24 h hours and glucose formation
was analysed with the conventional Dinitrosalicylic
(DNS) assay.

The correlation between the STR and the OFB
systems was based on the respective power density
equations. The impeller speed of the STR was cal-
culated to correspond to a frequency setting of a 2
mm and 3 mm helical baffle, respectively in the
OFB system. The formula for the theoretical power
input for mixing operations in STRs was as fol-
lows?:

P P pN’D;

2
V. aDjl/4 @

where P, is the power number of the impeller (4.6),
N is the impeller rotational speed (rps), Dy is the
impeller diameter (m), D, is the vessel diameter
(m), and / is the height of the mixture in the reactor
(m).

The formula for estimations of the power den-
sity, expressed in Watts per cubic metre (W m™), in
OBR systems is given as follows*'?*:

P _2pN,1-a’
Vo 3xC, o
where p is the density of the fluid (kg m™), N, is the

number of baffles per metre, C, is the discharge co-
efficient and a is the baffle orifice area to the tube

Xo@nf)y 3)

Table 1 — Impeller speed setting of STR and corresponding
frequency setting of OFB

impeller speed STR 2 mm helical baffle | 3 mm helical baffle

[Hz] OFB [Hz] OFB
60 rpm 0.91 0.72
120 rpm 1.82 1.44
250 rpm 378 3.00
500 rpm 7.56 6.00

area ratio. X, represents the oscillation amplitude
(m), and w is the angular oscillation frequency
(rad s™). In conformity with other studies, the value
of C, was defined to be 0.7 **'. a was given with
0.71 (2 mm baffle) and 0.58 (3 mm baffle), respec-
tively, and N, amounted to 26.67. Table 1 shows the
calculated relation of STR and OFB systems.

Enzymatic hydrolysis

The enzymatic saccharifications were conduct-
ed with pure a-cellulose at 9 %, 12 % or 15 %
(w/v) mixed with the corresponding amount of 50
mM sodium citrate buffer. For the preparation of
500 mL buffer, 2.194 g citric acid monohydrate and
4.281 g tri-sodium citrate dihydrate were diluted in
distilled water, and the pH was adjusted to 4.8 with
5 M NaOH.

Enzyme loadings of 8 FPU or 10 FPU of Cellic
CTec2 cellulase enzyme blend per gram cellulose
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were used. All conversions were examined at a con-
trolled temperature inside the reactor of 50 °C +
0.8. Samples were taken at different positions along
the reactor length (top, middle, bottom, or as indica-
ted) at sample volumes of minimum 5 mL, with a
specially adjusted syringe at 0 h, 0.5 h, 1 h, 2 h, 3 h,
4 h,5h, 6 h, 12 h, and 24 h. The remaining particles
were removed by filtration of the samples. Glucose
concentration was calculated based on the density
measurement from the DMA 35 density meter. To
validate this concentration measurement method,
several samples of known concentration were anal-
ysed using the DNS standard method accordingly.
If the sugar concentration analysis was not conduct-
ed immediately after taking the samples, then the
samples were stored at 4 °C to minimise further
conversion reactions. Consistent results proved suf-
ficient accuracy and reproducibility of the DMA
measurement, as depicted in Table 3.

For the determination of cellulose and glucose
gradients along the reactor length, 10 — 20 mL sam-
ples were taken at different distances from the oscil-
latory piston throughout the reactor length.

The double-jacketed OFB module and the
a-cellulose — buffer slurry were preheated to 50 °C
separately before filling the reactor. Respective os-
cillation conditions were set and the reaction was
started with the addition of the enzyme blend to the
bioslurry. Uniform particle distribution at all tested
concentrations was observed, and neither air pocket
nor dead zone formation occurred. Defined condi-
tions (15 % SL; a-cellulose, 50 °C, 24 h, OFB: 2.05
Hz, 10 mm amplitude, 3 mm baffle, STR: 500 rpm)
were referenced to lab-scale STR- experiments in
terms of glucose formation after 24 h.

