PEER-REVIEWED ARTICLE b | oresources.com

Effect of Kraft Pulping Pretreatment on the Chemical
Composition, Enzymatic Digestibility, and Sugar Release
of Moso Bamboo Residues
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In this work, kraft pulping was carried out on moso bamboo residues as a
pretreatment and its impact on the chemical compositions and the
digestibility of the sample was investigated. Meanwhile, steam explosion
and sulfuric acid pretreatments were also carried out on the sample to
determine their impacts on enzymatic saccharification. Results showed
that kraft pulping pretreatment removed a significant amount of lignin
from the sample, and its enzymatic saccharification was enhanced.
Approximately 95% of the lignin was removed with the optimized kraft
pulping pretreatment (26% effective alkali charge, 24% sulfidity, 160 °C,
and 70 min cooking time). Consequently, about 79% and 77% vyields of
glucan and xylan, respectively, were achieved with enzymatic
saccharification from the pretreated sample. As a result, 352 g, 128 g,
and 88 g sugars were generated from 1000 g of samples pretreated by
kraft pulping, steam explosion, and sulfuric acid, respectively. The results
suggested that kraft pulping can be a remarkably effective pretreatment
applied on moso bamboo residues (i.e., lignin-rich biomass) for sugars
released, compared to steam explosion and sulfuric acid pretreatment.
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INTRODUCTION

Lignocellulosic materials such as agriculture and forestry residues, which contain
high carbohydrate content, have been extensively investigated as renewable sources of
hexoses and pentoses for the production of bio-ethanol or bio-based chemicals (Gusakov
et al. 2007; Zhu et al. 2010; Jin et al. 2010). Bamboo as a lignocellulosic biomass, is a
great potential resource and has been widely used for papermaking, food sources, and
construction materials (Zhang et al. 2007). The utilization of bamboo for the production
of ethanol, methane, and lactic acid has been studied for years (Kobayashi et al. 2004;
Asada et al. 2005; Yamashita et al. 2010). Moso bamboo is an important ecological and
economic product, which covers an area of 3.19 million hectares in China. In the course
of utilization of perennial moso bamboo stem, the bamboo industry usually produces
significant amounts of waste residuals, which are not used practically. Only 30% of the
bamboo residues are burned to recover energy or made into activated carbon (Choy et al.
2005; Liu et al. 2010); the remainder is discarded, which results in environment
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pollution. Therefore, efficient utilization of bamboo residues is an ideal choice for bio-
based chemical production and reducing the risk of pollution.

The holocellulose components of lignocellulosic materials are generally
embedded with amorphous lignin, and the cellulose comprises a highly resistant
crystalline structure. These complex structures of lignocellulosic materials are the major
obstacles that obstruct the degradation of carbohydrates by hydrolytic enzymes to release
fermentable sugars (Rahikainen et al. 2011). Therefore, an effective pretreatment is
required to treat the recalcitrant structure of lignocellulosic materials and to increase the
accessibility of cellulolytic enzymes to the cellulose. Pretreatments such as dilute sulfuric
acid, steam explosion, and sodium hydroxide (NaOH) have been investigated for
decades. Mosier et al. (2005) reported that higher concentrations of dilute sulfuric acid
solutions and higher hydrolyzing temperatures could effectively remove hemicellulose
and improve the yield of enzymatic hydrolysis. Steam explosion can break down the
lignocellulosic structure and remove a portion of the lignin and hemicelluloses, leading to
high enzymatic hydrolysis yields (Liu et al. 2013; Chen et al. 2014). Sodium hydroxide
pretreatment can successfully break up the ester bonds between lignin and carbohydrates
(i.e., lignin-carbohydrate complexes (LCCs)), resulting in the exposure of carbohydrates
to enzymes (Li et al. 2010; Sambusiti et al. 2013). In addition, sodium hydroxide can
disrupt the crystalline of cellulose to facilitate enzymatic saccharification.

