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Abstract Recycling of cellulases is an effective way to re-
duce the cost of enzymatic hydrolysis for the production of
cellulosic ethanol. In this study, we examined the adsorption
and desorption behaviors of cellulase at different pH values
and temperatures. Furthermore, we developed a promising
way to recover both free and bound cellulases by pH-
triggered adsorption-desorption. The results show that acidic
pH (e.g., pH 4.8) was found to favor adsorption, whereas
alkaline pH (e.g., pH 10) and low temperature (4-37 °C)
favored desorption. The adsorption of cellulases reached an
equilibrium within 60 min at pH 4.8 and 25 °C, leading to
approximately 50 % of the added cellulases bound to the
substrate. By controlling the pH of eluent (citrate buffer,
25 °C), we were able to increase the desorption efficiency of
bound cellulases from 15 % at pH 4.8 to 85 % at pH 10. To
recover cellulases after enzymatic hydrolysis, we employed
adsorption by fresh substrate and desorption at pH 10 to
recover the free cellulases in supernatant and the bound cel-
lulases in residue, respectively. The recycling performance
(based on the glucose yield) of this simple strategy could
reach near 80 %. Our results provided a simple, low-cost,
and effective approach for cellulase recycling during the en-
zymatic hydrolysis of lignocellulosic biomass.
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Introduction

The enormous energy demand and global environmental con-
cerns had stimulated a lot of effort to produce renewable
biofuels from lignocellulosic biomass. In this respect, ligno-
cellulosic ethanol, as an alternative biofuel, has the potential to
become a viable energy source in the near future. Nonetheless,
the technology is not fully commercialized due to its low
profit margins and uncertain returns on capital (Brethauer
and Wyman 2010). More specifically, a major commercial
barrier involves enzymatic conversion of lignocellulose into
fermentable sugars, which includes the costly pretreatment
and enzyme consumption (Eckard et al. 2013; Galbe and
Zacchi 2012; Huang et al. 2010; Zhao et al. 2012). The cost
of enzymes used for saccharification of lignocellulose is still
the most expensive part of an overall bioconversion process.
Lower enzyme cost has long been pursued for the industrial-
ization of lignocellulosic bioethanol. Toward this end, one
important strategy is to improve the enzyme performance by
optimizing the enzyme complex (Berlin et al. 2007; Divya
Nair et al. 2011; Lin et al. 2011; Zhang et al. 2010), adding
non-catalytic additives (Eckard et al. 2013; Tu and Saddler
2010) or fed-batch enzymatic hydrolysis (Huang et al. 2011;
Yang et al. 2011; Zhang et al. 2010). Another promising
strategy is to reduce the enzyme loading by the recycling of
enzymes (Huang etal. 2011; Qietal. 2011; Tu et al. 2007a, b),
improving pretreatment (Kumar and Wyman 2009b; Pan et al.
2006; Rollin et al. 2011), or using less-recalcitrant bioenergy
plants (Chen and Dixon 2007). In addition, gene technology is
also a potential alternative to reduce enzyme cost for
bioethanol production (Hasunuma and Kondo 2012; Jang
et al. 2012). However, it still needs more effort and time to
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obtain affordable cellulases with high activity and high stabil-
ity. Among these approaches, the recycling of enzymes has
been demonstrated as an effective way and thus received
much attention in recent years.

After enzymatic hydrolysis of lignocellulose, some cellu-
lases remain free in the liquid phases of the hydrolysate, while
others remain bound to the lignin-rich solid residue. Different
from the enzymes in homogeneous reactions, cellulases in
heterogeneous hydrolysis cannot be effectively reused via
common enzyme immobilization because of the steric hin-
drance, mass transfer resistance, and the difficulty (or high
cost) of separating the immobilized enzyme from the solid
residue. Generally, the cellulases are recovered by ultrafiltra-
tion or direct readsorption onto fresh substrates. Ultrafiltration
has been proven to be capable of recovering cellulases and
continuously remove sugars and other small compounds that
may potentially inhibit enzyme activity (Li et al. 2012; Qi
et al. 2011; Zhang et al. 2010). However, this method is
limited by the fouling of the membrane, high cost, and/or
low sugar concentration. Moreover, it is unable to recover
the bound enzymes, which account for approximately 50 %
the total enzymes due to the high lignin content in solid
residue. In contrast, readsorption of cellulases onto fresh
substrate gives a simple and low-cost way for recovering
cellulases after hydrolysis (Qi et al. 2011; Tu et al. 2007b,
2009b). In this approach, fresh substrate is usually added into
reaction slurry or filtrate after solid-liquid separation and
readsorbs free cellulases. A previous study had demonstrated
that ~80 % of the free cellulases in supernatant could be
recovered using this method (Tu et al. 2007a). Nevertheless,
direct readsorption often generates an increased buildup of
lignin-rich residues or low recycling efficiency since the dif-
ficulty of recycling bound enzymes (Tu et al. 2009b; Weiss
et al. 2013).