Concentration measurement

Within this study, an alternative method for the
measurement of the produced sugar concentration
throughout the experiment was developed. Usually,
the DNS standard method is applied for glucose
concentration measurement; however, in this study,
density measurements were related to the concen-
tration, which showed sufficient accuracy and re-
producibility for this experimental set-up. The sam-
ples were filtered, cooled to room temperature, and
measured twice with the DMA 35 density meter.
The temperature dependence of the DMA device
was determined, and a correction factor was includ-
ed in all subsequent measurements. The measure-
ment technique is based on the fact that the quantity
of dissolved sugars of a solution defines its density.
The density showed a strong dependence on tem-
perature and pressure, a temperature coefficient of
0.0003 g cm K, valid for most aqueous solutions
up to 20 % was set. Thus, a calibration curve was
generated at four glucose concentrations (0, 10, 20,

Table 2 — Oscillatory Reynolds numbers for hydrolysed and

unhydrolysed samples
Re_ unhydrolysed Re_ hydrolysed
Frequency [Hz] °(12 % SL) (12°% SL)
1.5 0.02 200.31
2.05 0.03 273.75
3.55 0.06 474.06

50, 100 mg mL™" in 50 mM sodium citrate buffer).
Each concentration was prepared and tested twice.
The pure citrate buffer gave density values of
1.0065 — 1.0067 g cm™. For all further calculations,
the average 1.0066 g cm™ was used. Using the sum
of least squares method and the available data, the
following regression was derived:

Density = 0.000370 - conc. + 1.0066 4)

Results and discussion

Flow characteristics in the OFB reactor

The OFB system was typically operated be-
tween 1.5 — 3.5 Hz. Applying eq. 1, the resulting
oscillatory Reynolds numbers Re_ were largely de-
pendent on the state of hydrolysis and the respec-
tive viscosity of the medium. The calculated Reyn-
olds numbers of the OFB system with 12 % solid
loading ranged from 0.02 to 474, as presented in
Table 2, whereas the unhydrolysed slurry showed
significantly lower Reynolds values, a factor of
8296 over the time course of 6 hours, than the cor-
responding hydrolysed sample. Full turbulence in
OBRs is achieved at Reynold numbers above
2000%. Therefore, there is still huge potential for
improvement regarding mixing quality, taking into
account that, e.g., doubling the length of amplitude
would bring doubled Reynolds number.

Influence of physical feedstock parameters on
the power requirement

The basic reactor set-up consisting of one mod-
ule in batch mode was chosen for the first series of
tests. Energy input measurements of the oscillatory
piston on different media such as air, water, 5 %, 18 %
a-cellulose, 50 % and 100 % glycerol concentration
were conducted.

Fig. 2 pictures the oscillatory power require-
ment as the relative power increase on air measure-
ments for various fluids at a fixed oscillation ampli-
tude of 6 mm. The resulting oscillatory power
requirement is not significantly correlated to the
viscosity of the feed media, allowing the treatment
of viscous slurries at low energy intensity. Within
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Fig. 3 — Oscillatory power consumption as a function of different frequencies (12 % SL,
o-cellulose, 3 mm baffle, 10 mm amplitude)

this test series, it could be shown that neither densi-
ty nor viscosity had a direct measurable influence
on the oscillatory power requirement. Even when
comparing water and 18 % cellulose slurry, only
minor deviations on the power requirement for the
oscillation were measured, whereas the oscillation
frequency had an obvious and direct influence on
power requirement in any media, indicating that the
motor characteristics were most decisive for the
measurement results. The mixing results proved
that frequencies > 2 Hz would be sufficient for mix-
ing, meaning that the power requirement of the
OFB can be minimised by optimising the required

frequency at around 2 Hz. Oscillatory power gave a
linear trend referring to an average power consump-
tion measured, as shown in Fig. 3.