Using pretreatments such as dilute acid and steam explosion, notable gains in
delignification and enzymatic saccharification have been observed in several species,
especially in annual plant wastes such as corn stover (Liu et al. 2013; Chen et al. 2014),
sorghum bagasse (Sambusiti et al. 2013), and sugarcane bagasse (Chen et al. 2011).
However, when dilute sulfuric acid and steam explosion pretreatments were applied to
bamboo, it was found that delignification was not as high as that observed for other
herbaceous plants, and the enzymatic hydrolysis yield of pretreated bamboo was low.
(YYamashita et al. 2010; Li et al. 2014). Although sodium hydroxide could remove most
of the lignin from lignocellulosic materials and improve the efficiencies of enzymatic
saccharification, the pretreatment was applied at a high concentration of sodium
hydroxide, and the carbohydrates were severely degraded (Li et al. 2014). To selectively
extend delignification while retaining the more carbohydrates, Hartler (1978) proposed
four modified kraft cooking principles, one of which was to maintain a level alkali
concentration during pulping by splitting and injecting the white liquor (Na.S+NaOH) at
different points in the digester. The proposed rules laid the foundation of modern kraft
cooking. From that point on, modified kraft cooking has been industrially applied in both
batch and continuous pulping systems on a large scale (Wallberg and Jonsson 2006;
Biswas et al. 2011).

Lou et al. (2010) found that the major phenylpropane units of moso bamboo
lignin were syringyl and guaiacyl, which were bonded by g-aryl ethers (Sun et al. 2014).
HS" is a strong nucleophile. It can promote the cleavage of phenolic g-aryl ether bonds of
the lignin such that most of lignin can be removed (Hartler 1978). Hence, it is speculated
kraft pulping pretreatment could be an effective pretreatment for moso bamboo to
enhance the enzymatic saccharification by the effective removal of lignin. Although kraft
pulping as a pretreatment has been studied for decades, only a few researchers have
reported the effect of kraft pulping on the chemical composition, enzymatic digestibility,
and saccharification of carbohydrates on bamboo residues.

The purpose of this paper was to investigate systematically the effect of kraft
pulping pretreatment on moso bamboo residues used to obtain fermentable sugars
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(glucose and xylose) after enzymatic hydrolysis. Steam explosion and sulfuric acid
pretreatments were also carried out on the samples to determine the impact of
pretreatment on the enzymatic saccharification and the sugars yield. As a result, the
effectiveness of different pretreatments was evaluated by the amount of released sugars
from substrates treated by different pretreatments.

EXPERIMENTAL

Materials

The residues used in this study were from the stems of 3-year-old or older moso
bamboo (Phyllostachys heterocycla) provided by the Shaowu Bamboo Processing
Factory in Fujian, China. Air-dried moso bamboo residues without classification were
collected and stored in sealed plastic bags at room temperature. Cellulase (No. C2730,
with an activity of 102 FPU/g) and S-glucosidase (No. NZ188, with an activity of 504
IU/g) were purchased from Sigma-Aldrich Inc. (USA).

Methods
Kraft pulping pretreatment

Kraft pulping liquors were prepared with Na>S and NaOH. The effective alkali
(EA) charge (as Na2O on dry material) was varied from 14 to 30%. Sulfidity, Na,S/(NazS
and NaOH) (on NazO basis), was varied from 14 to 28%. The pretreatment was carried
out in 1-L autoclave bombs that were heated with an oil bath. The liquid: solids ratio was
6:1. Dry bamboo residues (100 g) were first impregnated with the liquor at 60 °C for 30
min. After impregnation, the temperature was raised at a rate of 2 °C/min to the target
cooking temperature (i.e., 120, 140, or 160 °C) and maintained for 20 to 80 min. The
pretreated bamboo residues were washed with distilled water at a solids: liquid ratio of
1:10 to remove the spent chemicals. The resulting pulp was stored at 4 °C for subsequent
experiments.

Steam explosion pretreatment

Steam explosion of bamboo residues was carried out in 1-L autoclave bombs that
were heated with an oil bath. The reactor was charged with 100 g of dried bamboo
residues that were treated at various temperatures (190, 200, or 210 °C) for 10 min. When
the pretreatment was completed, the bottom valve of the bomb was opened to
depressurize the contents to atmospheric pressure. The steam-exploded bamboo residue
solids were washed with distilled water at a solids: liquid ratio of 1:10. The resulting pulp
was stored at 4 °C for subsequent experiments.

