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ABSTRACT: High product concentration in aerobic biorefin-
ing fermentation requires high lignocellulose feedstock
loading. However, the high solids content and the consequent
high viscosity of the lignocellulose hydrolysate severely limit
oxygen transfer and thus lead to low aerobic fermentation rate.
This study first investigates the experimental measurement and
the computational fluid dynamics (CFD)-based simulation of
oxygen transfer properties in the high solids loading and highly
viscous lignocellulose hydrolysates. The oxygen mass transfer
coefficients kLa values vary with various biorefining processing
parameters. A minimum threshold kLa value was required for
aerobic fermentation of glucose oxidation into gluconic acid.
The rheological properties of the slurry were experimentally
determined, and a CFD model was established for the design of aerobic fermentation bioreactors. The kLa values between the
CFD calculation and the experimental determination were in good agreement for the high solids loading and highly viscous
hydrolysate slurry. The study provided important information and useful tools for achieving efficient aerobic fermentations in
high solids loading and highly viscous lignocellulose hydrolysates. The measured kLa value could be applied to general aerobic
fermentation using lignocellulose feedstock.
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■ INTRODUCTION

High product concentration is crucially important for reducing
the downstream recovery cost of fermentation processes.1,2 In
lignocellulose biorefining, the high lignocellulose feedstock
loading in enzymatic hydrolysis and fermentation steps is the
prerequisite condition for achieving the high product
concentration. When anaerobic fermentation is operated in
the high solids loading hydrolysate for production of ethanol by
Saccharomyces cerevisiae strains or lactic acid by lactic acid
bacterium strains, a good mixing condition is required for the
hydrolysate slurry of the high lignocellulose solids with the low
enzyme solution and microbial seed broth.3−5 When aerobic
fermentation is operated for production of lipids by oleaginous
yeasts or citric acid by Aspergillus niger or amino acids by
Corynebacterium glutamicum, both the good mixing and the high
oxygen transfer rate from the gas (air) phase to the liquid
(hydrolysate) phase are required. When oxygen is also a
substrate of oxidative conversions in aerobic fermentations such
as the fermentation of glucose oxidation to gluconic acid by
Gluconobactor oxidans6 or Aspergillus niger,7 the oxygen transfer
requirement is further enhanced and oxygen supply becomes a
determinant factor for achieving high product titer and yield.

In the high solids loading and highly viscous lignocellulose
hydrolysates, fine air bubbles tend to aggregate into larger
bubbles and quickly escape from the hydrolysate slurry.8−10

The aggregation and escape of the bubbles decrease the overall
gas holdup, the gas−liquid interfacial area, and the interface
mobility of the high viscosity and solids loading hydrolysate
slurry.11 These phenomena correspondingly reduce the oxygen
transfer rate and cell metabolism activity.12,13 One way to
improve the oxygen transfer property is to remove the solid
particles from the hydrolysate slurry.14,15 However, the solid/
liquid separation for a highly viscous hydrolysate has been
proved to be a tough operation: Centrifugation is not practical
in industrial operation due to the very high solids content of the
hydrolysate, and filtration is extremely difficult to perform
because of the very high viscosity.16,17 Furthermore, heavy loss
of fermentable sugars and high electricity input are inevitable if
solid/liquid separation is performed. In fact, at least a partial
reason for the simultaneous saccharification and fermentation
(SSF) operation in biorefining fermentations is due to the
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difficulty of and heavy loss of sugars from solid/liquid
separation; therefore, the solid particles containing hydrolysate
slurry directly go to fermentations without solid/liquid
separation.
Although the hydrolysate slurry without solid/liquid

separation is almost the only feedstock option for practical
fermentations, the oxygen transfer properties of the high solids
loading and highly viscous hydrolysates had not been well
characterized to date. Mussatto and Roberto17 reported an
oxygen transfer result of rice straw hydrolysate, but the all solids
particles were removed and the hydrolysate slurry became a
clear supernatant. Sreenath et al.18 reported the oxygen transfer
properties of alfalfa fiber hydrolysate slurry, but the solids
content was only 10% (w/w). Liu et al.19 reported the varying
dissolved oxygen level of corn stover hydrolysate and the
consequent lipid fermentation, but the solids content was also
as low as 10% (w/w).
This study first investigates the oxygen transfer property of

