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Abstract The potential economic benefits of surfactants addition on enzymatic hydrolysis
of steam-exploded lodgepole pine (SELP) and ethanol-pretreated lodgepole pine (EPLP)
were investigated in this study. Free cellulase readsorption on fresh substrate was used to
recover and recycle cellulase enzymes during the hydrolysis of SELP and EPLP substrate.
Supplementing Tween 80 during the hydrolysis could facilitate enzyme recycling for EPLP
substrate. A logarithmic correlation was established between surfactant concentration and
free cellulase content after lignocellulosic hydrolysis, which was used to compute enzyme
cost savings over various Tween 80 concentrations. A simple economic analysis of enzyme
cost savings versus the cost of surfactant was undertaken. The results indicated that the
addition of Tween 80 (priced at US $0.25/kg) during the hydrolysis of the EPLP substrate
could save 60% of the total enzyme cost at concentrations in the 0.025% to 0.2% range.
The addition of Tween for the hydrolysis of the SELP substrate significantly reduced the
material cost by 24% per 1 gal of ethanol produced, and the ethanol production cost could
be reduced by 8.6% with the addition of Tween and enzymes recycle for the hydrolysis of
SELP substrate. A schematic concept of recycling enzyme and surfactant was also
presented with a recirculation of process streams during hydrolysis. Further analysis
indicated a 66% reduction in total enzyme cost could potentially be achieved under the
concept.

Keywords Enzyme recycling . Cellulase . Surfactant . Enzymatic hydrolysis .

Lodgepole pine

Appl Biochem Biotechnol (2010) 161:274–287
DOI 10.1007/s12010-009-8869-4

M. Tu (*)
School of Forestry and Wildlife Sciences, Auburn University, Auburn, AL 36849, USA
e-mail: mtu@auburn.edu

J. N. Saddler
Forest Products Biotechnology, Forest Sciences Centre, University of British Columbia, Vancouver, BC
V6T 1Z4, Canada



Introduction

Forest biomass provides one of the most promising renewable feedstocks for biofuels
production [1]. However, the recalcitrant nature of cellulose, hemicellulose, and lignin in
the forest biomass presents a substantial challenge to enzymatic hydrolysis [2–6]. A
number of pretreatment processes, including organosolv, steam explosion, dilute acid, and
ammonia fiber explosion, have been investigated to improve the accessibility of
lignocellulosic biomass to cellulase enzymes and minimize the adverse effect of lignin
during enzymatic hydrolysis [7–9]. Among them, steam explosion is recognized as a
viable pretreatment method for hardwood and agricultural residues, with the benefits of
lower cost and less water usage and energy consumption [4, 10]. Organosolv
pretreatment, which is derived from Alcell pulping process developed initially as a
chemical pulping method, has also been investigated for biomass bioconversion [7, 11].
Organosolv-pretreated substrate has a relatively low lignin content (between 6.4% and
27.4%) compared to steam-exploded substrate which is typically approximately 45.6%
[12, 13]. However, the cost of the biomass fractionation and cellulase enzymes are still
major bottlenecks in the potential commercialization of lignocellulose bioconversion to
ethanol [14–16]. Therefore, enzyme cost reduction is very critical and should be
addressed for biofuels development [17, 18].

Three strategies have been suggested for enzyme cost reduction, which includes
increasing enzyme production efficiency, enhancing enzyme-specific activity, and
recycling cellulase enzymes for successive hydrolysis [19, 20]. To improve cellulase
productivity and cellulase-specific activity, Genencor International and Novozymes
successfully achieved a 12–20-fold reduction of enzyme cost through protein
engineering and process engineering [21]. They improved enzyme productivity by
simplifying the downstream process and using a cheaper carbon source and a more
effective inducer. Meanwhile, they enhanced the specific activity of cellulases by directed
enzyme evolution [22]. Another potential approach to reduce the enzyme cost is enzyme
recovery and recycling on the base of cellulase high stability and affinity for cellulose
[23, 24].