Dilute sulfuric acid pretreatment

The dilute sulfuric acid pretreatment was carried out in 1-L autoclave bombs that
were heated with an oil bath at 120 to 160 °C for 60 min. Dry bamboo residues (100 g)
were packed into the bomb, and a prescribed amount of sulfuric acid solution was added.
The concentration of sulfuric acid was varied in the range of 1 to 4% (w/v) in the liquor,
and the ratio of solid-to-liquid was 1:10. After pretreatment, the solids were washed with
distilled water at a solids: liquid ratio of 1:10 to remove the spent chemicals. The
resulting pulp was stored at 4 °C for subsequent experiments.

Huang et al. (2015). “Kraft pulping as pretreatment,” BioResources 10(1), 240-255. 242



PEER-REVIEWED ARTICLE b | oresources.com

Enzymatic saccharification

Enzymatic saccharification (30 mL) was conducted at a substrate loading of 5%
(w/v) with a cellulase loading of 20 FPU/g glucan supplemented with 3 IU p-
glucosidase/g glucan (Chu et al. 2013). The experiments were performed in a 150-mL
Erlenmeyer flask at 50 °C using 50 mM citrate buffer (pH 4.8), which was shaken at 150
rpm for 48 h. Aliquots were withdrawn and centrifuged for 10 min at 4000 rpm; the
supernatants were subsequently filtered through a 0.22-um syringe filter and analyzed to
determine the sugar content.

Analysis methods

The primary constituents of bamboo residues and the pretreated samples were
determined based on the procedure developed by the National Renewable Energy
Laboratory for analyzing biomass materials (Sluiter et al. 2011). The activity of cellulase
and p-glucosidase were determined according to the International Union of Pure and
Applied Chemistry (IUPAC) standard (Ghose 1987).

The concentration of sugars was measured using a high-performance liquid
chromatography (HPLC) system equipped with an Aminex HPX-87H column (300 x 7.8
mm) and a refractive index (RI) detector, and 5 mM H,SO4 solution was used as the
eluent at a flow rate of 0.6 mL/min (Tengborg et al. 2001). The yields of glucose or
xylose after enzymatic hydrolysis, which were based on the dried bamboo residues, were
calculated as follows:

glucose or xylose in enzymatic hydrolysate (g)

Yield (%) =
) inital glucose or xylose in substrate (g)

x100% (1)

glucan or xylan in pretreated bamboo residue (g)

- . x100% 2
glucan or xylan in unpretreated bamboo residue (g)

Recovered Yield (%) =

The amount of delignification was calculated as follows:

lignin in pretreated bamboo residue (g)
lignin in the raw bamboo residue (g)

Delignific ation (%) =1- x100% (3)

The amount of fermentable sugars (M) from 1000 g of dry bamboo residuals was
determined as follows:

M (g) = The amount of glucose produced (g) + The amount of xylose produced (g) (4)

RESULTS AND DISCUSSION

Characterization of Bamboo Residues

The primary chemical components of moso bamboo residues used in this work
were as follows (%, dry weight basis): 39.2% glucan, 17.3% xylan, and 32.8% lignin
(acid-insoluble (Klason) + acid-soluble). The lignin content in the bamboo residues was
higher than the lignin content in corn stover and other annual plants (Wallberg and
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Jonsson 2006). A possible explanation is that the conditions used for lignification during
the pulping process leave behind higher lignin content in mature the 3-year-old or older
moso bamboo in comparison to younger bamboo (Lin et al. 2002). Recently, Li et al.
(2014) also found the lignin content was over 30% in the perennial moso bamboo.

Delignification and Composition of Pulped Bamboo Residues under
Different Kraft Pulping Conditions

Technically, several parameters such as EA (effective alkali), sulfidity, cooking
temperature, and cooking time should be investigated during the kraft pulping process
(Reina et al. 2014). The effect of these parameters on delignification and pulp
composition of moso bamboo residues are illustrated in Tables 1, 2, and 3. Data in these
tables indicate that the solid, glucan, and xylan recovery yields decreased with increasing
EA charge, sulfidity, cooking time, and cooking temperature.