The effect of the reactor length is depicted in
Fig. 4, whereas it can be clearly seen that doubling
the reactor length only resulted in modest increases
in power requirement. When operating at 3.5 Hz, a
power requirement increase of 2 % was observed,
and at 5 Hz a 16 % increase was observed. These
numbers give a further indication that the engine
power of the oscillatory pump itself overlaps small-
er influences on the system, which therefore cannot
be monitored in a precise manner.
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Fig. 5 — Decrease in relative power consumption over time at different frequencies
(12 % SL, a-cellulose, 3 mm baffle, 10 mm amplitude)

In Fig. 5, the recorded power data based on
minutes is shown as the mean power consumptions
during time periods of 60 minutes, and for the over-
all operating time of 6 hours. Due to strong drops in
overall viscosity (particle size), a decrease in the
power consumptions over time was expected and
confirmed. The slope of the correlating function re-
veals an overall decrease in power consumption of
—1.59 W per hour, resulting in a mean drop of —9.52
W within 6 hours, which is related to the overall
viscosity drop within the conversion reaction. On

average, decrease in power consumption of —8.3 %
within 6 hours was recorded. The power consump-
tion at 1.5 Hz was stable over the entire duration of
the experiment. This can likely be explained with a
lowered degree in solids distribution (homogeneity)
in the reactor, since sufficient homogeneity was
identified at 2.05 Hz and above. Hence, the sedi-
mented solids are expected to accumulate in front
of the piston, which might result in a constant resis-
tance to the moving piston overpowering the influ-
ence of the viscosity.
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The absolute power consumption in the given
system is very high. Since the idling system con-
sumes high amounts of electricity for a 1.1 kW —
engine, the influence of the process media on the
overall energy demand is certainly quite small and
therefore difficult to detect within this system. Fur-
ther on, external influences such as the operating
temperature (= 9—18 W, 24 h) or the extent of lubri-
cation (+5.41 W) were identified to potentially
overpower certain effects caused by alternating the
process media.

Fig. 6 shows two different baffle thicknesses
used in 24-hour experiments at 15 % solid loading.
Baffles with thicknesses of 2 mm and 3 mm were
tested, whereas, a reduced inner open diameter at
the 3 mm baffle only showed a minor effect on the
glucose concentration; at higher frequencies this ef-
fect became nearly negligible. Therefore, when an-
alysing the power consumption, hardly any effect of
baffle thickness could be observed.

Homogeneity of mixing along the reactor length

The glucose concentration distribution along
the reactor length is shown in Fig. 7. 12 % a-cellu-
lose slurries were enzymatically converted under
the following conditions: 6 h reaction time, 10 mm
amplitude; 3 mm baffle thickness, 0.5 m reactor
length, and a horizontal configuration. At the end of
the experiment, samples were taken at different dis-
tances from the oscillation piston along the reactor
length, and glucose concentrations were measured.
Optimal mixing could be achieved at oscillation fre-
quencies > 2.5 Hz, and sufficient mixing was ob-
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served at frequencies above 2 Hz. At 1.5 Hz, differ-
ences (max. 9 %) in concentration along the reactor
length (0.5 m) could be measured.

Influence of various solid loadings on product
formation

The glucose concentrations for 6-hour experi-
ments with solid loadings of 9, 12, and 15 % were
compared (Fig. 8). Experiments were conducted in
a 500-mL horizontal OFB set-up at 50 °C and 10
FPU enzymes. The series of experiments was con-
ducted with a 10 mm oscillation amplitude and 2
mm helical baffles. The graph shows one replicate
trial at each condition (dashed and solid line). Very
consistent glucose formation can be observed with
steadily increasing concentrations at higher solid
loadings after 6 h.

Additionally, no substantial effect was observed
of the angle of the reactor tested in a range of 0° to
90°, from a completely horizontal to completely
vertical configuration (Fig. 9). However, a slight
upward inclination (< 10°) of the OFB module
helped to remove interfering air inclusions, but the
shortest reactor design in a vertical position was
preferred for this test series to facilitate handling.