Cellulase enzymes have been shown to remain remarkably active after lignocellulosic
hydrolysis [20, 23, 25], which enables enzyme recycling feasible for enzyme cost
reduction. Lu [26] previously reported free cellulase enzymes in the supernatant after
hydrolysis kept 83% of their initial filter paper activity and indicated these enzymes are
very active and recoverable. Similar results have reported about recovered enzyme-specific
activity after hydrolysis by Xu and Chen [27]; they found recovered cellulase enzymes
could maintain 96% of their initial specific activity. Even in the present of products
inhibition, we have discovered earlier in our research that >70% of cellulase-specific
activity could be maintained in the recovered enzyme fraction [20]. Furthermore, surfactant
has been shown no effect on enzyme activity of cellulase [28], which facilitates the
application of surfactant in the process of enzyme recycling during lignocellulosic
hydrolysis [13, 29].

Previous research work has shown that the addition of non-ionic surfactants, such as
Tween 80 or Tween 20, can significantly improve the hydrolysis yield of steam-
exploded spruce and lodgepole pine [13, 28, 30]. Non-ionic surfactants have also been
shown potentially to promote enzyme recycle during the enzymatic hydrolysis of
lignocellulose [13, 28–37]. Following the hydrolysis process, the surfactant along with
hydrolysate is carried forward to the subsequent fermentation stage in a separate
hydrolysis and fermentation process (SHF). Surfactants have been applied also to the
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simultaneous saccharification and fermentation (SSF) process [30]. However, questions
still remaining are how much of enzyme could be saved with the addition of surfactants
and what are the potential economic benefits from the addition of surfactant during the
hydrolysis of lignocellulosic substrates.

The objective of this study was to investigate further the potential economic benefits of
surfactant on the enzymatic hydrolysis of softwood substrates obtained from steam
explosion and organosolv pretreatments. A simple economic analysis of the enzymatic
hydrolysis process was undertaken.

Materials and Methods

Pretreated Substrates

Steam-exploded lodgepole pine (Pinus contorts; SELP) was prepared in a 2-L steam
explosion vessel (Stake Technology Ltd., Norval, ON, Canada) at the Forest Products
Biotechnology Lab at the University of British Columbia (Vancouver, Canada). Briefly,
4×4 cm wood chip samples (50 g) were impregnated with 4.0% SO2 (w/w) overnight at
room temperature. The samples were loaded into a preheated steam explosion vessel. The
pretreatment was then carried out at 200°C for 5 min before releasing the pressure. After
pretreatment, the substrates were collected and washed with tap water, and stored at 4°C
for subsequent experiments. The chemical composition of Lodgepole pine are Cellulose
47.6%, hemicellulose 22.9%, lignin 26.3%, and extractives 4.7%.

Ethanol-pretreated lodgepole pine (EPLP) was prepared in a rotating digester with four
vessels (Aurora Products Ltd., Savona, BC, Canada) as previously described [11]. Wood
chip samples (200 g) were loaded into the rotating digester and were treated at 170°C with
1.1% H2SO4 (w/w) and 65% ethanol (v/v) for 60 min. The substrates were collected and
washed with aqueous ethanol [11]. The chemical composition of SELP and EPLP is shown
in Table 1.

An ethanol-pretreated mixed softwood (EPMS, 6.0% lignin) substrate was prepared
by Lignol Innovations Corporation (Vancouver, Canada) from mixed softwood furnish
(spruce, pine, and Douglas fir) as previously described [12]. The lignin content of these
pulps was determined using the Klason procedure (TAPPI T-222).

Table 1 Chemical composition of ethanol-pretreated lodgepole pine and steam-exploded lodgepole pine
substrates.