It should be pointed out that there are some experimental errors between the cross
data, which were at the condition of EA charge 26%, sulfidity 20%, and cooking time
60min, or at the condition of EA charge 26%, sulfidity 24%, and cooking time 60 min.
The explanation was that the starting material used for investigation was received as a
mixture of different age bamboo and the compositions could be different, which induced
some experimental errors inevitably.

Table 1. The Effect of EA Charge on Chemical Composition and Delignification*

Temp. EA charge Recovered yield (%) Delignification
(°C) (%) Solid Glucan Xylan (%)
14 66.4 94.1 62.2 68.4
18 59.0 90.4 50.0 71.5
120 22 56.6 90.3 42.8 73.9
26 58.0 91.9 40.2 74.7
30 51.9 85.1 34.9 78.6
14 59.6 90.9 53.4 77.9
18 55.6 89.9 49.9 80.4
140 22 52.4 88.2 42.5 85.1
26 48.4 88.4 34.0 88.1
30 45.5 83.3 28.9 88.4
14 51.9 88.4 50.9 87.7
18 47.6 86.0 46.9 92.0
160 22 45.4 85.2 38.4 95.0
26 45.6 84.6 33.4 95.7
30 39.8 80.2 27.9 96.6

*Kraft pulping was performed at the condition of sulfidity 20%, solids:liquid ratio 1:6, and cooking
time 60 min (according to Gu et al. 2013)

As shown in Table 1, the cooking temperature increased as the solid yield
decreased in the range of 51.9 to 66.4% for 120 °C, 45.5 to 59.6% for 140 °C, and 39.75
to 51.9% for 160 °C. These low solid yields of solid were mostly caused by the
degradation of hemicelluloses and the removal of lignin, as well as some alkali
degradation of the cellulose. It was also observed that the recovered yields of the
carbohydrates decreased as the amount of delignification increased. For example, at
140 °C, the amount of delignification increased from 77.9% (at 14% EA charge) to
88.4% (at 30% EA charge), while the recovered yield of glucan and xylan dropped from
90.9% and 53.4%, respectively, to 83.3% and 28.9%, respectively.
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Table 1 also suggests that kraft pulping had the capacity to improve degree of
delignification with increasing EA loading. For instance, at 160 °C, the degree of
delignification was 87.7% at a 14% EA charge, while over 90% of the lignin was
removed when the EA charge was increased to 18%. Furthermore, when more severe
pretreatment conditions were used, the glucan degradation losses were lower than that of
the xylan. When bamboo residues were pulped at 22% EA, 20% sulfidity, and 140 °C,
the recovered yield of glucan was 88.2% while that of the xylan was only 42.5%. This
observation was in agreement with the report by Gu et al. (2013), which indicated that
cellulose in the lignocellulosic biomass was more stable than xylan to alkali exposure due
to the crystalline nature and high degree of polymerization of the natural cellulose.

At 160 °C, it was observed that a further increase of EA charge failed to promote
delignification markedly after 26% EA charge. Meanwhile, the glucan and xylan were
reduced sharply with more alkali addition at 26% EA charge, which consequently
decreased the sugars released during enzymatic saccharification. A similar result was also
observed at 120 °C and 140 °C. Hence, EA charge was set up at 26% to investigate the
impacts of sulfidity and cooking time on chemical composition and enzymatic hydrolysis.

Table 2. Effects of Sulfidity on the Chemical Composition and Delignification®

Temp. Sulfidity Recovered yield (%) Delignification
(°C) (%) Solid Glucan Xylan (%)
14 62.2 93.9 48.8 69.4
16 61.5 92.8 47.3 69.5
120 20 58.2 91.8 40.3 71.9
24 57.1 90.9 38.3 74.8
28 55.2 87.8 38.0 75.9
14 62.2 93.9 38.8 78.6
16 49.9 89.6 35.8 81.3
140 20 49.2 89.5 35.4 86.7
24 49.1 89.3 35.4 87.4
28 45.7 83.5 34.1 89.2
14 44.6 84.6 36.7 91.4
16 44.0 84.2 35.9 93.1
160 20 43.3 84.5 34.9 93.9
24 42.7 84.7 34.4 94.2
28 40.2 78.3 33.6 95.0