An effective recycling approach should require the recov-
ery of both free and bound cellulases. To improve the
recycling of bound cellulases, it is highly desirable to enhance
desorption of cellulases from lignin-rich solid residue into
liquid phase and then recover them via ultrafiltration or
readsorption. One effective way is to add a desorbent, such
as surfactant, which can facilitate desorption of bound cellu-
lases and reach a new distribution equilibrium between two
phases. For instance, Tu and Saddler (2010) demonstrated that
the addition of Tween 80 significantly increased the free
enzymes in the supernatant from 55 % of the initial cellulases
to 96.4 %. The other chemical desorbents, like urea,
guanidine-HCl, dimethylsulfoxide, and n-propanol, were also
able to enhance desorption of cellulases (Reese 1982). How-
ever, the high cost and/or high dosage of desorbents needed
made this approach impractical on a large scale. One much
cheaper approach is to utilize pH change (without any chem-
ical desorbent) to adjust the adsorption-desorption of cellu-
lases. In this respect, fresh buffers with pH 4.8 or pH 7.0 had
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been employed to elute bound cellulases from solid residue
(Qietal. 2011; Tu et al. 2009b), but the recycling efficiency is
still low, or much buffer is needed due to the high-affinity
cellulases under acidic or neutral conditions. The effect of pH
on adsorption-desorption of cellulases and their activity was
also investigated in several studies (Du et al. 2012; Otter et al.
1988; Rodrigues et al. 2012; Zhu et al. 2009). For example, in
our previous study, we examined the adsorption behaviors and
stabilities of cellulases at different pH values ranging from 2 to
10. Only less than 20 % cellulases were bound onto lignocel-
lulosic substrate at high pH (e.g., 10), suggesting the potential
for cellulase recycling via pH adjustment (Du et al. 2012).
However, to date, no report has discussed the pH-triggered
adsorption-desorption of cellulases for the simultaneous
recycling of both free and bound cellulases.

Herein, we report a simple and low-cost approach to si-
multaneously recover both free and bound cellulases via pH-
triggered adsorption-desorption of cellulases. In this ap-
proach, aqueous ammonia-pretreated corncob and Spezyme
CP (Genenchor International, Inc., Palo Alto, CA, USA) were
chosen as targeted lignocellulosic biomass and cellulases,
respectively. After a typical enzymatic hydrolysis of
pretreated corncob, we utilized the high adsorption of cellu-
lases at pH 4.8 to recover the free cellulases in liquid phase by
adding fresh substrate. Meanwhile, we utilized the significant
desorption of cellulases at pH 10 to recover the bound cellu-
lases after enzymatic hydrolysis and solid-liquid separation.
To obtain an optimal recycling efficiency, the adsorption-
desorption behaviors of cellulases under different conditions
(e.g., pH, temperature, and eluent dosage) were investigated in
this work. Moreover, we present three different strategies to
recover cellulases via their adsorption and/or desorption, in-
cluding adsorption using fresh substrate (strategy A), integrat-
ed adsorption and desorption at pH 4.8 (strategy B), and
integrated adsorption at pH 4.8 and desorption at pH 10
(strategy C). The hydrolysis efficiency of lignocellulose was
further evaluated using the recycled cellulases based on these
strategies.

Materials and methods
Materials

Air-dried corncob collected from a local farm (Tianjin, China)
were pre-milled and screened to a nominal size of 20-80
meshes. The commercial cellulases (Spezyme CP, 36.8 mg
protein/mL) were derived from Trichoderma reesei and pur-
chased from Genencor International, Inc. (Palo Alto, CA,
USA) in 2009. (-Glucosidase (Novozyme 188, 54.0 mg
protein/mL) was obtained from Sigma-Aldrich (St. Louis,
MO, USA). The average activities of Spezyme CP and
Novozyme 188 were 71 filter paper unit (FPU)/mL and 926
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cellobiase unit (CBU)/mL, respectively. Glucose (>99.5 %),
cellobiose (>99 %), xylose (>99 %), galactose (>99 %), arab-
inose (>99 %), Brilliant Blue G, and bovine serum albumin
(BSA, >98 %) were purchased from Sigma-Aldrich (St. Lou-
is, MO, USA). All other reagents were of analytical grade and
were obtained from Aladdin Industrial Co. (Shanghai, China).

