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Despite the advantageous prospect of second-generation bioethanol, its final commercial-
ization must overcome the primary cost impediment due to enzyme assumption. To solve
this problem, this work achieves high-concentration ethanol fermentation and multi-round
cellulase recycling through process integration. The optimal time and temperature of the
re-adsorption process were determined by monitoring the adsorption kinetics of cellulases.
Both glucose and cellobiose inhibited cellulase adsorption. After 96 h of ethanol fermenta-
tion, 40% of the initial cellulase remained in the broth, from which 62.5% of the cellulase
can be recycled and reused in fresh substrate re-adsorption for 90 min. Under optimum
conditions, i.e., pH 5.0, dry matter loading of 15 wt%, cellulase loading of 45 FPU/g glucan,
two cycles of fermentation and re-adsorption can yield twofold increased ethanol outputs
and reduce enzyme costs by over 50%. The ethanol concentration in each cycle can be
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hiev levels >40g/L.
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INTRODUCTION

Second-generation bioethanol produced from lignocellulosic
materials presents a good potential alternative to — exhaustible fos-
sil fuels because of its renewability, low environmental impact, and
limited employment of food crops (Huangetal.,2011). Since corn-
cob has a wide distribution and high bulk density for bioethanol
production, its collection and transport are highly convenient (Liu
etal., 2010). Considering these advantages, several energy compa-
nies, such as POET, DDCE, and ABENGOA, have chosen corncob
as a major feedstock for bioethanol production. Unfortunately,
the full commercial deployment of bioethanol bioconversion is
challenged by two major obstacles: the high cost of enzymes (Tu
et al., 2009) and the recalcitrant block of non-cellulosics (mainly
hemicellulose and lignin) (Zhang et al., 2010b).

To remove recalcitrant blocks, several methods for corncob pre-
treatment have been applied, including use of dilute acid (Wang
etal.,2011),use of formicacid (Huangetal.,2010a),and soaking in
aqueousammonia (Huangetal.,2010b). We previously evaluated a
combined pretreatment with dilute sulfuric acid—sodium hydrox-
ide (Zhang et al., 2010b) to increase the relative amount of cellu-
lose and improve the digestibility of corncob during high-solids
ethanol fermentation. Although efforts from many researchers and
enzyme companies have focused on increasing the production effi-
ciency and specific activity of enzymes, enzyme recycling and reuse
is a more practical strategy to reduce enzyme cost (Huang et al.,
2011). Several recycling strategies, such as B-glucosidase immobi-
lization (Tu et al., 2006; Wang et al., 2009), enzyme ultrafiltration
(Qietal,2011,2012),and enzyme re-adsorption (Tu and Saddler,
2010), have been applied in lignocellulosic hydrolysis.

During lignocellulosic hydrolysis, cellulases can either remain
bound to the solid residues or freely suspend in the liquid phase
(Du et al., 2012). Because of their relatively high stability and
natural affinity to cellulose, these free proteins can be recycled
by re-adsorption onto the fresh substrate. Tu et al. (2007b) suc-
cessfully recycled free cellulase in hydrolyzates by addition of fresh
pretreated lodgepole after hydrolysis. These experiments, however,
were performed at a low cellulose consistency (2%), which can-
not facilitate high-concentration ethanol production. Moreover,
cellulase recycling was performed after the hydrolysis part of sepa-
rate hydrolysis and fermentation (SHF), which is disadvantageous
for high-solids saccharification because certain hydrolysis prod-
ucts, such as glucose and particularly cellobiose, inhibit cellulase
adsorption (Kristensen et al., 2009b).