*Kraft pulping was performed at the condition of EA charge 26%, solids:liquid ratio 1:6, and
cooking time 60 min

Table 2 shows the effect of sulfidity on the chemical composition of the pulped
bamboo residuals. An increased degree of delignification was obtained with higher
sulfidity charges. For example, the degree of delignification increased from 69.4% (at
14% sulfidity) to 77.0% (at 28% sulfidity) at 120 °C because a higher sulfidity provided
more available HS", which promoted more phenolic g-aryl ether cleavage of the lignin
(Gu et al. 2012). Table 2 also indicates that higher cooking temperatures promoted lignin
removal during kraft pulping. At 14% sulfidity and 120 °C, the amount of delignification
was 69.4%, which is significantly less than when the cook was conducted at 140 °C
(85.2%) and 160 °C (91.4%). It was also observed that pretreatment with milder sulfidity
conditions (i.e., 14 to 24%) retained more glucan in the pulped solids, whereas most of
the xylan was removed during cooking. Over 80% of glucan was retained in the pulped
bamboo residues, while the retained xylan was only 33 to 49%. That could be explained
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as the hemicelluloses have a lower degree of polymerization and more branched structure
than cellulose, which make them more susceptible to being degraded during kraft pulping.

As can be seen in Table 2, the glucan, xylan recovery yields and degree of
delignification were maintained at a point with the increase sulfidity from 16% to 24% at
120 °C, 140 °C, and 160 °C. Meanwhile, the compositions recovery yields were
decreased sharply at 28%, and little enhancement of delignification was obtained. Hence,
24% sulfidity was used for further investigation of cooking time.

The impact of the kraft cooking time on delignification and pulp composition is
illustrated in Table 3. It was shown that cooking time played an important role in the
extent of delignification. At 120 and 140 °C, when the cooking time was increased from
20 min to 80 min, the amount of additional lignin removed increased by 10.2% and 8.6%,
respectively. That was because moso bamboo is a highly lignified species, and it has
some unique characteristics of high density and hardness (Chand et al. 2006). Thus, a
longer cooking time could ensure chemical liquor transfer to the inner structure of
bamboo and accelerate the degradation of lignin. Meanwhile, it was observed that the
recovery yields of glucan and xylan were decreased with increasing cooking time. The
reason for the degradation of carbohydrate was the result of the random alkali
degradation and peel reaction that occurred at a long reaction time. These results provide
insights into the effects of cooking time on the levels of carbohydrates and lignin in the
pulped bamboo residuals.

Table 3. Effects of Cooking Time on the Chemical Composition and
Delignification®

Temp. Cooking time Recovered yield (%) Delignification
(°C) (min) Solid Glucan Xylan (%)
20 61.0 93.8 41.9 66.5
40 57.3 914 39.3 69.8
120 60 56.6 90.5 39.7 71.7
70 56.1 90.3 394 74.9
80 53.7 88.9 37.1 76.7
20 55.0 91.8 38.4 80.5
40 51.0 90.8 35.8 85.3
140 60 49.0 88.8 37.0 88.4
70 47.2 87.3 36.5 88.9
80 46.7 86.8 37.8 89.1
20 45.2 88.2 35.8 92.3
40 44.6 87.4 35.3 93.7
160 60 43.0 85.7 38.0 94.8
70 42.9 85.8 38.8 95.5
80 40.6 81.2 37.2 96.0

*Kraft pulping was performed at the condition of EA charge 26%, sulfidity 24%, solids:liquid ratio
1:6.

The degradation of lignin was enhanced by increasing the EA charge, sulfidity,
cooking temperature, and cooking time of the kraft pulping process. More than three-
fourths of the lignin in the bamboo residues could be removed using 14 to 30% EA and
14 to 28% sulfidity charge when pulped at a temperature of 120 to 160 °C for 20 to 80
min.
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In addition, more than 80% of the original glucan and only 35% of the original
xylan were retained in the pulped bamboo residues. When compared with other alkali
pretreatment (Zhu et al. 2005; Kim and Han 2012), kraft pulping is an excellent method
for removing lignin from the residuals, which might be attributable to the addition of
NazS.