Lignocellulose pretreatment by soaking in aqueous ammonia
(SAA)

Air-dried corncob (100 g) was soaked in an aqueous ammonia
(15 wt%) solution at a solid-to-liquid ratio (S/L) of 1:6. The
pretreatment was then performed in a water bath at 60 °C
without agitation for 12 h. After treatment, the corncob was
separated by filtering and washed with distilled water to
remove residual ammonia until the pH was neutral. The
resulting solid was oven-dried at 60 °C for 3 days and collect-
ed for subsequent experiments.

Enzymatic hydrolysis of SAA-treated corncob

The pretreated corncob was added into a citrate buffer
(50 mM, pH 4.8) solution at a solid loading of 5 % (w/v).
All the enzymatic hydrolysis experiments were carried out in a
rotary shaker at 50 °C and 150 rpm. Unless otherwise stated,
enzyme loadings for hydrolysis were 30 FPU Spezyme CP
and 60 CBU Novozyme 188 per gram of glucan. Aliquots of
1.5 mL were taken out at different time points and centrifuged
to collect the supernatant. The sugars and protein content in
the supernatant were determined by high-performance liquid
chromatography (HPLC) and Bradford’s method, respective-
ly. The residual solid was collected and oven-dried at 105 °C
for compositional analysis.

Cellulase adsorption assay

Spezyme CP was added to a 5 % (w/v) SAA-treated corncob
suspension (citrate buffer, 50 mM, pH 4.8) to a final concen-
tration of 0.294 mg protein/mL (~30 FPU/g glucan). The
cellulase adsorption assay was performed in a thermostat
shaker bath at 25 (or 50 °C) and 150 rpm for an appropriate
time. Aliquots of 1.0 mL were taken out at different time
points and centrifuged at 5,000g for 10 min. The protein
contents in supernatant were then quantified by using
Bradford’s method. The amount of adsorbed cellulases was

Table 1 Composition of corncob before and after SAA pretreatment (%)

calculated from the difference between the initial cellulases
and the free cellulases in supernatant.

To determine the adsorption isotherm, the adsorption assay
was carried out at 25 (or 50 °C) and 150 rpm with different
cellulase concentrations ranging from 0.37 to 6.15 mg/mL.
After 90-min incubation, 1.0-mL aliquots were taken out at
different time points and centrifuged at 5,000g for 10 min.
The protein contents in supernatant were measured by using
Bradford’s method.

The Langmuir theory of adsorption was applied to fit the
experimental data. The concentration of adsorbed cellulases
on the substrate (I', mg/g substrate) was given by

et
where I« (mg/g substrate) is the maximum concentration of
protein at full coverage, K (mL/mg protein) is the Langmuir
constant, and C (mg/mL) is the protein concentration in bulk
solution.

Cellulase desorption assay

The cellulases were added into SAA-treated corncob suspen-
sion to a final concentration of 0.294 mg protein/mL and
incubated for adsorption according to the procedure described
before. After 90-min adsorption, the solid containing adsorbed
cellulases was collected by filtrating with glass microfiber
membrane (Whatman GF/A, Kent, UK) and used for the
desorption experiments. The resulting solid was suspended
in citrate buffer solution for cellulase desorption. The pH,
temperature, eluent volume, and rotate speed were varied
according to the experimental design shown in Fig. 4. After
120-min desorption, the supernatant was collected by
centrifuging and the pH adjusted to 4.8. In this case, the
supernatant became turbid and needed to be centrifuged again.
The protein content in the final supernatant was measured by
Bradford’s method, while the precipitate generated in the pH
adjustment process was dried at 105 °C for compositional
analysis.