Chemical composition SELP substrate (%) EPLP substrate (%)

Arabinan 0.07 0.04

Galactan 0.05 0.05

Glucan

As polysaccharides 48.10 81.41

As monosaccharides 53.44 90.46

Xylan 0.36 1.38

Mannan 0.42 1.38

Klason lignin 45.60 14.45
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Enzymes

Commercial cellulase preparation (Celluclast 1.5 L) and β-glucosidase preparation
(Novozym 188) were from Novozymes (Franklinton, NC, USA). The filter paper
activity of Celluclast 1.5 L was 71.7 FPU/mL; protein content, 129.8 mg/mL. The
β-glucosidase preparation used was Novozym 188 (Novozymes, Franklinton, NC,
USA), 350 IU/mL.

Chemical Analyses

The carbohydrate composition of pretreated substrates was quantified on a Dionex DX
2500 ion chromatography system (Dionex, Sunnyvale, CA, USA) by CarboPac PA-1 anion
exchange column (Dionex) [38]. The lignin content was determined using the Klason
technique (TAPPI Method T 249 cm-85).

Protein Assay

A protein assay utilizing ninhydrin was used [39], and the protein samples (0.1 mL)
were pipetted into glass tubes and placed in an oven at 105 °C for 2 h. After the tubes
were completely dry, 0.15 mL 13.5 N NaOH was added to each tube. The tubes were then
autoclaved at 121 °C for 20 min. After cooling, the alkali was neutralized by adding
0.25 mL glacial acetic acid. A 0.5-mL amount of 2% solution Ninhydrin reagent
(Sigma, St. Louis, MO, USA) was added to each tube and then heated for 20 min in a
boiling water bath. After the reaction, the tubes were cooled in an ice water for 10 min,
and 2.5 mL 50% ethanol was further added. The tubes were then shaken vigorously on
a vortex. Finally, the solution was read at 570 nm on a UV–Vis spectrometer (Perkin-
Elmer). Bovine serum albumin (BSA) was used as the protein standard [20].

Enzymatic Hydrolysis of Lignocellulosic Substrates

Unless otherwise stated, all enzymatic hydrolysis experiments were performed in
50 mL of 50 mM acetate buffer (pH 4.8) at a 2% consistency (based on cellulose). The
hydrolysis reaction was incubated at 45 °C, with shaking at 150 rpm for 48 h. The
cellulase loading was 20 FPU g−1 cellulose, and the β-glucosidase (Novozym 188)
loading was 40 IU g−1 cellulose. Samples were removed from the reaction at different
times and centrifuged to remove the insoluble materials. The reducing sugar content was
measured by high performance liquid chromatography (HPLC) as described previously
[11]. The hydrolysis yield of the substrate was calculated from the measured reducing
sugar content, as a percentage of the theoretical reducing sugar available in each
substrate. The protein content in the supernatant was measured using the ninhydrin assay
with BSA as the protein standard (Bio-Rad, USA).

Cellulase Recycling during Lignocellulosic Hydrolysis with the Addition of Surfactants

Cellulase recycling process employed in this study followed the procedure that was
described previously [13]. Surfactants were added at a concentration 0.2% w/v to the
hydrolysis of the EPLP substrate or the SELP substrate with Celluclast cellulases
preparations. The filtrate was recovered from the hydrolyzed samples by filtration using a
glass microfiber membrane (Whatman GF/A). The filter cake was rinsed with an
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additional 10 mL of acetate (pH 4.8) buffer. The free cellulases were then readsorbed
from the filtrate at 25 °C for 2.5 h using the same amount of fresh substrate that was
employed in the initial hydrolysis. The free cellulases adsorbed onto the fresh substrate
were recovered by filtration and resuspended in acetate buffer containing fresh
β-glucosidase, (β-glucosidase did not adsorb onto the substrate). A second round of
hydrolysis was performed subsequently using the recovered cellulases. Cellulase
recycling was carried out for four additional rounds of hydrolysis. The protein content
and reducing sugar content in the supernatant was determined by the ninhydrin assay
and HPLC respectively, as discussed earlier.