Simultaneous saccharification and fermentation (SSF) has
been proven to be a promising alternative to SHF for com-
mercial bioethanol production (Li et al,, 2009). In SSE inhi-
bition of cellulase by the end-product is minimized because
glucose and cellobiose are consumed in situ by the ferment-
ing microorganism, such as Saccharomyces cerevisiae (Tomds-Pejo
et al.,, 2008; Zhang et al., 2009). Another advantage of SSF is
that the process is integrated in one reactor, thereby reducing
equipment costs and decreasing the probability of contamination
(Georgieva et al., 2008). Furthermore, SSF conducting at high-
solids is highly required in practical ethanol production (solid
content >15%), which is benefit to reduce the moisture content
of the fermentation system and to increase the final ethanol con-
centration facilitating the subsequent distillation (Kristensen et al.,
2009b).
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The present study aims to: (1) study the feasibility of cellu-
lase recycling strategy in which high-solid SSF is integrated with
enzyme re-adsorption; and (2) optimize the operating parameters
of this strategy and evaluate the cost savings of enzyme recycling
in practical operation using the proposed method.

MATERIALS AND METHODS

LIGNOCELLULOSIC SUBSTRATES

Corncob (glucan, 35.9%; xylan, 32.7%; lignin, 18.8%) was
obtained from alocal farm (Tianjin, China), pre-milled, air-dried,
and screened thought 20—40 meshes. All corncob samples were
pretreated according to the method described as “combined pre-
treatment” by Zhang et al. (2010b). The corncobs were incubated
in an autoclave with 2 wt% H,SO4 (6:1 liquid/solid ratio) at 121°C
for 1h. After reaction, the corncob residues were filtered, washed
with water to neutral pH, extruded until no water drop, and then
soaked in 15 wt% aqueous ammonia (6:1 liquid/solid ratio) at
60°C for 12h. Finally, the pretreated corncobs were separated
from the black liquor, washed, oven-dried overnight, and stored at
4°C for subsequent experiments. The dry weight composition of
these samples was 77.5% cellulose, 11.6% hemicellulose, and 7.0%
lignin.

ENZYME AND YEAST

Cellulase (GC220, 160 FPU/mL) was purchased from Genencor
International (Palo Alto, CA, USA). The 8-glucosidase prepara-
tion (Novozyme 188, 926 CBU/mL) was purchased from Sigma
(St. Louis, MO, USA). Commercial ethanol instant active dry yeast
(S. cerevisiae) was obtained from Angel Yeast Co., Ltd., Wuhan,
China.

ANALYSIS

The components of the raw and pretreated corncobs, as well as
those of the fermentation residues, were determined by the NREL
procedure LAP-002. Soluble sugars and ethanol in the liquid sam-
ples were assayed by high-performance liquid chromatography
(HPLC) using an Aminex HPX-87H column (Bio-Rad, Hercules,
CA, USA) at 65°C using 50 mM H,SO4 as the mobile phase at
a flow rate of 0.6 mL/min. The filter paper unit (FPU) of cel-
lulase was measured according to a standard method (Ghose,
1987). Cellulase concentrations were determined following the
Bradford method (Bradford, 1976). Single cellulases of the culture
supernatants were purified by SDS-PAGE according to the litera-
ture (Laemmli, 1970) using acrylamide gels (10%) and a Bio-Rad
Mini-protean 3 electrophoresis cell.

LIGNOCELLULOSIC HYDROLYSIS AND CELLULASE ADSORPTION
Combined pretreated corncob (CPC) was preheated in citric acid
buffer (50 mM, pH 5.0, up to 5 g/50 mL reaction mixture) at 50°C
with shaking for 10 min. Cellulase (GC 220) was then added
to initiate hydrolysis for 48 h. In each sampling, 1 mL aliquots
were obtained from the mixture suspensions and centrifuged at
5,000 rpm for 4 min. Unbound proteins and soluble sugars of these
samples were determined using methods described in the previ-
ous section. Adsorbed proteins were calculated from the difference
between unbound and added proteins.