To monitor the desorption process, the solid containing
bound cellulases was suspended in citrate buffer solution
(50 mM, pH 10) at 25 °C without any agitation. Aliquots of
3 mL were taken out at 5, 15, 30, 60, 90, and 120 min and
centrifuged to collect the supernatant, respectively. The other
procedure is the same as described before. The desorption

Corncob Glucan Xylan Klason lignin Acid-soluble lignin Glucan recovery Xylan recovery Delignification
Untreated 32.7 28.0 14.4 1.9 97.1 80.0 68.8
SAA-treated 42.5 30.0 53 1.5
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efficiency (E4) of cellulases was defined and calculated as
follows:

CxV

Ej=——
FequO

(2)

where C (mg/mL) is the protein concentration in supernatant,
V' (mL) is the total volume of eluent, I',, (mg/g substrate) is the
concentration of bound cellulases when reaching an adsorp-
tion equilibrium at 90 min, m (g) is the total mass of substrate.

Recycling of cellulases for enzymatic hydrolysis

After a 48-h standard enzymatic hydrolysis, as described
before, the slurry was centrifuged at 4 °C and 5,000g for
10 min, giving a separated residual solid and an aqueous
solution containing free enzymes (cellulases and (3-
glucosidase) and sugar product.

The free cellulases in supernatant were recovered by ad-
sorption using the same amount of fresh SA A-treated corncob
that was used in the first cycle. The adsorption process was
carried out in a water shaker bath at 25 °C and 150 rpm for
90 min. The fresh substrate containing bound cellulases was
recovered by filtration using a glass microfiber membrane
(Whatman GF/A, Kent, UK). Sugar product in the filtrate
was collected for subsequent transformation. In strategy A,
the fresh substrate was used to recover free cellulases via
adsorption, as described before. The substrate containing the
recovered free cellulases was then resuspended in citrate buff-
er for the next hydrolysis cycle with the supplement of fresh
[3-glucosidase (60 CBU per gram of glucan).

To recover bound cellulases, the residual solid was
suspended in a 20-mL citrate buffer solution (50 mM,
pH 4.8 for strategy B or pH 10 for strategy C) at 25 °C for
60 min without any agitation. The supernatant was collected
by centrifuging at 4 °C and 5,000¢ for 10 min. For strategy B,
the collected supernatant was mixed with fresh substrate that
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Fig. 1 The time course of enzymatic hydrolysis of SAA-treated corncob
and cellulase distribution in the supernatant and solid residue during the
hydrolysis process. The reaction conditions are the following: 1.0-g SAA-
treated corncob, 20-mL citrate buffer (50 mM, pH 4.8), 30-FPU/g glucan
cellulases, 60-CBU/g glucan (3-glucosidase. Each error bar represents
the standard deviation from three independent experiments
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Fig. 2 Amount of the solid residue after enzymatic hydrolysis of SAA-
treated corncob. KL and ASL represent Klason lignin and acid-soluble
lignin, respectively

contained recovered free cellulases (as mentioned before) for
the next hydrolysis cycle with the supplement of fresh f3-
glucosidase (60 CBU per gram of glucan). For strategy C,
the pH of the collected supernatant was turned to 4.8, and the
resulting mixture was centrifuged again. The final supernatant
was collected and mixed with fresh substrate that contained
recovered free cellulases for the next hydrolysis cycle with the
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Fig. 3 a The time course of cellulase adsorption onto SAA-treated
corncob at pH 4.8 at a cellulase loading of 0.294 mg protein/mL (30
FPU/g glucan). b Cellulase adsorption isotherms onto SAA-treated corn-
cob at pH 4.8 for 60 min. The data in Fig. 3b was fitted by Langmuir
model. Other default conditions are the following: 1.0-g SAA-treated
corncob, 20-mL citrate buffer (50 mM, pH 4.8). Each error bar represents
the standard deviation from three independent experiments
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Table 2 Cellulase adsorption Langmuir parameters

T (°C) Langmuir parameters

Linax (mg/g) K (mL/mg) R
25 42.13 0.27 0.999
50 26.62 0.55 0.999

supplement of fresh {3-glucosidase (60 CBU per gram of
glucan).

Analytical methods

Compositional analysis of all lignocellulosic samples was
performed by standard methods (NREL laboratory analytical
procedure LAP-002, 2008). Soluble sugars, such as glucose
and xylose, were quantified by an HPLC system (Agilent,
USA) using an Aminex HPX-87H column (Bio-Rad,
Hercules, CA, USA) at 65 °C. The mobile phase was
0.005 mol/L sulfuric acid, and the flow rate was 0.6 mL/
min. All the samples were centrifuged and filtered through
0.45-pum membranes.