the high solids loading and highly viscous lignocellulose
hydrolysate in a typical aerobic fermentation of gluconic acid.
In this aerobic fermentation, oxygen is required by both the cell
growth by the fermenting strain Gluconobacter oxidans and the
oxidation reaction of glucose into gluconic acid. The gas−liquid
oxygen transfer coefficients kLa values of the high solids loading
and highly viscous hydrolysate slurry were experimentally
measured. The oxygen transfer rate could be adjusted by
regulating the hydrolysate time and agitation rate to meet the
needs of gluconic acid fermentation. The rheological properties
of the slurry were also experimentally determined, and the
computational fluid dynamics (CFD) mode was established to
calculate the oxygen transfer rate and air holdup. A validated
CFD model was applied to design the aerobic fermentation
bioreactor. The study provided important information and

useful tools for achieving efficient aerobic fermentation in
highly viscous lignocellulose hydrolysate slurry.

■ MATERIALS AND METHODS
Feedstocks. Corn stover (CS) was harvested in Nanyang, Henan,

China in fall 2014. After collection, the biomass feedstock was milled
coarsely using a hammer crusher and screened through a mesh with a
circle diameter of 10 mm. The milled CS was washed to remove field
dirt, sands, and metal pieces and then dried to avoid decaying in the
one year storage period. The raw CS contained 32.1% cellulose, 20.6%
hemicellulose, 26.5% lignin, and 4.4% ash on dry weight base (w/w)
measured by a Cellulose Analyzer 220 (Ankom Technology, Macedon,
NY, USA).

Enzymes and Chemicals. Cellulase enzyme LLC was purchased
from Vland Biotech, Qingdao, China. The filter paper activity was 199
FPU/mL, and the cellobiase activity was 5514 CBU/mL determined
according to the NREL protocol LAP-00620 and Ghose,21 respectively.
The protein concentration was 76 mg/mL of cellulase solution
determined by the Bradford method22 using BSA as the protein
standard.

Pure sodium gluconate was purchased from Sigma-Aldrich, St.
Louis, MO, USA. D-(+)-Glucono-δ-lactone was purchased from
Aladdin Reagents Co., Shanghai, China. Yeast extract was purchased
from Angel Yeast Co., Yichang, Hubei, China. Agar was purchased
from Biosharp Co., Shanghai, China. All other chemicals were
purchased from the local supplier Linfeng Chemical Reagent Co.,
Shanghai, China.

Strains and Medium. Gluconobacter oxidans DSM 2003 was
obtained from German Collection of Microorganisms and Cell
Cultures (DSMZ), Braunschweig, Germany. The culture medium
used for G. oxidans DSM 2003 included (1) an activation medium
containing 40 g of sorbitol, 10 g of yeast extract, 1.5 g of KH2PO4, 1.5
g of (NH4)2SO4, 0.5 g of MgSO4·7H2O, and 20 g of agar in 1 L of
deionized water and (2) a seed medium containing 80 g of sorbitol, 10
g of yeast extract, 1.5 g of KH2PO4, 1.5 g of (NH4)2SO4, and 0.5 g of
MgSO4·7H2O in 1 L of deionized water.

Figure 1. Schematic geometry of the bioreactors equipped with different impellers including RT, HBT, and PBTU.
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Biodetoxification fungus Amorphotheca resinae ZN1 was isolated in
our previous work23 and stored in the China General Microorganism
Collection Center (CGMCC), Beijing, China with the registration
number 7452. A. resinae ZN1 was stored at 4 °C on potato dextrose
agar (PDA) slants (200 g/L of potato juice, 20 g/L of glucose, 20 g/L
of agar). The PDA medium was prepared by boiling cleaned, peeled,
and sliced potatoes in 1 L of deionized water for 30 min.
Pretreatment, Biodetoxification, and Hydrolysis Operations.