To study the factors influencing cellulase adsorption during
actual hydrolysis and re-adsorption, the reaction temperature,

reaction time, and sugar concentration in the hydrolyzates were
investigated. CPC samples were incubated in citric acid buffer
(50 mM, pH 5.0, DM 10%) with (i) the same GC220 loading
(30 FPU/g cellulose) at different temperatures or (ii) with different
glucose or cellobiose concentrations at a constant temperature of
20°C.

SSF AND ENZYME RECYCLING

For SSF batch experiments, the CPC slurry was diluted with cit-
rate buffer (50 mM, pH 4.5-5.5) in a 250 mL shake flask to obtain
the desired initial DM concentration (12—-18%, w/v). The SSF
medium was supplemented with the following: (NHy4),HPOy,
0.5 g/L; MgSO4-7H,0, 0.025 g/L; and yeast extract, 1.0 g/L. CPC
digestion was initiated by addition of the cellulase cocktail (GC220,
15—45 FPU; Novozyme 188, 20 CBU) and prehydrolysis for 24 h at
50°C. Afterward, dry yeast was added (2 g/L) to the mixture to per-
form SSF for 96 h as soon as the reaction temperature decreased
to 30°C (Figure 1). During prehydrolysis, SSF, and re-adsorption,
the kinetics of cellulase adsorption were determined by quanti-
fying the protein content in the supernatant; the distributions of
these enzymes were also characterized by SDS-PAGE assay. After
SSE the solid residue was washed, dried, and weighed, and its
chemical components were analyzed. The analytical procedures
were performed according to the methods described in the previ-
ous section. The SSF conditions (i.e., DM concentration, cellulase
loading, and pH) are listed in Table 1.

Experiments for cellulase recycling were operated according to
the designed scheme (Figure 1), which integrates the SSF process
and enzyme re-adsorption. After 96 h of SSF, the solids were fil-
tered using a glass microfiber membrane (Whatman GF/A) and
the liquid was mixed with fresh substrate with the same uptake
as the first cycle of SSF to reabsorb the free cellulase in the fil-
trate. After 90 min of re-adsorption at 20°C, the enzyme bound to
the substrate was refiltered and resuspended in the culture fluid.
Thereafter, fresh Novozyme 188 (20 CBU) was added to the mix-
ture and a second cycle of SSF was initiated. The refiltrate was
collected to determine ethanol and sugar concentrations.

Cellulose conversion and ethanol yield were calculated accord-
ing to a previous study (Varga et al., 2004). Activity recovery (AR)
of cellulase and productivity recovery (PR) of ethanol were defined
and calculated according to the following equation:

Activity recovery (%)

_ > Cellulose conversion in 7 (n > 1) round SSF (%)

— 100
Cellulose conversion in 1st SSF (%)
Productivity recovery (%)
> Cgthanol (g . Lfl) inn (n > 1) round SSF (%) 100
= x 100.

Cethanol (- L") in 1st SSF (%)

RESULTS AND DISCUSSION

CHARACTERIZATION OF RAW MATERIAL

The chemical compositions of corncob and pretreated corncob are
shown in Table 2. Hemicellulose and lignin contents respectively
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Table 2 | Chemical compositions of corncob before and after combined Time (h)
pretreatment.
Substrate Glucan Xylan Klason lignin AsL® FIG_URE 2] Cellulas«_e adsorptio_n and cellulose conversion profiles
during the hydrolysis of combined pretreated corncob.
Corncob 35.9 32.7 16.5 2.28
Pretreated corncob 77.5 1.6 6.3 0.66

2ASL, acid soluble lignin.

decreased to 11.6 and 7.0%, which indicates that most of these
two fractions are degraded or solubilized by dilute sulfuric acid
and aqueous ammonia. Lignin has been reported to adsorb cel-
lulase by lignin—enzyme interactions, resulting in non-productive
binding (Berlin et al., 2005). Thus, the low lignin content of the
pretreated substrate could help reduce the non-productive binding
of cellulase during SSF (Du et al., 2012) and subsequently facilitate
enzyme re-adsorption and recycling of enzyme. Cellulose contents
increased from 35.9 to 77.5% with the removal of hemicellulose
and lignin. During SSF, high cellulose contents of the feedstock
are vital for: (i) obtaining high fermentable sugar and ethanol
concentrations (Jorgensen et al., 2007) and (ii) promoting SSF

operation under high-solid contents by increasing substrate den-
sity and decreasing slurry viscosity via removal of non-cellulosic
fractions (Zhang et al., 2010b).