The activities of Spezyme CP and Novozyme 188 were
determined using filter paper and cellobiose as substrates,
respectively. Cellulase and (-glucosidase activities of the
enzymes were determined according to the methods suggested
by IUPAC (Wood and Bhat 1988). The protein content in
enzyme solution was measured by the Bradford’s method with

BSA as the standard using Coomassie Brilliant Blue reagent
(Bradford 1976).

Results

Compositional changes, enzymatic digestibility, and cellulase
distribution

Table 1 summarizes the change in composition after SAA
pretreatment. The pretreatment conditions were solid-to-
liquid ratio of 1:6, 15 wt% aqueous ammonia, 60 °C, and
12 h. The major change was the composition of lignin. Ap-
proximately 68.8 % of the lignin was removed after SAA
treatment (Table 1). The glucan and xylan contents were well
preserved showing no significant changes over the entire
treatment period. The recovery ratios of glucan and xylan
reach 97.1 and 80.0 %, respectively.

The sugar release from SAA-treated corncob and the cel-
lulase content present in the reaction supernatant were moni-
tored during the hydrolysis process. As shown in Fig. 1, the
pretreated corncob were hydrolyzed by ~86 % at the 24th hour
and by ~91 % at the 48th hour. As the hydrolysis proceeded,
the cellulase content in supernatant decreased quickly from
100 to 64 % within the first 1 h and further to 44 % at 48th
hour due to the enzyme adsorption onto solid substrate. Al-
though the weight of solid substrate continuously decreased,
the bound cellulases gradually increased from 0 to 55 % over

Fig. 4 The effects of pH (a),
temperature (b), eluent dosage
(¢), and rotate speed (d) on the
desorption and recycling of
cellulases that bound onto SAA-
treated corncob. The default con-
ditions unless otherwise noted are
the following: a 25 °C, 20-mL
buffer, 150 rpm, 120 min; b

pH 10, 20-mL buffer, 150 rpm,
120 min; ¢ pH 10, 25 °C,
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the entire hydrolysis period. At 1 h, the specific adsorption of
cellulases is 2.5 mg/mL, while this parameter increased to
11.5 mg/mL at 48th hour. The enhanced adsorption capacity
of cellulases onto residual solid may be attributed to the higher
lignin content, which was evidenced by the compositional
analysis (49.1 vs 6.8 %, Fig. 2, Table 1).

Cellulase adsorption onto SAA-treated corncob

In this work, we tried to use the fresh substrate to recover the
free cellulases in the hydrolysate via readsorption. To achieve
a good cellulase recovery, we investigated the adsorption
behavior of cellulases onto SAA-treated corncob. Considering
the influence of hydrolysis on adsorption, the concentration of
adsorbed cellulases on the substrate (I', mg/g substrate) was
calculated by the mass balance equation:

m;

I'= (3)
where Cy (mg/mL) and C, (mg/mL) are the protein concen-
tration in reaction supernatant at time 0 and ¢, respectively, V
(mL) is the volume of the aqueous phase in reaction system, m
(g) is the mass of the solid substrate at time .

Figure 3a shows the cellulase adsorption profiles for the
SAA-treated corncob at pH 4.8. The adsorption amount of
cellulases increased quickly in the first 30 min and reached
equilibrium within 60 min. After adsorption equilibrium, ap-
proximately 50 % of the total cellulases were bound to the
solid substrate. The adsorption rate has no significant change
with the decreasing temperature from 50 to 25 °C, while a
higher adsorption amount of cellulases (2.2 mg/mL) could be
achieved at 25 °C. In this case, less than 5.7 % of the substrate
was hydrolyzed during the adsorption process (120 min).