CS was pretreated by a dry sulfuric acid pretreatment method
according to Zhang et al.24 and He et al.25 Briefly, dry CS and a dilute
sulfuric acid solution at 5% (w/w) were cocurrently fed into the
reactor at a solid/liquid ratio of 2:1 (w/w) with helically stirring
mixing and then pretreated at 175 °C for 5 min. The pretreated CS
contained approximately 50% (w/w) of dry solid matter, and no free
wastewater stream was generated. The pretreated CS contained 35.7%
cellulose and 2.4% hemicellulose measured by a two-step acid
hydrolysis method according to NREL protocols.26,27

The pretreated CS slurry was biodetoxified using A. resinae ZN1
according to Zhang et al.23 Briefly, the pretreated CS was neutralized
with 20% (w/w) Ca(OH)2 to a pH value of 5−6 and then disk milled
to remove the residual long cellulose fibers to avoid the blockage of
pipelines and valves. The A. resinae ZN1 spore suspension with a spore
number of 4−5 × 106 spores per mL was inoculated onto the
pretreated CS and cultured at 28 °C. The solids with full growth of A.
resinae ZN1 spores were inoculated at a 10% (w/w) ratio onto the
pretreated CS solids and incubated at 28 °C until furfural and 5-
hydromethylfurfural (HMF) were completely removed. No any fresh
water and nutrients were added, and no wastewater stream was
generated during biodetoxification. The detoxified CS contained
approximately 50% (w/w) of dry solids.
The pretreated and detoxified CS was hydrolyzed in the hydrolysis

bioreactor (5L) equipped with a helical ribbon impeller as described
by Zhang et al.4 using the cellulase dosage of 6 mg total protein per
gram of dry solid matter (DM) at 50 °C for 12 or 48 h depending on
the individual experimental design. The pH value was maintained at
4.8 with 5 M NaOH solution.
Gluconic Acid Fermentation. CS hydrolysate slurry was rapidly

transferred from the hydrolysis bioreactor using a sterilized beaker to
the fermentation bioreactor for gluconic acid fermentation. Three
types of impellers were used in the fermentation bioreactors including
Rushton turbines (RT), hollow blade turbines (HBT), and pitched-
blade turbines up-pumping (PBTU). The schematic geometry of the
bioreactors is shown in Figure 1. The RT impellers were used in the
practical fermentation bioreactor, and the HBT and PBTU were only
used in CFD calculation.
Two milliliters of the G. oxidans stock vial was directly inoculated

into 20 mL of the seed medium and cultured at 30 °C for 15 h. Then,
the seed broth was cocurrently inoculated at a 2% (v/v) inoculation
ratio into the fermentation bioreactor containing 2.5 L of the
hydrolysate slurry after 48 h hydrolysis (without solids removal) and
fermented at 35 °C, pH 4.8, and 1.0 vvm of aeration rate for 36 h. The
samples were withdrawn at regular intervals and centrifuged at 14,500
× g for 5 min.
Analysis of Sugars, Gluconic Acid, and Inhibitors. Glucose

was analyzed using a SBA-40D biosensor (Shandong Academy of
Sciences, Jinan, China). Gluconic acid was analyzed using HPLC (LC-
20AT, UV/vis detector SPD-20A, Shimadzu, Kyoto, Japan) with an
Aminex HPX-87H column (Biorad, Hercules, CA, USA) at 55 °C
using a mobile phase of 5 mM H2SO4 at a rate of 0.4 mL/min. Xylose,
furfural, 5-hydroxyfurfural, and acetic acid were analyzed using HPLC
(LC-20AD, refractive index detector RID-10A, Shimadzu, Kyoto,
Japan) with an Aminex HPX-87H column (Bio-Rad, Hercules, CA,
USA) at 65 °C using a mobile phase of 5 mM H2SO4 at a rate of 0.6
mL/min.
Measurement of Volumetric Oxygen Mass Transfer Coef-

ficient kLa. The oxygen mass transfer rate in the CS hydrolysate was
measured using the dynamic oxygen desorption method.28 An oxygen
electrode (InPro 6800, Mettler Toledo, Schwerzenbach, Switzerland)
was used for measurement of the dissolved oxygen concentration
(DO). The oxygen saturation point (100%) was set to the value at the

fixed agitation rate and the given solids loading at the conditions of 35
°C and 1.0 vvm of aeration rate. Nitrogen was used to purge the
oxygen from the hydrolysate below 5% of the saturation before the kLa
measurement. Then, the air flow was re-established, and the dissolved
oxygen concentration rapidly increased to saturation. The oxygen
concentration was recorded every 10 s and lasted for 600−800 s. The
measurement was duplicated at each solids loading from the high
agitation rate decreasing and from the low agitation rate increasing.