Assumptions for Bioconversion of EPLP Substrate to Ethanol (SHF)

Previous work has shown that it is feasible to use Tween to facilitate the recycling of
cellulases during the hydrolysis of an EPLP substrate [13]. In order to assess the value
of enzyme recycling strategies, further analysis should be performed, including careful
consideration of the costs associated with implementing this technology. This work
presented a simple economic analysis of the hydrolysis process, with specific
assumptions.

In order to quantify the possible cost benefits of Tween addition, a simple economic
analysis of the benefits of using Tween and enzyme recycling on the enzymatic hydrolysis
was undertaken. As reported previously, cellulases could be recycled for five consecutive
rounds of hydrolysis of EPLP [13]. From these results, it can be inferred that it would be
possible to reduce the cost of cellulases fivefold during the hydrolysis of EPLP. However,
the impact of the cost of Tween 80 and other necessary process and equipment
modifications required to carry out enzyme recycling must also be taken into account.
Cellulase enzymes typically cost approximately US $0.40–0.50 per gallon of ethanol
production [14], while the cost of Tween 80 was estimated to be over the range of US
$0.25–1.00 per kilogram.

The desorption of cellulases from the hydrolysis residue showed a positive correlation
with the concentration of Tween 80 in the hydrolysis of organosolv-pretreated softwood
[40]. Increasing Tween concentration will therefore increase the concentration of free
enzymes in the supernatant after lignocellulosic hydrolysis. In order to truly evaluate the
economic impact of adding Tween to the hydrolysis step, it is necessary to carry out a
complete economic evaluation of the bioconversion process, including any capital and
operation costs that become necessary as a result of Tween addition. However, at this stage
of the work, by making a few assumptions, a simplified economic analysis could be made
to assess the potential enzyme cost savings that may result by adding Tween 80 to the
hydrolysis.

In this initial analysis, it was assumed that the enzyme recycling process does not
require additional capital and operational costs. Furthermore, the economic analysis
focused mainly on the cellulases without considering β-glucosidase, since it has been
shown that β-glucosidase could be effectively “recycled” by immobilization [41].
Based on our preliminary experiments and literature values [42], the cellulose
conversion, ethanol stoichiometric yield, and fermentation efficiency are summarized
in Table 2. Using this information, it was calculated that the production of 1 gal of
ethanol requires 10.6 kg of EPLP substrate. Assuming the hydrolysis of EPLP
substrate is performed at a concentration of 6% (w/v) and a Tween 80 concentration of
0.2% (w/v), theoretically, 353 g of fresh Tween 80 would be required for four consecutive
enzyme-recycling rounds. Decreasing the concentration of Tween 80 in the hydrolysis
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system would result in a decrease in the number of effective enzyme recycling rounds
(Table 3).

Results and Discussion

Effect of Surfactant on Free Cellulase Distribution

The effects of surfactant on free cellulase (excluding β-glucosidase) concentration after a
24-h hydrolysis of EPMS were evaluated under a series concentration of Tween 80 (Fig. 1).
It was apparent that free cellulase in supernatant increased significantly with the addition of
Tween 80 during hydrolysis of EPMS. Without the addition of Tween 80, free cellulase in the
supernatant accounts for only 55% of initial cellulase after 24 h hydrolysis. With the addition
of 0.2% (w/v) of Tween 80, 96.4% of the initial cellulases remained in the liquid phase
(supernatant). However, free cellulase quickly reached its maximum when the concentration
of Tween 80 increased to 0.5%. Previously, we have demonstrated that 85% of free
cellulase could be recovered and recycled for further hydrolysis based on readsorption of
free cellulase on fresh substrate [20]. The free cellulase readsorption process was mainly
governed by Langmuir adsorption isotherm related to enzyme affinity to cellulose [13, 23].
The results of this experiment indicated that surfactant improved free cellulase by 75% after
24 h hydrolysis of EPMS. As a result, surfactant could considerably facilitate enzyme
recycling and reduce enzyme cost during lignocellulosic hydrolysis. However, in order to
build a relationship between the addition of Tween 80 and enzyme cost savings from cellulase
recycling, a correlation between Tween 80 concentration and free cellulase from 24 h
hydrolysis of EPMS should be established, which was used for a simple economic analysis of
enzyme cost saving during the hydrolysis of EPLP in this study.