The cellulase adsorption isotherm was further determined
after the adsorption equilibrium at 60 min. In previous studies,
the Langmuir adsorption isotherm had been utilized to study
cellulase adsorption onto lignocellulosic substrates (Qi et al.
2011; Tu et al. 2007a, b, 2009a). The parameters of the
Langmuir adsorption isotherm show the maximum amount
of enzyme that can be adsorbed onto a substrate and the
affinity of adsorption. Here, we also employ the Langmuir
model to characterize the cellulase adsorption isotherms on
SAA-treated corncob at pH 4.8. To establish the adsorption
isotherm, various concentrations of cellulases were incubated
in a substrate suspension (5 % solid loading, 50-mM citrate
buffer) at 25 or 50 °C for 1 h to reach equilibrium. The
adsorbed cellulases were calculated from the difference be-
tween the initial cellulase content and the free cellulase con-
tent in the supernatant. As shown in Fig. 3b and Table 2,
experimental data well fit the Langmuir adsorption isotherm
models (R*>0.99). The adsorption capacity of cellulases onto
SAA-treated corncob at 25 °C was 42.13-mg/g substrate, which
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is much higher than that at 50 °C (26.62-mg/g substrate). The
equilibrium affinity constant of cellulases onto SAA-CC was
0.27 and 0.55 mL/mg at 25 and 50 °C, respectively. This result
indicated that lower temperature is beneficial to the cellulase
adsorption at the high protein concentration.

Optimization of cellulase desorption conditions
and the desorption kinetics

Figure 4a shows the effect of operating pH values on the
desorption efficiency. Interestingly, there was a significant
increase of the cellulase desorption as the pH increased to
10.0. In this case, approximately 85 % of the bound cellulases
were recovered. In our previous study, we investigated the
effects of pH on cellulase stability. After incubating at pH 10.0
for 2 h and the pH was turned back to 4.8, the cellulases
remained more than 97 % of activity (Du et al. 2012). Con-
sidering the high desorption efficiency and high stability of
cellulases at pH 10.0, we employed the pH adjustment
(pH 10.0) to recover the bound cellulases from the residual
solid after hydrolysis process.
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Fig. 5 a The time course of cellulase desorption form SAA-treated
corncob at 25 °C without any agitation (1.0-g SAA-treated corncob,
pH 10, 25 °C, 20-mL buffer, 120 min). Each error bar represents the
standard deviation from three independent experiments. b Amount of the
precipitate after cellulase desorption (1.0-g SAA-treated corncob, pH 10,
25 °C, 20-mL buffer, 120 min) and pH adjustment from 10 to 4.8. KL and
ASL represent Klason lignin and acid-soluble lignin, respectively
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We further investigated the effect of temperature on the
cellulase desorption. As shown in Fig. 4b, there is a slight
increase in desorption efficiency from 4 to 37 °C. However,
when the temperature raised to 50 °C, the desorption efficiency
of cellulases decreased rapidly. Additionally, we measured the
cellulase desorption with different amounts of elution and rotate
speed. As shown in Fig. 4c, d, the values for desorption efficien-
cy under these different conditions had no significant difference.

To monitor the desorption process of the bound cellulases,
we conducted a kinetic analysis at pH 10, 25 °C, and 20-mL
elution without any agitation. The cellulase desorption at
pH 4.8 was chosen as control experiment; the results are shown
in Fig. 5a. The desorption of cellulases was very fast within the
initial 20 min. After that, the desorption rate was found to
decrease, leading to a desorption equilibrium at 60 min. The
results also show that about 85 % of the bound cellulases was
desorbed into the supernatant at pH 10.0, while less than 15 %
of cellulases was released into the liquid phase at pH 4.8 even
incubating for 120 min. This rapid desorption behavior at
pH 10.0 is beneficial to recycling most of the bound cellulases,
as well as to retaining the enzyme activity due to the short
incubation under high pH value. Additionally, after cellulase
adsorption and solid-liquid separation, the pH of the superna-
tant was turned back to 4.8 for remaining the activity of
cellulases, leading to the precipitation of Klason lignin together
with a few other components (Fig. 5b). No protein was found in

Strategy A

Substrate Supernatant

¢ Substrate

Adsorption

Enzymatic i‘
—_— . —
Enzymes hydrolysis (25 °C, 90 min)

the precipitate, indicating that all the cellulases were soluble in
the supernatant during the pH adjustment process.

Recycling cellulases by pH-triggered adsorption-desorption

The following enzyme-recycling strategies were investigated, as
shown in Fig. 6, including adsorption using fresh substrate
(strategy A), integrated adsorption and desorption at pH 4.8
(strategy B), and integrated adsorption at pH 4.8 and desorption
at pH 10 (strategy C). Specially, in strategy C, after enzymatic
hydrolysis and solid-liquid separation, on the one hand, the same
amount of fresh substrate was directly added to the supernatant
(pH 4.8) to recover free cellulases. The fresh substrate containing
recovered cellulases was then collected via filtration for subse-
quent enzymatic hydrolysis. On the other hand, the residual solid
containing bound cellulases was suspended in citrate buffer
solution (50 mM, pH 10) for cellulase desorption. The superna-
tant containing desorbed cellulases was then collected via cen-
trifugation. After pH adjustment to 4.8, the recovered cellulases
in supernatant, together with the recovered free cellulases in fresh
substrate (as mentioned before) and the supplementary fresh [3-
glucosidase, were used to the next hydrolysis cycle.