The kLa value was calculated based on the oxygen mass balance in
the hydrolysate slurry as shown in eq 1:

= * −dC
dt

k a C C( )L (1)

where C* is the saturation oxygen concentration (mol/L), and C is the
oxygen concentration at the measurement point (mol/L).

Rheological Properties Measurement. The rheology of hydro-
lysate slurry was measured by a rotational viscometer (DV2T, model
LV, spindle SC4−16, Brookfield Engineering Laboratories Inc.,
Middleboro, MA, USA). The apparent viscosity was obtained at a
shear rate (γ) from 11.6 to 46.7 s−1 at 25 °C. The rheological
properties were fitted into a power law model ηa = Kp × γn‑1, where Kp
is the consistency coefficient (Pa sn), and n is the dimensionless power
law index. The linearized power law model is shown in eq 2, and the
Kp and the n values were calculated by measuring the intercept and the
slope of eq 2:

η γ= + −K nlog log ( 1)loga10 10 P 10 (2)

CFD Simulation. The commercial CFD software ICEM and
Fluent (Version 14.5, Ansys, Inc., PA, USA) were used to generate the
3D grids of the reactor model and run calculations, respectively. The
Eulerian multiphase model was employed for simulating gas−liquid
mass transfer in an air−water−CS multiphase stirred tank bioreactor.
The population balance model (PBM) was used to calculate the air
bubble size distribution. The PBM model was solved using the discrete
method with eight bubble groups from 0.5 to 13.0 mm for simulating
bubble coalescence and breakup. The air sparger was taken as the inlet
boundary conditions of gas velocity. The upper surface of the liquid
was defined as the degassing boundary. Impellers, walls, and baffles
were defined as the no-slip boundaries with the standard wall
functions. The impeller rotation was characterized with the moving
mesh method. The model was solved as implicit and pressure-based.
Chemical reaction was negligent. The unsteady solve method was
used, and the time step was set as 0.02 s. The volumetric mass transfer
coefficient was calculated as the product of interfacial area α and liquid
side mass transfer coefficient kL, in which kL was calculated using Bird’s
penetration equation:29,30

π
=k

D U

d
2
3L

L slip

32 (3)

where DL is the molecular diffusivity (m
2/s) of gas in liquid, and Uslip is

the slip velocity (m/s) between gas and liquid.
The interfacial area α was the function of the Sauter mean diameter

d32 and the local gas volume fraction αG as shown in eq 4:

α
α

=
d
6 G

32 (4)

■ RESULTS AND DISCUSSION
Measurement of Oxygen Transfer in High Solids

Loading Lignocellulose Hydrolysate. The oxygen transfer
coefficient kLa in the high CS loading hydrolysate was
experimentally determined under different operation conditions
(Figure 2). The prolonged hydrolysis time reduced the
apparent viscosity, and the kLa values were increased
correspondingly. The increased agitation rate enhanced the
turbulence intensity, and the kLa values increased. The
increased solids loading of the hydrolysate slurry led to the
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increased apparent viscosity and reduced kLa values. The only
exception is the kLa values at the lower solids content after
longer hydrolysis time (Figure 2b), in which a severe foam was
formed and the DO sensor reading was disturbed, leading to
higher but inaccurate kLa values. The accuracy of the kLa
measurement was improved at a higher agitation rate by the
enhanced turbulence level and the reduced foam generation.
Aerobic fermentation requires a sufficient oxygen supply to

achieve satisfying cell growth and conversion yield. Few
examples include the kLa value at 22 h−1 for glutamic acid
fermentation by Corynebacterium glutamicum,31 30 h−1 for citric
acid fermentation by Yarrowia lipolytica,32 and 42 h−1 for
gluconic acid fermentation by Gluconobacter oxidans.33,34