Yield of Enzymatic Hydrolysis and Mass Balance for the Amount of
Fermentable Sugars

An ideal pretreatment is able not only to produce a readily digestible substrate
with low content of lignin, but also to recover the maximum amount of available sugars
in feedstocks (Li et al. 2014). Hence, fermentable sugars released from pretreated
substrates should be calculated, and the amount of sugars should be considered as a
standard to evaluate the pretreatment. The yields of enzymatic hydrolysis and the amount
of fermentable sugars released with the different kraft conditions are shown in Figs. 1, 2,
and 3. These figures revealed that the four pulping parameters were correlated with the
enzymatic digestibility and the amount of fermentable sugars released.

From Fig. 1a, increasing the EA charge from 14% to 30% caused the yields of
glucose and xylose to be enhanced significantly, from 21.9 to 28.1% for glucose and
from 9.39 to 27.8% for xylose. This observation was attributed to the removal of lignin
and the partial removal of hemicelluloses at different EA charge, sulfidity, and cooking
time.

In addition, more LCC bonds were broken up by the extended NaOH addition,
which may be another factor of the better enzymatic digestibility (Min et al. 2014). Yu et
al. (2011) indicated that the efficiency of enzymatic hydrolysis of lignocelluloses was
enhanced as the level of lignin removal was increased. Meanwhile, the removal of lignin
could reduce the strong surface interaction between the lignin and the enzyme (Lou et al.
2013). These figures also demonstrate that higher sulfidity and cooking time helped
obtain higher glucose and xylose yield (Figs. 2a and 3a).
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Fig. 1. (a) Effect of EA charge on glucose and xylose yields and (b) sugars released after
enzymatic hydrolysis. Sugar production (glucose and xylose) was calculated by mass balance
based on 1000 g of dry bamboo residues factoring kraft cooking and enzymatic hydrolysis
processes
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Fig. 3. (a) Effect of cooking time on glucose/ xylose yields and (b) sugars released after
enzymatic hydrolysis. Sugars released (glucose and xylose) was calculated by mass balance
based on 1000 g of dry bamboo residues factoring kraft cooking and enzymatic hydrolysis
processes.

Figures 1b, 2b, and 3b show the amount of fermentable sugars derived from 1000
g of dry bamboo residues under different pretreatment conditions. The fermentable sugars
yields were enhanced with the increasing pretreatment severity. The increased sugars
yield may be due to the higher enzymatic digestibility with less lignin content in the
pretreated residues. Many researchers have found that the enzymatic saccharification and
sugars released are correlated with the lignin content in the substrates. Jin et al. (2010)
reported the fermentable sugars released from alkali-pretreated lignocellulosic materials
during enzymatic hydrolysis are correlated with lignin content. Additionally, there is a
strong negative correlation between the amount of sugars liberated and the amount of
lignin contained in the pretreated substrate (Gu et al. 2012; 2013).

These figures all showed increasing pretreatment severity can effectively enhance
sugars yield. However, lower sugars yield was found when pretreatment conditions
exceeded a certain point. For instance (Fig. 1b), at 160 °C, the amount of sugars
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decreased from 337 g (at 26% EA charge) to 326 g (at 30% EA charge). As observed in
Fig. 2b, increasing sulfidity from 14% to 24% increased the amount of sugars released,
whereas the production changed less with further increase of sulfidity from 24% to 28%
(at 120 °C, 140 °C, and 160 °C). A similar tendency was also observed in cooking time
(Fig. 3b). At 120 °C, 140 °C, and 160 °C, the amount of sugars was enhanced with
cooking time from 20 to 70 min. However, increasing cooking time from 70 min to 80
min failed to promote the release of sugar. These phenomena might be attributed to more
holocellulose losses at serve pretreatment conditions, which is not beneficial for sugars
recovery (Monavari et al. 2009). As expected, 26% EA charge and 24% sulfidity were
the optimal parameters for sugars released from moso bamboo.