To assess the feasibility of these cellulase recovery strategies,
we investigated the hydrolysis efficiency using the original and
recovered cellulases, respectively. As shown in Fig. 7a, the
glucose yield is 42.1 % by using the recovered cellulases from
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Fig. 6 Schematic diagrams of three cellulase-recycling strategies investigated in this work. Strategy A: cellulase adsorption by fresh substrate, strategy
B: strategy A plus cellulase desorption at pH 4.8; strategy C: strategy A plus cellulase desorption at pH 10
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Fig. 7 Enzymatic hydrolysis of SAA-treated corncob into glucose (a)
and xylose (b) by using the original and the recovered cellulases, respec-
tively. Black column original cellulase, light gray column recovered
cellulase. The default reaction conditions are the following: 1.0-g SAA-
treated corncob, 20-mL buffer. Each error bar represents the standard
deviation from three independent experiments

strategy A. In this case, approximately 22 % (protein content) of
the original cellulases were recovered, recycling 46.7 % glucose
productivity (the ratio of glucose yield between two hydrolysis
cycles). The glucose yield could increase to 56.2 % when using
the recovered cellulases in strategy B, in which both the substrate
readsorption and cellulase desorption were operated at pH 4.8.
When the pH of desorption buffer was turned to 10, strategy C
could achieve 70.3 % glucose yield, recycling 69 % of the total
cellulases (50 % of the free cellulases in hydrolysate of first cycle
and 83 % of the bound cellulases in residual solid) and 78.5 %
glucose productivity. Additionally, with the enhancement in
recycling cellulases, the xylose yield also increased from 47.9
(strategy A) to 58.2 % (strategy C, Fig. 7b). These results
indicated that strategy C allows for efficient recycling and reuse
of cellulases from both the hydrolysate and residual solid during
the hydrolysis of lignocellulose.

Discussion

Previous studies had demonstrated that lignin content had a
significant effect on the distribution of cellulases between

@ Springer

liquid and solid phases for its nonproductive adsorption for
cellulases (Kumar and Wyman 2009a; Tu et al. 2009a). Alka-
line pretreatment was proved to be effective to enhance lignin
solubilization and simultaneously avoid the degradation of
cellulose and hemicellulose (Chiaramonti et al. 2012;
Modenbach and Nokes 2012; Saritha et al. 2012). In this
work, we employed SAA as pretreatment approach to reduce
lignin content from 16.3 to 6.8 %. During the enzymatic
hydrolysis of SAA-treated corncob, cellulases were bound to
solid substrate quickly in the initial stage due to the abundant
binding sites in substrate (Fig. 1). As the reaction proceeded,
the cellulose and hemicellulose were hydrolyzed continuous-
ly. This could result in a gradual decrease in cellulase-binding
sites and thus desorption of the bound cellulases, reaching an
adsorption-desorption equilibrium. In the later stage of reac-
tion, a considerable amount of cellulases (56 % of initial
cellulases protein) still remained bound to the residue due to
the nonspecific adsorption of lignin. Similar results were
reported in previous studies. For example, Tu et al. (2007a)
investigated the adsorption-desorption of cellulases during hy-
drolysis of Avicel (no lignin) and organosolv acetic acid-
pretreated Douglas fir (3 % lignin). After a 48-h hydrolysis,
about 10 and 35 % of the initial cellulase proteins remained in
residual substrate, respectively. Lu et al. (2002) also observed
that 35 and 70 % of the initial cellulase proteins were presented
in the residual solid after 48-h hydrolysis of hot alkali peroxide-
treated Douglas fir (8.2 % lignin) and steam-exploded Douglas
fir (46.1 % lignin). This specific distribution of cellulases
during the hydrolysis of lignocellulosic biomass prompts us
to recover both the free and bound cellulases.

