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Fig. 3. [nhibition effect of lignin with different ratio of cellulose to lignin A: Effect of
lignin inhibition with Avicel loading 0.5 g and Accellerase 1500 loading 0.2 ml in
10 ml reaction volume; B: Effect of cellulase loading with Avicel loading 0.5 g and
lignin loading 0.1 g in 10 ml reaction volume.

adsorption capacity on various pretreated corn stover solids, even
Avicel, correlates well with the hydrolysis rate at 24 h while not at
72 h (Kumar and Wyman, 2009),

A high ceilulase loading has been applied to achieve a high
glucose yield (Wu and Ju, 1998; Gusakov et al., 2007). The low
hydrolysis efficiency caused by the presence of lignin was managed
to be counterbalanced with high cellulase loading (Fig. 3B). The
liydrolysis efficiency increased with the increase of cellulase load-
ing at relative low cellulase loadings, in whicl increasing rate con-
stant and fractal exponent was found at the same time. However, a
further increasing celiulase loading, rate constant increased limit-
edly while the fractal exponent increased continuously. Thus, the
lignin inhibition was only remedied limitedly by high cellulase
loading. A similar phenomenon has also been reported (Sewalt et
al., 1997). Product information of Accellerase 1500 also suggests
that the ideal ratio of Accellerase 1500 to acid-pretreated sugar-
cane bagasses is about 0.24 ml/g cellulose,

3.3. Screening robust nonionic surfuctant/polymer with fractal kinetic
analysis

Enhancement of enzymatic saccharification of lignincellulose
by addition of nonionic surfactants/polymers has been studied
extensively (Park et al., 1992; Eriksson et al,, 2002), For enzymatic
saccharification of Avicel, enhancement {Mizutani et al, 2002;
Ouyang et al., 2010} and limited effect (Zheng et al,, 2008) of addi-

tion of nonionic surfactant/polymer are observed. The positive ef-
fect of nonionic surfactants/polymers aqueous soluticn on an
enzymatic saccharification of Avicel was submerged into the
experimental errors in our present work {data not shown). How-
ever, the effect of nonionic surfactant/polymer on enzymatic sac-
charification of Avicel containing lignin was markedly, which was
evaluated with fractal kinetic analysis as shown in Fig. 4.

A fractal kinetic analysis of control (Avicel containing lignin) got
the fractal kinetic parameters k (0.077) and h {0.87). An addition of
polymers increased rate constant and decreased fractal exponent
at the same time (Fig. 4A). An addition of nonionic surfactants also
exhibited a similar result as that of addition of polymers (Fig. 4B). It
should be stressed that some polymers, such as PEG 4000, PEG
10000, L64, F&8 etc., increased the hydrolysis efficiency by chang-
ing the fractal kinetic parameters to about their original values of
enzymatic saccharification of Avicel without lignin as shown in
Fig, 3A (k=0.082, 1 =0.7). Especially, the high fractal exponent
caused by the presence of lignin (Fig. 3A), which was ascribed fo
the non-~productive adsorption of cellulase onte lignin by the phe-
nelic group content in lignin (Chandra et al., 2007), had been com-
pletely remedied, It indicated that the addition of polymers
prevents the non-productive adsorption of celiulase onto lignin,
A strong interaction between lignin and polymer is also confirmed
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by the solubilization of lignin in the L64-rich phase (Fig. 5) in the
next section. A few increase of rate constant comparison to that
of enzymatic saccharification of Avicel without lignin (k= 0.082,
= 0.7} had also been found. It is similar to the small positive effect
of nenionic surfactants on enzymatic saccharification of crystal cel-
lulose (Mizutani et al,, 2002), which may be related to the effect of
nonionic surfactant/polymer on stability or activity of cellulase
(Zhang et al., 2009; Zheng, 2010), .

The fractal kinetic parameters in the presence of different non-
ionic surfactants/polymers are sununarized in Table 1. In general,
the effect of insoluble nonionic surfactants/pelymers, such as
PPG 2000, Span 20, Tergitol TMN-3, were relatively poor. While
the soluble nonionic surfactants/polymers, such as PEG 4000,
PEG 10000, LG4, FG8, Triton X-100, Triton X-114, were relatively
good. However, insoluble Brij 92v increased the rate constant
markedly and a high glucose concentration was achieved. Nonionic
surfactants Triton X series, no matter soluble (Trion X-100), form-
ing cloud point system (Triton X-114) or insoluble {Triten X-45},
had marked effect on elimination of the lignin inhibition. It indi-
cates that the effect of nonienic surfactant/polymer may be related
to its phase behavior in an aqueous selution and the corresponding
melecular structure,