Although the oxygen transfer rate in the lignocellulose
hydrolysate was generally lower than that of the conventional
liquid medium or the clear lignocellulose hydrolysate,8 Figure 2
shows that the kLa value in the high solids loading hydrolysate
is still sufficiently high enough to meet the oxygen transfer need
at moderate operation conditions. The results indicate that
general aerobic fermentations could be conducted in highly
viscous and high solids loading lignocellulose slurry.
Evaluation of Aerobic Fermentation Based on Oxy-

gen Transfer Coefficient. To evaluate the oxygen transfer

coefficient of the high solids containing hydrolysates in aerobic
fermentation, gluconic acid fermentation by G. oxidans was
selected as the model fermentation for its high oxygen
requirement for both cell growth and conversion needs. In
this aerobic fermentation, cellulose is converted into glucose
and then converted to glucono-γ-lactone, followed by a
spontaneous hydrolysis of glucono-γ-lactone into gluconic
acid.35,36 Since the intermediate glucono-γ-lactone is a strong
inhibitor to cellulase enzyme,37,38 the enzymatic hydrolysis is
completed before fermentation. Briefly, the pretreated and

Figure 2. Measurement of oxygen transfer rate kLa in the CS
hydrolysate slurry: (a) hydrolyzed for 12 h and (b) hydrolyzed for 48
h. The apparent viscosity was calculated at the shear rate of 70 s−1

using the rheological properties Kp and n measured by a rotational
viscometer. CS was dry acid pretreated using the solid/liquid ratio of
2:1 and 2.5% sulfuric acid usage per dry CS at 175 °C for 5 min.
Enzymatic hydrolysis was conducted with 6 mg cellulase proteins/g
DM at pH 4.8 and 50 °C for 12 or 48 h. Oxygen transfer rate in the
hydrolysate slurry was measured at 35 °C and aeration rate of 1 vvm.

Figure 3. Cellulosic gluconic acid fermentation under different oxygen
transfer rates created by varying solids content in hydrolysate slurry:
(a) dissolved oxygen, (b) gluconic acid generation, and (c) gluconic
acid generation rate. CS was dry acid pretreated using the solid/liquid
ratio of 2:1 and 2.5% sulfuric acid usage per dry CS at 175 °C for 5
min. Enzymatic hydrolysis was conducted with 6 mg cellulase
proteins/g DM at pH 4.8 and 50 °C for 48 h. Cellulosic gluconic
acid fermentation was conducted at an agitation rate of 400 rpm,
inoculum size of 2%, and aeration rate of 1 vvm at pH 4.8 and 35 °C
for 36 h.
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biodetoxified CS solids were hydrolyzed into oligomer sugars
for 48 h in the first reactor, then the whole CS hydrolysate
slurry was moved to the second bioreactor for aerobic gluconic
acid fermentation.
The oxygen transfer performance in cellulosic gluconic acid

fermentation was measured under changing CS solids loading
(Figure 3). The dissolved oxygen (DO) level was approx-
imately the same in the kLa range of 9.2−77.4 h−1 (Figure 3a),
and glucose was completely converted into gluconic acid within
12 h (Figure 3b). When kLa was reduced to 5.6 h−1 with 30%
solids loading hydrolysate, DO was completely exhausted

during the conversion of glucose oxidation, and the conversion
rate was significantly reduced (Figure 3c).
To achieve the higher glucose titer in the hydrolysis step and

the higher gluconic acid titer in fermentation step, the kLa

Figure 4. Cellulosic gluconic acid fermentation under different oxygen
transfer rates created by varying agitation rate: (a) dissolved oxygen,
(b) gluconic acid generation, and (c) gluconic acid generation rate. CS
was dry acid pretreated using a solid/liquid ratio of 2:1 and 2.5%
sulfuric acid usage per dry CS at 175 °C for 5 min. Enzymatic
hydrolysis was conducted with 6 mg cellulase proteins/g DM at pH
4.8 and 50 °C for 48 h. Cellulosic gluconic acid fermentation was
conducted at solids loading of 30% (w/w), inoculum size of 2%, and
aeration rate of 1 vvm at pH 4.8 and 35 °C for 36 h.