We employed fresh substrate to adsorb the free cellulases
present in supernatant after enzymatic hydrolysis and solid-
liquid separation, achieving about 50 % of the free cellulases
recovered. The recycling efficiency is highly dependent on the
adsorption characteristics of cellulases to lignocellulosic sub-
strate. There are many factors to influence the adsorption
performance, including the substrate (e.g., cellulose and lignin
content), pretreatment, enzyme, pH, temperature, and so on
(Kumar and Wyman 2009a). In our case, the maximum ad-
sorption amount (I';,,.) and the equilibrium affinity constant
(K) of cellulases at pH 4.8 and 25 °C are 42.13-mg/g substrate
and 0.27 mL/mg (Table 2), respectively. The values are lower
than those in the cases of pretreated corn stover (Kumar and
Wyman 2009a) and Lodgepole pine (Tu et al. 2007b). For
example, the ethanol-H,SOy4-pretreated Lodgepole pine could
achieve 60.35-mg/g maximum adsorption capacity and
3.17-mL/mg affinity constant. In consideration of this low
adsorption ability of cellulases onto SAA-pretreated corncob,
multiadsorption by fresh substrate or recycled adsorption may
be an efficient strategy to enhance the recycling of free cellu-
lases in future work.

There was a large amount of nonspecific bound cellulases
on lignin, as mentioned before, in spite of almost complete
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hydrolysis of cellulose and hemicellulose, which limit the
recycling of cellulases (Palonen et al. 2004; Rodrigues et al.
2012). These bound cellulases can be desorbed due to the
structural change by adjusting pH to above 9.0, and their
activity could be recovered when the pH is reset since the
reversibility of this structural change (Du et al. 2012;
Rodrigues et al. 2012). Based on our previous study (Du
et al. 2012), in this work, we employed pH-triggered desorp-
tion of cellulases to recover the bound enzyme. Our results
indicated that the pH and temperature were two significant
factors affecting the cellulase desorption from substrate
(Fig. 4). Alkaline condition (e.g., pH 9-10) and low temper-
ature (e.g., 4-37 °C) were in favor of the desorption of bound
cellulases, while further increase in pH or temperature would
lead to the denaturation and precipitation of released protein
(Pribowo et al. 2012; Rodrigues et al. 2012; Tu et al. 2009b;
Wang et al. 2012). Under the optimal conditions (pH 10, 25 ©
C, 120 min), approximately 83 % of the bound cellulases in
residual solid could be desorbed to liquid phase and thus be
recovered via simple filtration or centrifugation. The desorp-
tion efficiency is higher than that in previous studies (e.g.,
61 % for Avicel, 56 % for corn stover (Zhu et al. 2009), 41—
45 % of Avicelase (Otter et al. 1984; Otter et al. 1988)).
Further increase in pH value (e.g., 13) or addition of
desorbents (e.g., Tween 80) could enhance the desorption of
bound cellulases (Otter et al. 1988; Zhu et al. 2009).

Another important parameter is the activity of the recov-
ered cellulases. In our previous study, we investigated the
effect of pH on the activity of cellulases (Spezyme CP). The
results showed that the cellulase activities could be recovered
to 97 % when the enzyme was incubated at pH 10 (25 °C,
120 min) and then the pH was adjusted from 10 to 4.8.
Therefore, we also used the same operating conditions
(pH 10, 25 °C, 120 min) to desorb cellulases in this work.
The overall activity of the recovered bound cellulases, togeth-
er with the recovered free cellulases, was assessed via their
catalytic hydrolysis of SA A-treated corncob. The difference in
glucose yields from the original and recovered cellulases
shows that approximately 80 % of the cellulase activity was
recovered via simple pH-triggered adsorption-desorption
process.

Previously, surfactants were used to increase the desorption
of bound cellulases and thus to enhance the readsorption of
cellulases onto fresh substrate (Tu et al. 2007b). For example,
the surfactants Triton X-100, Tween 80, and Tween 20 en-
hanced the recycling of cellulases, based on the hydrolysis
yield, from 60 to 85 %. Additionally, some surfactants could
also improve the cellulase stability and the hydrolysis perfor-
mance (Otter et al. 1988; Tu et al. 2007b). Therefore, the
addition of surfactant, multi-readsorption, or recycled adsorp-
tion by fresh substrate as mentioned before, maybe can further
enhance the recycling performance of the recovery strategy C
(adsorption at 4.8 and desorption at 10). In conclusion, the

results from this study show that pH-triggered adsorption-
desorption is a simple, feasible, and efficient approach for
the recycling of cellulases during the hydrolysis of SAA-
treated lignocellulosic biomass.
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