CELLULASE ADSORPTION AND DESORPTION

Unlike classical enzyme kinetics, biodegradation of insoluble cel-
lulose must be tracked synchronously during cellulase adsorption
and glucose release because of the heterogeneous nature of the
reaction (Bansal et al., 2009). As shown in Figure 2, ~50% of the
initial total cellulase was rapidly bound to the CPC within 3 h of
hydrolysis. After 3 h of hydrolysis, the bound cellulase increased
slowly, and the amount of bound enzymes at 24 h was only 10%
more than that observed at 3 h. Thereafter, bound cellulases were
desorbed from the CPC, which may be attributed to gradual degra-
dation of the substrate into oligo- and monosaccharides (Du et al.,
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2013). After 48 h of hydrolysis, 86% of the insoluble cellulose com-
ponent in the substrate was converted to soluble glucose. However,
a considerable amount of cellulase (>50%) remained adsorbed on
the solid residues. The bound cellulases at this point were mainly
adsorbed on the lignin because most of the cellulose fraction in
the substrate is hydrolyzed (Du et al., 2013).

To optimize the operating temperature and time for re-
adsorption, the adsorption kinetics of cellulase under different
temperature were measured (Figure 3A). When the equilibrium
time was held constant at 90 min, the adsorption rates and equi-
librium values of cellulase increased with increasing temperature.
About 60 and 70% of the initial cellulase was bound to the substrate
when adsorption reached equilibrium at 20 and 50°C, respectively.
Previous studies have reported that the optimum temperature of
Trichoderma reesei cellulase is 50°C (Lynd et al., 2002), and <3%
of the substrate is digested by this cellulase at 25°C for 1 h (Tu et al.,
2007a). Based on these results, we selected 20°C (ambient temper-
ature) as the operating temperature and 90 min as the operating
time for the re-adsorption process.

Glucose and cellobiose have been reported to cause signifi-
cant inhibition of cellulase activity (Zheng et al., 2009; Andric
et al., 2010). To determine whether or not these sugars affect
cellulase adsorption, a certain amount of glucose or cellobiose
was added into the buffer prior to introduction of the cellu-
lase to the lignocellulosic substrate. The glucose or cellobiose
dosage was selected according to the content in the hydrolyzate
to produce an environment as similar to actual practices as pos-
sible. As shown in Figure 3B, both glucose and cellobiose exert
inhibitory effects on cellulase adsorption, and this effect became
stronger with the increase in sugar concentration. When the
glucose concentration increased from 0 to 2 mg/mL, the cellu-
lase which adsorbs onto the solid substrate decreased from 46
to 36%. Approximately 37% of cellulase adsorbed on the sub-
strate while the cellobiose concentration was only 0.2 mg/mL.
Compared with glucose, inhibition of cellobiose was more evi-
dent. When the cellobiose concentration was increased to 1.6 g/L,
only 26% of the cellulase was adsorbed onto the solid sub-
strate, showing a 44.7% decrease. When enzyme hydrolysis was

operated at high DM, both the glucose and cellobiose were accu-
mulated. The high concentration of these inhibitors affected
digestion and adsorption, which means SHF is not suitable for
high-solid reactions and cellulase recycling. To eliminate these
inhibitory effects, cellulase re-adsorption combined with SSF was
performed.