Figure 5. Cellulosic gluconic acid fermentation under the similar
oxygen transfer rate created by different operation approaches: (a)
dissolved oxygen and (b) gluconic acid generation rate. CS was dry
acid pretreated using the solid/liquid ratio of 2:1 and 2.5% sulfuric acid
usage per dry CS at 175 °C for 5 min. Enzymatic hydrolysis was
conducted with 6 mg cellulase proteins/g DM at pH 4.8 and 50 °C for
48 h. Gluconic acid fermentation was conducted at an inoculum size of
2% and aeration rate of 1 vvm, pH 4.8, and 35 °C for 36 h. Blue lines
represent the solids loading of 25% and agitation rate of 400 rpm. Red
lines represent the solids loading of 30% (w/w) and agitation rate of
500 rpm.

Table 1. Rheological Properties of CS Hydrolysate Slurry at
Different Solids Loadingsa

12 h hydrolysis 48 h hydrolysis

CS solids
loading
(%, w/w) Kp (Pa·s

n) n (−) ηa (Pa·s) Kp (Pa·s
n) n (−) ηa (Pa·s)

15 0.53 0.37 0.04 0.04 0.51 0.01
20 1.51 0.35 0.09 0.21 0.43 0.02
25 4.98 0.27 0.22 0.58 0.37 0.04
30 8.98 0.27 0.40 1.42 0.31 0.08

aThe consistency coefficient Kp and the dimensionless power law
index n of hydrolysate slurry were measured by a rotational viscometer.
The apparent viscosity ηa was calculated at the shear rate of 70 s−1. CS
was dry acid pretreated using the solid/liquid ratio of 2:1 and 2.5%
sulfuric acid usage per dry CS at 175 °C for 5 min. Enzymatic
hydrolysis was conducted with 6 mg cellulase proteins/g dry solids
matter (DM) at pH 4.8 and 50 °C for 12 or 48 h.
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values were increased by accelerating the agitation rate of the
two 6-blade Rushton impellers in the practical range (Figure 4).
When the agitation rate increased from 400 to 500 rpm, the kLa
value increased by one fold from 5.6 to 11.2 h−1 and the
glucose conversion rate reached to the optimum (Figure 4a and
b). When the agitation rate increased to 600 and 800 rpm, the
kLa values further increased to 19.8 and 45.9 h−1, but the
conversion rate of glucose to gluconic acid stayed similar
(Figure 4c). The results indicate that the oxygen supply of the
aerobic gluconic acid fermentations under the high solids
loading and highly viscous hydrolysates could be met by
adjusting operation conditions such as agitation rate accel-
eration.
The gluconic acid fermentation performance at the similar

kLa values (9.2 and 11.2 h−1) was compared in Figure 5.
Although similar kLa values were obtained by adjusting different
operation parameters (25% solids loading at 400 rpm and 30%
solids loading at 500 rpm, respectively), the gluconic acid
productivity stayed almost the same. The result indicates that
the oxygen transfer rate is the determinant factor for cellulosic
aerobic fermentation, and a minimum threshold value of kLa for

cellulosic gluconic acid fermentation of G. oxidans (around 10
h−1) was required. This study extended the biorefining
fermentation from anaerobic type such as ethanol fermentation
into the aerobic type such as gluconic acid, citric acid, and
glutamic acid fermentations by confirming that the oxygen
transfer rate in highly viscous lignocellulose hydrolysate was
sufficiently high enough for aerobic fermentation.

CFD Simulation. The CFD model of aerobic fermentors in
the high solids loading and highly viscous lignocellulose
hydrolysate was established based on the rheological property
measurement (Table 1). The CFD calculated oxygen transfer
rate was compared with that of the experimentally measured
data (Table 2). The calculated and experimentally measured
kLa values were in good agreement with the acceptable error
range of ±13.5%. The result indicates the validity of the CFD
model for calculation of oxygen transfer property in the high
lignocellulose solids loading hydrolysate.
The oxygen transfer coefficient under different agitation rates

