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Abstract Chemical and surface characteristics of
sulfite-pretreated royal palm sheath (RPS) fibers and
parenchyma cells were investigated in order to study
cell-type-dependent biomass hydrolysis by cellulase.
Size, chemical composition, cellulose crystallinity and
the exposure of cellulose microfibrils in pretreated
RPS biomass affected the enzymatic accessibility and
digestibility of different cell-type substrates.
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Introduction

Palm residues are widely available in tropical and
subtropical areas as an abundant byproduct of the
agriculture and food industries (Daud and Law
2011). They are a primary source of lignocellulosic
biomass for producing second-generation biofu-
els. Enzymatic conversion of cellulose from palm
residues biomass to yeast-fermentable sugars is one
of the most promising approaches (Jgrgensen et al.
2007). However, the natural recalcitrance of ligno-
cellulose to cellulase hydrolysis significantly hinders
the enzymatic conversion efficiency (Saritha et al.
2012). Therefore, various sophisticated pretreatment
techniques have been developed in order to increase
the accessibility and digestibility of cellulose by
enzymes (Zhu and Pan 2010). However, the detailed
mechanisms involved remain unclear even though
the pretreatment methods dramatically promote
lignocellulose conversion. Pretreatment efficiency
greatly depends on removing lignin and hemicellu-
lose, increasing substrate porosity, reducing particle
size and/or cellulose crystallinity (Sun and Cheng
2002). The types of tissues in plant materials may
determine biomass recalcitrance and therefore affect
the pretreatment efficiency; for example, stalk piths
were more readily hydrolyzed than leaves or rinds
(Zeng et al. 2011). However, how the cellular types
in plant biomass affect pretreatment and the
subsequent enzymatic hydrolysis remains unsolved
and warrants further studies.
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Our group aims to maximize the utilization of palm
residues for pulp and biofuels production. In this
study, we investigated how chemical and surface
characteristics of sulfite-pretreated palm fibers and
parenchyma cells affected the enzymatic accessibil-
ity and digestibility. Our findings may help design
novel biorefining strategies for efficient conversion of
parenchyma-abundant biomass.

Materials and methods
Sulfite pretreatment

Royal palm sheath (RPS) chips (15-30 mm x
3-10 mm) were treated with sulfite compounds sup-
plemented with H,SO4 or Na,CO5; at 175 °C for
30 min. Disintegrated solids were washed and then
subjected to a Bauer-McNett Classifier, in which,
parenchyma fines were separated from fiber bundles.
Fines represent particles that passed through a 200
mesh screen but were retained on a 400 mesh. The
bundles were further defibrated in a KRK disc refiner to
yield homogeneous substrates.

Enzymatic hydrolysis

The pretreated material was hydrolyzed with 15 FPU/
Zeubstrate  Celluclast 1.5L and 34 CBU/ggupsiace OF
Novozym 188 at 50 °C, pH 4.8 and 150 rpm for
72 h. Cellulose enzymatic digestibility was deter-
mined as the percentage of glucan hydrolyzed to
glucose based on the initial glucan content in the
pretreated biomass.

Analytical methods

Light microscopy was carried out by using a Model
BX51 microscope following ISO 9184-3-1990.
Atomic force microscopy (AFM) of RPS biomass
samples was performed in tapping mode using a
Veeco Multimode IIIa AFM with a J-scanner and a
TESP tip (290-346 kHz). Crystallinity of RPS bio-
mass was determined by a D8 Advance X-ray
diffraction analyzer. Biomass crystallinity index was
calculated using Segal et al. described method (1959).
Cellulose crystallinity index was calculated using
O’Dwyer’s prediction equation (Zhu et al. 2010).
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Results and discussion
Cell diversity and size change in RPS biomass

RPS biomass mainly consists of vascular fibers and
parenchyma cells (Fig. 1a). Fibers are narrow and end-
pointed with a width of ca. 17 pm and a length ranged
from 0.5 to 2 mm. Thin-walled parenchyma cells
varying up to 250 pm in length and 150 pm in
diameter are abundant. Sulfite pretreatment caused
deformation and even fragmentation of parenchyma
cells without significant defibrillization of fibers
(Fig. 1b, c). Sulfite RPS wunder acid and alkali
conditions appeared no different under microscopy
observation (Fig. 1). Stained fibers appeared much
yellower than parenchyma cells, most likely lignin
prevented the color reaction between hemicellulose
and stains. The content of fines in solids was retained
around 32 % although undergone treatments (Supple-
mentary Table 1). Thus, rare additional fines were
separated from fibers and parenchyma cells were still
the predominate constitution in fines.