For the evaluation of the influence of the
amount of enzyme added, a test series at 3.7 Hz os-
cillation frequency and 2 mm baffle was conducted
yielding a 9 % decrease in glucose formation when
the enzyme added was decreased from 10 FPU to 8
FPU, shown in Fig. 10. In a further series of exper-
iments, additional parameters, such as lower fre-
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Fig. 6 — Influence of different baffle thicknesses and frequencies on power consumption and
glucose concentration (15 % SL, a-cellulose, 10 mm amplitude, 10 FPU, 50 °C)
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Fig. 10 — Conversion of 15 % a-cellulose at 10 FPU and 8 FPU enzyme input (15 % SL;
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quency (2.1 Hz) and 3 mm baffle, were optimised
yielding an only 6 % decrease in glucose formation
while using 20 % less FPU of enzyme blend.

Enzymatic hydrolysis in OFB compared to STR
after 24 h

Finally, the OFB and STR enzymatic hydroly-
sis results were compared. To assure comparability
between DMA and DNS measurements, both mea-

surement techniques were applied to identical sam-
ples; only minor deviations were observed (see
Table 3). Table 4 shows the OFB and STR hydroly-
sis results for various operating conditions.

In Fig. 11, the expected shape of a typical cel-
lulose hydrolysis curve in terms of the initial rapid
conversion phase and the subsequent slower phase
is shown. This phenomenon is frequently related to
the breakdown of the mainly amorphous sections of
the cellulose in the start of the bioconversion, fol-
lowed by the more recalcitrant and crystalline part.
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Table 3 — Comparison of sugar concentrations measured by DMA and DNS assay

Sample . . . Conc. Conc. e
[Exp. No Dlel[lgmc};nﬂ No Dzel[l;lgn%] Me[e(tgnc(rlsgilty DMA method | DNS method Dgfﬂﬁm Deviation [%]
No.] ' ' [gL'] [gL']
B 16 1.0202 1.0206 1.0204 373 38.11 -0.81 -2.13
B 17 1.0267 1.027 1.0269 54.73 52.76 1.97 3.73
B 18 1.0214 1.0215 1.0215 40.14 40.11 0.02 0.05
B 19 1.0232 1.0235 1.0234 45.27 44.22 1.05 2.37
Table 4 — Overview of experimental data: STR — OFB system comparison
% SL STR system OFB system
- . Sugar . Sugar
Stirring speed | Power der:sﬁy formation Frequency | Power der:sny formation Othert
; -3 arameter
g [rpm] (W ] 11 [Hz] (W ] L] P
= 60 1.43 65.54
a 1.5 19.45 69.19
120 11.46 66.73 3 mm B.
250 103.64 66.29 2.05 49.64 70.54
2.05 24.9 78.78 2 mm B.
7 2.05 49.93 82.16 3 mm B.
X 500 1042.23 77
“n 3 mm B/
- 2.05 49.93 77.3
8 FPU g'!
90
--=-STR 15 % / 500 rpm
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Fig. 11 — Comparison of enzymatic hydrolysis of STR and OFB (15 % SL; a-cellulose,

50 °C, 24 h, OFB: 2.05 Hz, 10 mm amplitude, 3 mm baffle, STR: 500 rpm)

Both set-ups were run at 15 % solid loading with
pure a-cellulose and 10 FPU of enzymatic blend in
batch mode for 24 hours. The STR stirrer speed was
set to 500 rpm and in the OFB set up a frequency of
2.1 Hz was chosen. According to eq. 2 and eq. 3,
this would mean a lower power density of 85.8 W m®

compared to a 1259.5 W m™ input; however, there
is a strong indication that a better approximation for
this OFB set-up has to be developed in further stud-
ies, as discussed previously. The increase in the
formed sugar was measured via glucose concentra-
tion increase by the DMA measurement (OFB) and
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DNS assay (OFB and STR). The deviation between
the DNS and DMA method ranged from 0.02 to
1.97 g L™'. This refers to a maximum deviation per-
centage of 3.7 %.