in high solids loading hydrolysate was calculated using the
established CFD model (Figure 6). The volumetric average gas
holdup significantly increases from 0.4% to 1.1% and 2.3% with
increasing agitation rate from 400 to 600 and 800 rpm (Figure
6a). The gas (air) pathline chart indicates that air flow tends to
accumulate into the center of the bioreactor with increasing
agitation rate (Figure 6b). The kLa increases with increased
agitation rate perhaps due to the increased liquid flow velocity
and turbulence intensity.
The oxygen transfer coefficient under different impeller

configurations (RT, HBT, and PBTU) was also calculated using
the CFD model (Figure 7). Under the same agitation power
input, the volumetric average gas holdup of the RT
combination is relatively greater (Figure 7a), and the kLa
value is 1.3 and 4.4 times greater than that of the PBTU and the
HBT combinations (Figure 7b), respectively. The result shows
that the commonly used Rushton impeller is the efficient
impeller configuration for supplying sufficient oxygen to the

Table 2. Comparison of Experimentally Measured kLa
Values with CFD Calculated Values in Highly Viscous
Lignocellulose Hydrolysate Slurrya

Agitation rate
(rpm)

Experimental kLa
(h−1)

Simulated kLa
(h−1)

Relative error
(%)

400 5.6 ± 1.6 4.8 −14.3
500 11.2 ± 3.6 9.4 −16.1
600 19.8 ± 1.4 16.9 −14.6
800 45.9 ± 0.9 50.0 +9.0

aCS was dry acid pretreated using the solid/liquid ratio of 2:1 and
2.5% sulfuric acid usage per dry CS at 175 °C for 5 min. Enzymatic
hydrolysis was conducted with 6 mg cellulase proteins/g DM and
solids loading of 30% (w/w) at pH 4.8 and 50 °C for 48 h. Oxygen
transfer rates in the hydrolysate slurry were measured at 35 °C and
aeration rate of 1 vvm.

Figure 6. CFD simulation of gas holdup and oxygen transfer rate of the high solids loading hydrolysate slurry at different agitation rates. (a) Gas
holdup on the isosurface of kLa value at 10 h

−1. (b) Oxygen transfer rate distribution along with gas pathlines within 600 steps at the step size of 0.01
m. CS was dry acid pretreated using the solid/liquid ratio of 2:1 and 2.5% sulfuric acid usage per dry CS at 175 °C for 5 min. Enzymatic hydrolysis
was conducted with 6 mg cellulase proteins/g DM and solids loading of 30% (w/w) at pH 4.8 and 50 °C for 48 h.
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aerobic fermentation in the high solids loading and highly
viscous lignocellulose hydrolysates.
This study confirmed that the oxygen transfer is sufficiently

high enough for aerobic fermentation even in highly viscous
and high solids loading lignocellulose hydrolysate slurry by
regulating process parameters and reactor design. The results of
the solid foundation provides for industrial application of
oxidative conversions of biofuels and biochemicals with high
economic potentials. This study also provided a CFD method
for calculating oxygen transfer coefficients at changing process
parameters based on the accurate rheology model of the highly
viscous and high solids loading hydrolysate. The CFD model
also paved the way for bioreactor scale-up in industrial
applications.

■ CONCLUSION

The oxygen transfer properties of high solids loading and highly
viscous lignocellulose hydrolysates were first investigated. The
oxygen transfer rate decreased with increased solids loading and
increased with prolonged hydrolysate time and increased
agitation rate. Aerobic fermentation indicated that the oxygen
transfer rate was a determination factor for efficient
fermentation conversion. For the typical aerobic fermentation
of glucose oxidation into gluconic acid, a minimum threshold
kLa value of around 10 h−1 was required for maintaining the
aerobic fermentation efficiency. The rheological properties of
the slurry were experimentally determined, and a CFD model
was established. The kLa values between the CFD calculation
and the experimental determination were in good agreement
with the acceptable error range of ±13.5% for the highly
viscous hydrolysate slurry. The validated CFD model was
successfully used for aerobic bioreactor design. This study
extended the biorefining fermentation from anaerobic type into
aerobic type by confirming that the oxygen transfer rate in
highly viscous lignocellulose hydrolysate was sufficiently high
enough for aerobic fermentation.
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