AFM phase composition

The morphology and phase composition of sulfite RPS
biomass were investigated by AFM. The difference
was marginal between acid and alkali sulfite pretreat-
ments (Fig. 2; Supplementary Fig. 1). Granule-like
structures (20-150 nm) were predominant throughout
the surface of RPS fibers. Fibril-like structures fully
but uniformly covered the surface of parenchyma. The
fibrils with a width of 20-50 nm were likely to be
cellulose microfibrils. Some of those granules might
be lignin or hemicellulose because neither lignin nor
hemicellulose has been reported to be fibril-like form
(Koljonen et al. 2004). To verify the assumption,
further chlorite delignification was performed to
completely remove residual lignin (Chunilall et al.
2012) from sulfite RPS samples. Few granules were
retained on fibers after delignification (Fig. 2¢; Sup-
plementary Fig. 1c). Instead, cellulose microfibrils
appeared, occupying most of the scanning area. Some
smaller residual granules (15-50 nm) were observed,
probably accounting for hemicellulose not removable
by chlorite. No granular structure was found in
parenchyma cells after delignification, indicating the
granules present in Fig. 2b and Supplementary Fig. 1b
were lignin.
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Fig. 1 Micrographs of H,O,/acetic acid treated RPS (a), acid sulfite RPS (b) and alkali sulfite RPS (c) at magnification of approx. 100

times

AFM observation demonstrated the surface of
sulfite RPS fibers was covered by layers of lignin
together with hemicellulose. Thus, lignin and/or
hemicellulose possibly form physical barriers, pre-
venting access of enzyme to cellulose surface. Lignin
and/or hemicellulose may also cause nonproductive
binding inhibition to cellulase, which consequently
decreases the enzymatic hydrolysis efficiency of
cellulose. Furthermore, AFM showed cellulose in
sulfite RPS parenchyma formed microfibril-like struc-
ture. The exposure of cellulose on parenchyma surface
is critically important for efficient enzymatic hydro-
lysis because the available surface area of cellulose
exposed to enzyme attack is a key factor limiting the
hydrolysis rate, especially at the initial stage (Sun and
Cheng 2002).

Chemical composition and biomass crystallinity
change

The chemical compositions of RPS biomass samples
are summarized in Table 1. The content of glucan is
lower than in wood but close to residues of date palm
and oil palm (Daud and Law 2011; Khiari et al. 2010).
The content of lignin was relatively low but ash was at
the same level if compared to that in wheat straw and
banana pseudo-stems (Khiari et al. 2010).

Sulfite pretreatment led to glucan-enriched solids
by partially removing lignin, hemicellulose, extrac-
tives and inorganic substances (Table 1). Acid and
alkali sulfite pretreatments increased the glucan
contents in RPS biomass at least 100 and 85 %
respectively. Acid sulfite pretreatment removed 82 %
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Fig. 2 AFM phase images of acid sulfite RPS fibers (a), acid sulfite RPS fines (b), delignified acid sulfite fibers (¢) and delignified acid
sulfite fines (d), recorded at a scan rate of 1 Hz and a scan size of 2 x 2 pmz

hemicellulose and 22.5 % lignin. Alkali sulfite pre-
treatment removed 55.5 % hemicellulose and 36 %
lignin. Acid treatment led to more dissolution or
degradation of polysaccharides than alkali treatment,
and both fibers and parenchyma cells were more
severely destructed as evidenced by Fig. 1. For both
sulfite pretreatments, the glucan content was higher in
parenchyma fines than that in fibers. This agreed with
the AFM observations. Acid sulfite RPS fines were
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particularly rich of glucan up to 66.5 % of the solids,
which is 17 % higher than that in the alkali sulfite
fines. A lesser amount of lignin and hemicellulose in
RPS fines than in fibers allows a higher accessibility
of cellulose to cellulase (Shuai et al. 2010).
Cellulose crystallinity is a crucial factor that affects
enzymatic hydrolysis (Sun and Cheng 2002). Cellu-
lose crystallinity index (Crlc) in RPS solids yielded by
acid sulfite pretreatment was higher than that obtained
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Table 1 Chemical compositions of original and sulfite RPS biomass