Integrating all parameters, kraft pulping pretreatment at 160 °C, 26% EA charge,
24% sulfidity, and a cooking time of 70 min were the optimized conditions for sugars
released, yielded 352.0 g of fermentable sugars from 1000 g dry moso bamboo residues.

Dilute Sulfuric Acid Pretreatment

Dilute sulfuric acid, an alternative pretreatment method, was applied to the
bamboo residues. As shown in Table 4, increasing the sulfuric acid charge and the
pretreatment temperature caused lower recovered yields of solids, glucan, and xylan. It
was observed that the dilute sulfuric acid pretreatment apparently hydrolyzed most of the
xylans in the bamboo residues when high temperature and high acid charge were
employed. At these conditions, only glucan and lignin were left in the pretreated
substrates. This was true when all of the xylans were removed at 160 °C and acid loading
of 3% to 4%. The low recovered yields of glucan and xylan in the pretreated bamboo
residues were due to the acidic hydrolysis of the carbohydrates during pretreatment (Saha
et al. 2005). Unlike kraft pulping pretreatment, the dilute sulfuric acid treatment had no
significant influence on the delignification of bamboo residues, as only 10.1% to 17.4%
of the lignin was removed at various conditions. These observations are consistent with
the results reported by Li et al. (2014), who indicated that the lignin levels in the
substrates were little enriched after the sulfuric acid pretreatment.

Table 4. Effects of Dilute Sulfuric Acid Pretreatment on the Residual’s
Composition, Delignification, Glucose and Xylose Yield, and Sugars Released”

Acid Yield of enzymatic Sugars

Teorgp. charge Recovered yield (%) Dellgnoljlcanon hydrolysis (%) Released
(°C) (%) Solid | Glucan | Xylan (%) Glucose | Xylose (9)
1 80.0 97.2 49.1 10.1 4.6 7.1 26.3
2 71.2 91.9 26.2 13.5 8.1 10.7 37.8
120 3 68.1 89.4 23.6 15.3 8.5 14.5 39.8
4 67.4 89.9 20.1 16.9 8.9 16.5 41.3
1 68.2 92.4 17.3 12.1 15.3 12.6 65.8
2 66.0 90.5 9.8 14.9 17.9 15.0 73.5
140 3 65.5 87.3 4.7 16.0 19.6 16.9 76.0
4 64.0 84.6 3.0 16.3 21.7 245 81.4
1 66.7 89.2 11.0 14.3 17.9 12.3 72.2
2 64.2 83.3 7.3 15.3 19.8 0.0 71.6
160 3 63.6 83.5 0.0 16.2 22.3 0.0 80.9
4 62.9 82.2 0.0 17.4 24.7 0.0 88.1

"The sugars (glucose and xylose) released were calculated by mass balance based on 1000 g of
dry bamboo residues, combining pretreatment and enzymatic hydrolysis processes
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Previous studies have shown that dilute sulfuric acid pretreatment could remove
hemicellulose and lignin, generating pores of pretreated lignocellulosic materials and
improving the enzymatic hydrolysis efficiency (Yu et al. 2011; Li et al. 2014). Indeed,
the efficiency of enzymatic hydrolysis of bamboo residue was enhanced to a certain
extent when the pretreatment temperature and sulfuric acid concentration was increased.
The maximal glucose yield was only 24.6%, even when all of the xylan content was
removed under the harshest pretreatment conditions. One possible explanation for the low
glucose yield was that most lignin was retained in pretreated solid after dilute sulfuric
acid pretreatment, which could not expose enough cellulose to enzymes (Kumar et al.
2012). Additionally, lignin may adsorb enzymes ineffectively, reducing enzymatic
digestibility.

The highest sugar released, 88.1 g of fermentable sugars, was obtained from 1000
g of dry bamboo residues pretreated at 160 °C and an acid charge of 4%. When compared
with kraft pulping, fewer fermentable sugars were released from the acid pretreated
bamboo residues due to the higher weight loss of xylan and the lower enzymatic
hydrolysis yield. Therefore, dilute sulfuric acid pretreatment may not be an ideal process
for converting bamboo residues into fermentable sugars.