3.4. Toxicity of residual polymers/nonionic surfactants and removal of
triblock copolymer 164

An enzymatic saccharification of lignocellulose is strongly de-
pended on the pretreatment step (Wyman et al., 2005; Qing et
al,, 2010), while the enzyimatic saccharification of lignocellulose
also has strong effect on the next ethanol fermentation step.
Although elimination of lignin inhibitien by addition of poly-
mers/nonionic surfactant in the enzymatic saccharification step
has been confirmed, the toxicity of the additives on the ethanol fer-
mentation strain S. cerevisiae should be further examined, The tox-
icity of nonionic surfactant{palymer, representing with the relative
activity as detailed in the Section 2, was examined and summa-
rized in table 1. Polymer PEG with nearly no toxicity has been stud-
jed extensively in extractive microbial fermentation (Sinha et al,,
2000), insoluble PPG has also been utilized for extractive microbial
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Fig. 5. Phase change of hydvolysis broth in triblock copolymer L64 aquecus solution
A hydrolysate was settled in a 50 °C water bath, which was separated into a black
supernatant phase containing lignin and L64 while a brown sediment phase
containing residual cellulpse, Then the black supernatant phase was transferred
into another tube and was settled in a 70°C water bath. The supernatant was
separated into a clear upper phase containing most of glucose and the black lignin
was concentrated into the lower phase containing most of L64, The ¢lear upper
phase contalning rost of reducing sugar can be used to ethanol fermentation while
that of concentrated lignin and L64 phase may be further separated, such as acid
precipitation of lignin (Gilarranz et al,, 1998; Fu et al,, 2010). Then the lignin can be
recovered and the L64 be recycled. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this artlcle.)

fermentation (Barton and Daugulis, 1992). Thus the relative
activity of those polymers did not determine in the present work.
Some of nonionic surfactants (such as Brij 30, Triton X-45 etc.)
were toxicity to the ethanol fermentation strain S. cerevisiae, Some
polymers with high viscosity (such as PEG 10000 etc.) alse influ-
enced the mass transfer resistances in the fermentation process
{Sinha et al., 2000).

An interesting phenomenon had been found in a hydrolysate of
an enzymatic saccharification of cellulose containing lignin in the
presence of triblock copolymer 164, When the hydrolysis broth
was settled in a 50 °C water bath, the residual cellulose was depos-
ited in the tube's bottom while the lignin was suspended in the
copolymer solution (Fig. 5). The other soluble polymers/nonionic
surfactants, such as PEG 4000, PEG 10000, F68, Triton X-100 etc,,
exhibited the same phenomencn. When the supernatant was
transferred into another tube and settled in a 70 °C water bath,
the triblock copolymer L64 aqueous solution was separated into
a L64-dilute phase and a LG64-rich phase. The lignin was cencen-
trated into the L64-rich phase and most of glucose was remained
in the L64-dilute phase {Fig. 5). The nonjonic surfactants/triblock
copolymers with low cloud point, such as L62, Triton X-114 etc,,
exhibited a similar phenomenon under the 50°C hydrolysis
conditions except that lignin, residual ceflulose and pelymers/non-
ionic surfactants were deposited in the tube's bottom. The solubi-
lization of lignin in the L64-rich phase provides an evidence that
there is strong interaction between lignin and nonfonic surfac-
tant/polymer, which is selid fact about the additicn of polymers/
nenionic surfactants to prevent the non-productive adsorption of
cellulase onto lignin (Zheng et al., 2008). The fractal kinetic param-
eters (Fig. 4), relative activity (Table 1), and phase separation
(Fig. 5) indicates that triblock copolymer L64 maintains the nature
of nearly no toxicity, effective elimination of lignin inhibition and
easy removal from the hydrelysate, respectively. Thus triblock
coplymer L64 aqueous solution is potential medium in an
enzymatic saccharification of lignocellulose,

4, Conclusions

Fractal kinetic model with two parameters (k and 1) has been
successfully applied to analyze the enzymatic saccharification of
Avicel with or without lignin, in which the retarded hydrolysis rate
has been represented by fractal exponent. Lignin inhibition
exhibits a high fractal expenent, which can only remediate limit-
edly with high cellulase loading while eliminate complefely by
addition of nonionic surfactants/polymers. Some polymers/hon-
ionic surfactants, such as triblock copolymer L64, also fulfills the
demands of next ethanol fermentation step in the biomass based
bio-ethanol industry,
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