The correlation between Tween 80 concentration and free cellulase content is a
logarithmic function (Fig. 1). Using non-linear curve fitting (R2=0.99), a logarithmic
function of Tween 80 concentration and the percentage of cellulase in the supernatant was
established as following:

y ¼ a� b ln xþ cð Þ ð1Þ
where y=percentage of cellulase (%), x=Tween 80 concentration (%), a=104.86±0.37,
b=−5.39±0.26, c=0.00015±0.00006.

Table 2 Assumptions for bioconversion of an ethanol-pretreated lodgepole pine to produce ethanol (separate
hydrolysis and fermentation).

Technical assumption Value Units

Ethanol-pretreated lodgepole pine (oven-dry) 10.60 Kg

Cellulose (glucose) content 90 %

Cellulose conversion and recovery efficiency (hydrolysis yield) 90 %

Ethanol stoichiometric yield 51 %

Glucose fermentation efficiency 75 %

Ethanol produceda 3.28a kg

Ethanol stoichiometric yield and glucose fermentation efficiency obtained from Demirbas [42].
a 3.28 kg of ethanol is equivalent to 1 US gallon.
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Equation 1 was used to establish a relationship between the proportion of the initial
cellulase in the supernatant and the concentration of Tween 80.

Effect of Surfactant on Enzyme Recycling During the Hydrolysis of EPLP and SELP

Steam explosion and organosolv pretreatment processes resulted in significantly different
chemical composition of pretreated substrates (Table 1). High-lignin content of SELP
substrate pretreated at medium severity showed lower hydrolysis yield (70–80%) without
the addition of surfactant, when compared to the hydrolysis of EPLP substrate [28, 43].
Moreover, the high-lignin content of SELP substrate resulted in poor performance for
enzyme recycling; it was shown that the addition 0.2% Tween 80 permitted the recycling of
cellulases in five rounds of hydrolysis of EPLP substrate, while cellulase only could be
recycled once during the hydrolysis of SELP substrate (Fig. 2). The results also revealed
that hydrolysis yield of EPLP substrate remained high and dropped slowly and in a linear
pattern over the five rounds of consecutive hydrolysis. However, the hydrolysis yield of
SELP showed an exponential drop (Fig. 2). It indicated that free cellulase recovery from the
hydrolysis of EPLP was mainly controlled by one factor, Langmuir adsorption isotherm,
and the cellulase recovery from the hydrolysis of SELP probably was governed by two
factors, non-productive binding from lignin and Langmuir adsorption isotherm. Although
the addition of surfactant significantly reduced the non-productive binding between lignin
and enzyme, 45% of lignin in the SELP substrate still contributed considerable amount of
effect on non-productive binding even in the presence of surfactant. Previously, we have
demonstrated that the addition of Tween 80 could only reduce about 50% of adsorbed
cellulase on isolated cellulolytic enzyme lignin [40], but the adsorbed cellulase on lignin
was not reduced correspondingly, even with the further increase of surfactant concentration.
In the subsequent work, we elaborated the free cellulase content after each 24-h hydrolysis
over various concentration of Tween 80 (0.2–0.005%; Table 3).