The enzymatic hydrolysis showed higher
conversions (OFB = 82.16 mg mL™" corresponds to
6.7 % higher concentration than at STR setting) in
the OFB system, and the power density of the OFB
was only at 7 % that of the STR.

Conclusions

Within this study, a modular Oscillatory Flow
Bioreactor (OFB) for bioconversions at high solid
loadings was designed and built. The modular set-
up including four independently employable reactor
modules with 360° adjustable angles was found to
deliver very reliable results. Furthermore, a method
for accurate glucose concentration determination
was developed using a DMA density meter, and
validated using DNS assays. The effects of ampli-
tude, frequency, reactor angle, reactor length, sam-
pling method, and enzyme addition (FPUs) on the
system energy requirement and the overall conver-
sion were studied.

The evaluation of the results was mainly based
on achieved glucose concentrations and energy in-
put. Power densities were initially calculated via eq.
2 to relate the STR power input to the OFB power
input. Throughout the study, the measurement re-
sults showed that the measured power requirement
for the oscillation (W ) was much less dependent
on factors such as oscillation amplitude, medium
density, and reactor length than was expected. The
evaluation of the experiments points out that the
motor in the set-up is too large to enable precise
measurement of influential factors. The results indi-
cate the need for a new correlation to be developed
on the power requirement for OFB systems with he-
lical baffles on the one hand, and a more harmon-
ised system set-up in terms of engine power and
power density measurement on the other hand.

The main aim of this study was to conduct the
enzymatic hydrolysis of cellulosic material at high
solid loadings, which was achieved with the OFB
system, allowing the handling of high viscous slur-
ries, and resulting in equal or better conversions
compared to state-of-the-art reactors. The frequency
shows a direct influence on the power requirement
in all experiments, whereas in terms of mixing, an
optimal frequency of around 2 Hz was determined
because it generated sufficient turbulence for high
conversions and minimal shear stress for the activi-
ty of the enzyme.

The scale-up ability of the OFB plant design
was practically tested by comparing the use of one
single reactor module and the use of more modules
in series.

Qualitative and quantitative analysis of the glu-
cose concentration distribution along the reactor
module showed excellent results at oscillation fre-
quencies above 2.1 Hz at high solid loadings (15 %
a-cellulose). The effect of the angle of inclination
of the reactor were insignificant.

The objective of ultimately applying less en-
zyme was tested at ratios of 10 and 8 FPU. A 20 %
decrease in enzyme use only decreased glucose for-
mation by 6 %.

Finally, in the 24-hour hydrolysis experiments,
conversion rates of the OFB system were higher
than those of the STR. This proves that the OFB
system is a promising reactor that can achieve com-
parable or slightly better results than an STR in
batch processes. The OFB also has potential to en-
able continuous processing when superimposing the
oscillatory motion over a very slow net flow.

This study is ongoing; the primary objective is
running future semi-batch and continuous mode ex-
periments with different kinds of lignocellulosic
media, and, if possible, at higher solid loadings and
for at least 24 h. Additionally, further improvement
in enzyme dosing and sampling will be investigated
in the design optimisation steps.

Nomenclature

a — Baffle orifice area to tube area ratio
C, — Discharge coefficient
D — Vessel diameter, m

v

DNS — Dinitrosalicylic assay

D, — Impeller diameter, m

FPU - Filter paper units

f - Oscillation frequency, Hz
f_geo — Function of geometry

f_ﬂ — Function of density

/ — Height of mixture in STR, m
N, — Number of baffles per meter
N — Impeller rotational speed, rps

OBR — Oscillatory Baftled Reactor
OFB — Oscillator Flow Bioreactor

P — Power, W

P — Power number of the impeller
Re, — Net flow Reynolds number
Re, — Oscillatory Reynolds number
RPS — Impeller rotational speed

p  — Density of fluid, kg m=

STR — Stirred Tank Reactor

©Q  — Angular oscillation frequency, rad s
X, — Oscillation amplitude, m

u  — Fluid density, kg m's™!
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