Biomass samples Ash (%) Klason lignin  Acid soluble lignin  Ara (%) Gal (%) Glu (%) Xyl (%) Man (%)
(%) (%)

Untreated 11 11.6 3.9 4.3 1.6 29 13 1.4

Acid sulfite* RPS 4.5 24.1 2.2 ND 0.36 58.3 6.8 0.79

Acid sulfite fibers 32 30.3 2.5 ND 0.08 54.6 7.2 0.42

Acid sulfite fines 6.3 12.6 1.4 ND 0.87 66.5 6.2 1.8

Alkali sulfite® RPS 4.1 16.4 2.6 0.26 0.55 53.9 14.1 2.3

Alkali sulfite fibers 2.9 21.8 3 0.12 0.24 50.5 17 0.29

Alkali sulfite fines 7.6 6.8 1.5 0.3 1.3 56.8 9.5 5.7

ND not detected

All data were measured following the NREL TP-510-42618 and TP-510-42620. Relative standard deviation of replicate

measurements was within 2.5 %

4 Pretreated by 4 % (w/w, all based on dry wt biomass) sodium pyrosulfite and 0.8 % conc. H,SO,

® Pretreated by 5.3 % (w/v) sodium sulfite and 2 % (w/v) sodium carbonate

by alkali sulfite pretreatment (52 and 48 % respec-
tively, Supplementary Fig. 2). This result indicated
acid sulfite pretreatment removed more amorphous
cellulose. Under the same pretreatment conditions
(e.g. acid condition), parenchyma cells had a lower
Crlc (49 %) than fibers (54.5 %). AFM results shown
in Fig. 1 provide a probable explanation. Cellulose
microfibrils exposed on parenchyma surface can be
more severely damaged by pretreatment chemicals
than those embedded by lignin-hemicellulose matrix
in fibers. The lower cellulose crystallinity means
a higher accessibility of the glycosidic bonds to
cellulase (Sun and Cheng 2002).

Cellulose enzymatic digestibility

Cellulose enzymatic digestibilities (CED) of sulfite
pretreated RPS biomass samples were studied (Fig. 3).
Parenchyma fines exhibited the fastest initial hydro-
lysis rate and the highest CED, indicating that they
were most susceptible fractions to cellulase. The time-
dependent CED plots for acid and alkali sulfite RPS
fines are almost overlapped, suggesting enzymatic
cellulose hydrolysis was more affected by other
factors such as hemicellulose content despite the
difference in cellulose crystallinity. For acid sulfite
fines, 83 % glucan was rapidly converted to glucose in
the initial 12 h, while 91.5 % was completely hydro-
lyzed after 72 h. The CED pattern of alkali sulfite fines
was similar to that of acid sulfite fines. Fibers were
more recalcitrant to cellulase than fines. Only 38 and
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Fig. 3 Time course of cellulose enzymatic digestion of sul-
fite RPS substrates. Note: Glucose concentration in hydrolysate
was measured using a glucose assay kit. Values are means of
duplicate + standard deviation

44 9% cellulose were hydrolyzed to glucose for acid
and alkali sulfite fibers after incubated with cellulase
for 12 h, respectively.

In conclusion, the main causes of the poorer
digestibility of RPS fibers are: larger size dimension
in RPS fibers (Fig. 1), more non-cellulose compo-
nents (lignin and hemicellulose, Table 1), higher
crystallinity of cellulose (Supplementary Fig. 2),
together with nearly full surface coverage by lignin
(Fig. 2). The hydrolysis of biomass by cellulose thus
relies on the diversity and distribution of lignocellu-
losic cells. Sulfite RPS fibers have an average length of
1 mm (data not shown) and mechanical properties
comparable to bamboo fibers (Rao and Rao 2007).
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Thus, we can propose a new integrated biorefining
strategy for efficient utilization of palm residues or
other parenchyma-rich biomass by separating fibers
and parenchyma for respective purpose of pulping and
biorefining.
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