The values calculated using Eq. 1 were shown in Table 3. Previously, free cellulase
recovery by readsorption on fresh substrates was 85% from the Langmuir model analysis
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Fig. 1 Effect of Tween 80 concentration on cellulase distribution during the hydrolysis of ethanol-pretreated
mixed softwood. Hydrolysis was carried out at 45 °C for 24 h with 2% of EPMS, the enzyme loading was
10 FPU Celluclast, 20 IU β-glucosidase per gram of cellulose
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[20]. In the present study, with the addition of 0.2% Tween 80, 96.4% of the free cellulases
remain in the supernatant after the first round hydrolysis, of which 81.9% (96.4×85%)
could be recovered for use in a second round of hydrolysis (Table 3). The third round of
free cellulase content was 79% (81.9%×96.4%).

Effect of Surfactant on Enzyme Cost Savings During Hydrolysis of EPLP

Based on the results shown in Table 3, Tween 80 at a 0.2% (w/v) resulted in five rounds
of hydrolysis, which suggested that the possible threshold amount of free cellulases
necessary to carry out an additional successful round of hydrolysis could be set at greater
than or equal to 53% (Table 3, entry 5). According to this criterion, the addition of 0.15%
or 0.10% Tween 80 enables four successful recycling rounds, while 0.05% or 0.025%
Tween 80 would attain three successful recycling rounds. Using this information, the cost
of cellulase enzymes in the entire process can be estimated from dividing the cost of
cellulase enzymes (US $0.50/gal ethanol) by the number of possible hydrolysis rounds.
Considering the total costs of enzyme and Tween 80, the potential cost savings as a result
of enzyme recycling using a range of Tween concentrations is shown in Table 4. Without
the addition of Tween 80, the total initial cost of enzymes was set to US $0.50 per gallon
ethanol. Increasing the Tween 80 concentration from 0.005% to 0.20% allows the number
of effective hydrolysis rounds to be increased from two to five. As a result, the cost of
enzymes could potentially be decreased further from $0.25 to $0.10. However, the cost of
Tween will also increase from $0.01 to $0.35. Therefore, the highest enzyme cost savings
that can be realized was 58% using 0.025% Tween 80 under the price of $1.0 per
kilogram.

Alkasrawi et al. [30] performed a similar economic evaluation of the effect of Tween 20
on the production cost of ethanol in the simultaneous saccharification and fermentation
process (SSF). In their evaluation, it was suggested that the maximum allowable price for
Tween 20 could be US $0.429/kg for one enzyme recycling round in SSF. Since a precise
industrial price for Tween 80 is unavailable, we have assumed the price of Tween 80 is in
the range of $0.25–1.00/kg. Following the same approach as above, the enzyme cost
savings were determined using Tween prices of $0.25/kg and $0.50/kg (Fig. 3).
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With the addition of Tween in enzyme recycling, 60% of the total enzyme cost
(including cost of Tween $0.25/kg) could be saved at concentrations in the 0.025% to 0.2%
range. However, if Tween 80 costs $1.00/kg, the potential cost savings decreases from 58%
to 10% as the Tween concentration is raised from 0.025% to 0.2% (Fig. 3).

Effect of Surfactant on Enzyme Cost Savings During Hydrolysis of SELP

As for the potential enzyme cost savings for SELP substrate with the addition of surfactant,
we made the same assumptions about cellulase enzymes cost. Cellulase enzymes cost
approximately US $0.50 per gallon of ethanol production, while the cost of Tween 80 was
estimated to be around US $0.50 per kilogram [30]. As reported earlier, cellulases could be
recycled for two consecutive rounds of hydrolysis of SELP substrate. From these results, it
can be inferred that it would be possible to reduce the cost of cellulases by 50% during the
hydrolysis of SELP substrate.
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Table 4 Enzyme cost savings with different concentrations of Tween 80.