ENZYME RECYCLING AND SSF PROCESS

To evaluate the feasibility of the recycling strategy illustrated in
Figure 1, the protein content in the liquid phase was moni-
tored, and the cellulase distribution between the solid and lig-
uid phases was determined. Figure 4A shows the change in
free protein concentration in the solution during prehydroly-
sis, SSE, and re-adsorption. After 1h of prehydrolysis, ~70% of
the cellulases were adsorbed onto the corncob substrate. How-
ever, these enzymes began to return to their free state thereafter.
After 96h of SSE ~40.6% of the total protein was free in the
liquid phase, of which over 10% desorbed from solid substrate.
About 60% of the cellulase remained bound to the solid residues
and could not be recovered. In a previous report, ~51% of the
added cellulase was detected in the liquid phase after 24h of
hydrolysis of lignocellulose with 6% lignin (Tu et al., 2007a).
These results suggest that the extent of non-productive adsorp-
tion of lignin is considerable despite the low lignin content in
the substrate (Lu et al., 2002). Subsequently, after 90 min of re-
adsorption, about 62.5% of the free protein in the solution was
readsorbed onto the fresh corncob, close to the adsorption ratio
observed during prehydrolysis (~60%). This result indicates that
ethanol and the fermentation broth only slightly inhibit cellulase
adsorption.

The distribution of cellulase components (CBH, EG, BGL)
from prehydrolysis to re-adsorption was evaluated by SDS-PAGE
analysis (Figure 4B). In previous studies, SDS-PAGE characteri-
zations provided the molecular masses of single cellulases derived
from T. reesei, that is, 67 kDa for CBHI, 58 kDa for CBHII, 48—
55kDa for EGI, and over 100 kDa for p-glucosidase (Jager et al.,
2010). The SDS-PAGE gels in Figure 4B show that the concentra-
tions of CBH I'and CBH II, two major cellulase components, follow
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FIGURE 3 | Effects of (A) temperature and time and (B) glucose and cellobiose concentration on cellulase re-adsorption.
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similar change rules according to the cellulase adsorption profile
in Figure 4A. The band above 97 kDa in the PO column belongs
to B-glucosidase (i.e., Novozyme 188). The intensity of this band

A 1.0t L L L L L
0.8 o -
Brefvdrolusi Readsorption
renyerolyss for 90min
| for 24h
0.6 - SSF for 96h - L

Free protein in supernatant (mg/mL

II
024 I L
0.0 T T T T T
0 24 48 72 % 120
Time (h)
B
97KD
66KD C D S — CBHII
e e - - & CBHI
53KD |
- EG
36KD |
24KD

P24 S24 S96 AR

FIGURE 4 | (A) Tracking of cellulase adsorption during prehydrolysis, SSF,
and re-adsorption. (B) SDS-PAGE analysis of cellulase in supernatant during
prehydrolysis for 0 (P0), 1 (P1), and 24 h (P24); SSF for 24 h (S24) and 96 h
(S96); and after re-adsorption (AR).

decreased after the first 1 h of prehydrolysis and disappeared as
the reaction proceeded, which deviates from the results reported
previously (Tu et al., 2007a). Cellobiase (i.e., B-glucosidase) is a
homogeneous catalyst without a cellulose-binding domain (CBD)
and thus should have no ability to adsorb onto the cellulose sub-
strate. However, in Figure 4B, the disappearance of this enzyme
is most possibly brought about by physical adsorption onto the
high-concentration substrate.

To optimize the operating conditions further, a single enzyme
recycling run was performed according to Figure 1. The operat-
ing parameters for the SSF experiments may be found in Table 1.
Three key factors were evaluated: enzyme loading, DM concentra-
tion, and pH. Enzyme recycling combined with SSF was performed
with three enzyme loadings (15, 30, and 45 FPU/g cellulose). For
cellulose digestion, experimental data (Experiment Nos. 2, 4, and
6) in Table 3 show 14% increase in cellulose conversion when the
cellulase loading is increased from 15 to 30 FPU. However, further
increases in loading (>30 FPU) cause no other changes to cellu-
lose digestion, similar to previously reported results (Zhang et al.,
2010a). Similar changes were also observed in terms of ethanol
output because ethanol production is limited by the concentra-
tion of glucose produced from the CPC substrate. High cellulase
loadings are more favorable for cellulase recycling because there
will be more cellulase in the liquor for reuse. At a cellulase load-
ing of under 45 FPU (Experiment No. 6), the cellulose conversion
and ethanol concentration obtained after the second cycle of SSF
remained at 77.1% and 42.2 g/L, respectively, indicating a cellulase
activity retention of 96.5%.