Tween 80 (%) Hydrolysis
rounds

Cost of
enzyme ($)

Tween (g) Cost of
Tween ($)

Total cost of
enzyme and
Tween ($)

Enzyme cost
savings (%)

0.000 1 0.50 0 0.00 0.50 0

0.005 2 0.25 8.8 0.01 0.26 48

0.025 3 0.17 44 0.04 0.21 58

0.050 3 0.17 88 0.09 0.25 49

0.100 4 0.13 176 0.18 0.30 40

0.150 4 0.13 264 0.26 0.39 22

0.200 5 0.10 353 0.35 0.45 9

Enzyme cost savings=(initial enzyme cost without recycling−total cost of enzyme and Tween)/initial
enzyme cost without recycling. Price of Tween 80: US $1.0/kg.
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In this initial analysis, it was assumed that the enzyme recycling process does not require
additional capital and operational costs. Furthermore, the economic analysis focused mainly
on the cellulases without considering β-glucosidase. Based on our experiments and
literature values [42], the cellulose conversion (69% without Tween and 91% with Tween),
ethanol stoichiometric yield (0.51), and fermentation efficiency (0.75) are assumed in
Table 2. Using this information, it was calculated that the production of 1 gal of ethanol
requires 17.6 kg of pretreated SELP substrate. Assuming the hydrolysis of SELP is
performed at a concentration of 6% (w/v) and a Tween 80 concentration of 0.2% (w/v),
theoretically, 588 g of fresh Tween 80 would be required for producing 1 gal of ethanol.
Lignocellulosic ethanol production cost was $3.14 from the initial process. With the
addition of Tween 80, the cost did not change much ($2.12). However, with the further
enzymes recycling, the ethanol production cost could go down to $2.87 per gallon.
Apparently, the estimate based on the increase in product yield justifies the cost of the
addition of Tween, because the increase of hydrolysis yield significantly reduced the
material cost by 24% for producing 1 gal of ethanol (Tables 5 and 6). Approximately 50%
of enzyme could be recycled, and the ethanol production cost could be reduced by 8.6%
with the addition of Tween and enzymes recycle. However, it is recognized that the benefits
of Tween 80 will be heavily dependent on the price of Tween and cellulase enzymes. In the
long term, the enzyme cost could be reduced considerably, and the benefits of surfactants
have to be reconsidered in the bioconversion process.

Concept of Enzyme Recycling and Recirculation of Process Streams

From the economic analysis, it is apparent that although the addition of Tween 80 will
result in savings in enzyme costs, Tween itself imposes an additional cost on the process.
However, it may be possible to recycle both cellulase enzymes and Tween. A process was
envisioned where the ethanol production cost could be reduced significantly by
recirculating either the SSF product stream or the post-distillation stream in order to re-
use buffer or water [44]. It is likely that Tween 80 could be recycled as part of the product
stream after distillation. Alkasrawi et al. [44] compared ethanol yields and productivity of
SSF with recirculation of the product stream after distillation to the same process without
recirculation. Using recirculation to recycle Tween, the ethanol production cost was reduced
by 17% [44]. Therefore, it is possible that the inclusion of surfactant recycling may partially
offset the cost of Tween addition.

Table 5 Various costs used in the economic analysis of enzyme recycling and Tween 80 recirculation for
producing 1 gal of ethanol.

Economic analysis Value Units

Enzyme cost without recycling 0.50 $

Enzyme cost with recycling 0.10 $

Tween cost without recycling 0.35 $

Tween 80 cost with recycling 0.07 $

Total enzyme and Tween 80 cost 0.17 $

Enzyme cost savings 66% –

Price of Tween 80: $1.0/kg, assuming hydrolysis of EPLP substrate is carried out at 6% consistency and
0.2% of Tween 80. Price of Tween 80: $1.00/kg. Assuming both enzyme and Tween was used for five
recycling rounds.
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In contrast to the study of Alkasrawi, the enzyme recycling protocol proposed here was
based on an SHF. As shown in the schematic of Fig. 4, our recycling protocol consisted of a
separate hydrolysis followed by readsorption of cellulases onto fresh substrates for enzyme
recovery. The hydrolysis products were subsequently fermented to ethanol. Tween 80 could

Pretreatment 

Cellulase + Tween 

Enzymatic 
hydrolysis 

Fermentation  

 

Distillation 

Recovered enzyme 

Recirculation streams (Tween) 

Fresh substrate 

Ethanol 

Filtration 

Filtration 

Fig. 4 Schematic of enzyme recycling and recirculation of process streams

Table 6 Various cost in an economic estimate of ethanol production from steam-exploded lodgepole pine.