Table 3 (Experiment Nos. 1, 4, and 7) showed the cellulose
conversion and ethanol concentrations of two cycles of SSF with
different DM concentrations. To obtain high concentrations of
ethanol, all SSF cycles were operated with high-solid concen-
trations, which is, with DM of 12, 15, and 18%, corresponding
to cellulose concentrations of 93, 116, and 140 g/L, respectively.
After the first cycle of SSE, the highest ethanol concentration
was obtained at a DM concentration of 15%. On the one hand,
under a relatively low DM concentration (12%), the ethanol con-
centration is limited by the lower fermentable glucose released
from cellulose. On the other hand, under a relatively high DM

Table 3 | Summary of cellulose conversion rates, ethanol concentrations, and yields with different operating conditions for a single enzyme

recycling run.

No. acc'st (%) bECTst (g/L) CEYst (%) cc2nd (%) EC?"d (g/L) EY2nd (%) 9AR (%) °PR (%)
1 83.6 31.2+0.3 71.0 59.3 242+0.4 78.4 70.9 77.6
2 66.6 28.6+0.6 65.6 34.9 127406 56.0 52.4 44.4
3 76.8 41.8+£0.6 83.8 57.0 275+£0.5 74.0 74.2 65.8
4 80.5 422415 80.7 63.2 34.3+0.9 83.2 78.5 81.2
5 741 40.9+0.7 85.0 60.8 33.3+0.6 84.1 82.1 814
6 79.9 417408 81.0 77.1 422404 83.8 96.5 101.2
7 78.0 386+13 63.5 488 36.5+0.8 95.5 62.5 94.5

2CC, cellulose conversion;

bEC, ethanol concentration;

°EY, ethanol yield;
9AR, activity recovery;
¢PR, productivity recovery.

www.frontiersin.org

June 2014 |Volume 2 | Article 24 | 5


http://www.frontiersin.org
http://www.frontiersin.org/Bioenergy_and_Biofuels/archive

Du et al.

Cellulase recycling after high-solids SSF

concentration (18%), the ethanol concentration is limited by cellu-
lose conversion because of insufficient mixing, high lignin content,
and product inhibition (Kristensen et al., 2009b). At a DM con-
centration of 15% and enzyme loading of 30 FPU/g cellulose, the
recovered cellulase shows good performance, resulting in a cellu-
lose digestion of 63.2% after two cycles of SSF and a high ethanol
concentration of 34.3 g/L, which corresponds to an ethanol yield
of 83.2%.

The optimal pH value for enzyme recycling combined with
SSF was also investigated (Table 3, Experiment Nos. 3, 4, and 5).
The highest cellulose conversion rates were observed at pH 5.0 in
two SSF cycles; these results demonstrate that pH factored exerts a
majorly function on cellulose conversion instead of yeast perfor-
mance. The optimal pH for cellulase activity is 4.8-5.0. At other
pH values, the ability of cellulase significantly decreases, thereby
reducing the concentration of fermentable sugars in the reactor.
Table 3 shows that the ethanol concentrations of Experiment Nos.
4-9 in the second cycle of SSF were higher than 33 g/L. The result-
ing activity and productivity recoveries for different conditions
also exceeded 62 and 78%, respectively.