Bioconversion process Cost distribution ($ of 1 gal ethanol)

SHF SHF+Tween SHF+Tween+enzyme recycle

Raw materials (SELP) 1.28 0.97 0.97a

Chemicals 0.14 0.14 0.14

Tween 80 – 0.29 0.29

Enzymes 0.50 0.50 0.25

By-products −0.07 −0.07 −0.07
Operation cost 0.47 0.47 0.47

Capital cost 0.82 0.82 0.82

Total cost (US $) 3.14 3.12 2.87

Ethanol stoichiometric yield (0.51) and glucose fermentation efficiency (0.75) adapted from Demirbas [42].
Enzyme cost based on the assumption of US $0.50 per gallon. The hydrolysis of SELP was assumed at 6%
(w/v) with the addition of 0.2% of Tween (w/v). Raw material cost was calculated from the amount of SELP
required for producing 1 gal of ethanol (assumption, SELP $0.055/kg). Chemicals, by-products, operation,
and capital cost were calculated from Wingren [45].
a The hydrolysis yield of SELP with enzyme recycle (Tween) was assumed the same as that from SHF plus Tween.
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be recovered in the distillation step for subsequent re-use in a similar fashion as that shown
in Fig. 4.

The potential to recycle both cellulases and Tween 80 enables a further reduction in Tween
cost, assuming the process does not require additional capital and operation costs. If Tween 80
could be recycled for five rounds by recirculation during the bioconversion process, the cost of
Tween would be $0.07 to produce 1 gal of ethanol from the EPLP substrate (Table 5).
Performing another cost analysis with integration of Tween 80 recycling, a 66% reduction in
total enzyme cost could potentially be achieved under the assumed conditions.

The results of the aforementioned economic evaluation for enzyme recycling with
Tween 80 suggest that the addition of Tween could reduce the total enzyme costs for the
overall process. Evidently, the cost of Tween is an important factor governing the maximum
achievable enzyme cost savings obtained during enzyme recycling. The possibility of
recycling Tween 80 using a recirculation step improves the prospect for practical
application of the enzyme recycling strategies developed in this work. Furthermore, the
costs of immobilization of β-glucosidases will also need to be considered in the overall
recycling scheme. Once the specific capital and operational costs of enzyme recycling are
established, a thorough economic analysis must be performed considering the impact of
enzyme recycling on the entire bioconversion process.

Conclusions

The recycling of cellulase enzymes was accomplished on ethanol-pretreated EPLP substrate
with a 14.5%Klason lignin content with the addition of surfactants and subsequent readsorption
of desorbed cellulases onto fresh substrates. Comparisons of various surfactants revealed that
Tween 80 was the most effective detergent used in enzyme recycling. The efficient recycling of
cellulases from Trichoderma was shown to be due to their high affinity for the EPLP substrate
which facilitated subsequent readsorption to fresh substrate. The inability to effectively
recycle cellulases during the hydrolysis of high-lignin content SELP substrate indicated the
detrimental effect which lignin had on the proposed cellulase recycling strategies. The results
from this study indicate that cellulase recycling is feasible for organosolv-pretreated
lignocellulosics with the addition of surfactant, as cellulases could be recycled and used for
a total of five hydrolysis rounds. Based on a simple economic analysis, the addition of Tween
80 could save 60% of the total enzyme cost at concentrations in the 0.025% to 0.2% range
(assumed price of Tween 80 is US $0.25/kg) assuming there are no additional capital or
operation costs. However, it is recognized that the benefits of Tween 80 will be heavily
dependent on the price of Tween and cellulase enzymes.
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