EVALUATION OF EFFECTIVENESS OF ENZYME RECYCLING

As shown in Table 3, higher cellulase recovery was achieved in
Experiment Nos. 4 and 6 after one recycling run. To evaluate the
digestion ability of the reabsorbed cellulase, enzyme recycling was
carried out for several runs under the two conditions. Cellulose
conversion and ethanol concentration were measured after each
run. Using the recovered cellulase, the cellulose conversion and
ethanol concentration reached 60% and 33 g/L, respectively, after
one recycling run under the conditions applied in Experiment No.
4 (Figure 5A). Compared with the SSF results at lower cellulase
loadings, cellulose conversion and ethanol concentrations were
higher at a cellulase loading of 45 FPU/g cellulose because more
free enzymes in the solution can be adsorbed to participate in the
next reaction run. And the ethanol concentration obtained was
fairly high at about 41.2 g/L, which is higher than 4% (v/v) for eco-
nomically viable lignocellulose-based ethanol processes (Wingren
et al., 2003).

Hydrolysis yields and ethanol concentrations for both experi-
ments decreased to <35% and 20 g/L, respectively, after the second
recycling run (Figure 5A). This result is probably due to the con-
siderably low amount of free enzymes (<8% of the added cellulase
at the beginning of SSF) remaining in the liquid phase. Here, the
free enzyme amount was calculated according to the percentage
of enzymes desorbed into the solution after 96 h of SSF multiplied
by the re-adsorption ability for 90 min. Reductions in hydroly-
sis efficiency during high-solids SSF may also explain this result
(Kristensen et al., 2009a).

As shown in Figure 5B, when the enzyme was recycled for twice
ata cellulase loading of 30 FPU/g cellulose, total cellulose digestion
and total produced ethanol in the reactor increased to 195.7 and
75.1 g/L, corresponding 2.1- and 1.8-fold those in single round
at the same loading of cellulase, respectively. At a cellulase load-
ing of 45 FPU/g cellulose, 227.5 g/L cellulose was degraded and
101.1 g/L ethanol was obtained. Nevertheless, the higher cellulase
loadings prevented the use of more enzymes in the reaction. As
seen in Figure 5B, the unit productivity of ethanol, which refers
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FIGURE 5 | (A) Cellulose conversion and ethanol concentration during
enzyme recycling for three consecutive SSF cycles. (B) Cellulase activity
utilization coefficient (gram per Litre) and specific activity utilization
coefficient (gram per Litre per filter paper unit) verses different cellulase
loadings and different SSF cycles.

to the utilization coefficient of cellulase, was higher relatively at a
cellulase loading of 30 FPU. Although the enzymes were not fully
utilized in the first round cycle of SSF at 45 FPU loading, operating
under this condition benefited the subsequent enzyme recycling.
The ethanol concentration obtained after two consecutive cycles
of SSF rounds both exceeded 4%. Based on these results, two-cycle
SSF combined with re-adsorption can be performed at a cellu-
lase loading of 45 FPU, which can reduce enzyme costs by at least
half.

CONCLUSION

In summary, we have developed an integrated strategy, incorpo-
rating cellulase recycling and high-solids SSE, to enhance enzyme
utilization and final ethanol concentration. After SSE, 40% of the
initial cellulase was remained in the suspension. Approximately
62.5% of the free cellulase protein could be recovered under the

Frontiers in Energy Research | Bioenergy and Biofuels

June 2014 | Volume 2 | Article 24 | 6


http://www.frontiersin.org/Bioenergy_and_Biofuels
http://www.frontiersin.org/Bioenergy_and_Biofuels/archive

Du et al.

Cellulase recycling after high-solids SSF

conditions (pH 5.0; DM 15%). Under the conditions, i.e., pH 5.0,
dry matterloading of 15 wt%, cellulase loading of 45 FPU/g glucan,
two cycles of fermentation and re-adsorption can yield twofold
increased ethanol outputs and reduce enzyme costs by over 50%.
The ethanol concentration in each cycle can be achieved at levels
>40g/L.
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