Steam Explosion Pretreatment

Table 5 illustrates the impact of steam explosion pretreatment conditions on the
composition of the treated bamboo residues. The recovered yields of glucan and xylan
were reduced as the pretreatment temperature was increased; for the glucan and xylan,
the yields were 97.0% and 35.5%, respectively, at 190 °C, whereas the yields were 89.5%
and 19.7%, respectively, at 210 °C. Meanwhile, 21.8 to 45.8% of lignin was removed
with increased temperature from 190 to 210 °C. Technically, steam explosion
pretreatment could cause the structure of the bamboo residues to break-down, which led
to a large reduction in the amount of holocellulose (Yamashita et al. 2010) and to a small
amount of lignin degradation (Cara et al. 2008).

Table 5. Effects of Steam Explosion Pretreatment on the Residual’s Composition,
Delignification, Glucose and Xylose Yield, and Sugars Released*

Temp. C?i%(éng Recovered yield (%) Delign(!fication Y'E'; d?(;sgizsy&%t'c Sugars released
(°C) (min) Solid |Glucan| Xylan (%) Glucose xylose ©
190 10 854 | 97.0 | 355 21.8 17.7 15.7 85.6
200 10 79.1 | 929 | 31.1 32.8 28.0 16.9 123.3
210 10 75.2 | 89.5 | 19.7 45.8 31.0 18.3 127.9

* The sugars (glucose and xylose) released were calculated by mass balance based on 1000 g of
dry bamboo residues, combining pretreatment and enzymatic hydrolysis processes

Generally, it is believed that lignin removal of 20 to 65% is sufficient to increase
the accessibility of cellulose to enzymes (Gu et al. 2013). In this work, approximately
21.8% to 45.8% delignification occurred during the steam explosion pretreatment;
however, the saccharification efficiency did not improve as expected. The glucose and
xylose yields were 17.7% to 31.0% and 15.7% to 18.3%, respectively, over the 190 to
210 °C pretreatment range. Additionally, because of low enzymatic hydrolysis yield, only
127.9 g of fermentable sugars (based on 1000 g of dry bamboo residues) was obtained
after the consecutive steam explosion pretreatment (210 °C, 10 min) and enzymatic

Huang et al. (2015). “Kraft pulping as pretreatment,” BioResources 10(1), 240-255. 250




PEER-REVIEWED ARTICLE b | oresources.com

hydrolysis process. As discussed above, although steam explosion pretreatment could
remove 45.8% of the original lignin content, the enzymatic hydrolysis efficiency was still
low. In the dilute sulfuric acid pretreatment, even if the hemicelluloses were almost
completely dissolved, the enzymatic hydrolysis yield was still not as great. As expected,
kraft pulping pretreatment had the capacity to remove more lignin; over 90% of the
original lignin content could be removed under the severe kraft pulping conditions.
Meanwhile, the highest enzymatic hydrolysis yield could reach 79% under the optimized
kraft pulping pretreatment. Therefore, when the three pretreatments are compared for
their enzymatic hydrolysis efficiencies, it is observed that the extent of delignification
was the key factor affecting enzymatic digestibility. Similarly, Li et al. (2014) and
Yamashita et al. (2010) also found that the lignin content played a significant role on the
saccharification of lignocellulosic materials.

Among these three pretreatment methods, the kraft pretreatment yielded the
highest amount of fermentable sugars from the bamboo residuals. Table 6 shows that
after pretreatment and enzymatic hydrolysis, kraft pulping yielded 352.0 g of sugars;
however, only 127.9 g and 88.1 g of sugars were obtained from the steam explosion and
sulfuric acid pretreatment (based on 1000 g of dry bamboo residues), respectively. These
results suggest that kraft pulping pretreatment may be an effective method for
fermentable sugars production from moso bamboo residues (i.e., lignin-rich biomass).

When compared with green liquor (Gu et al. 2013) and SPORL (Li et al. 2014)
pretreatments, kraft pulping yielded higher levels of delignification, but negatively
affected the recovery of the carbohydrates, which would reduce the total sugar recovery
after pretreatment (Biswas et al. 2011). To achieve the goals of high holocellulose
recovery yields, enzymatic hydrolysis yields, and fermentable sugars yields, pulping
additives (Biswas et al. 2011) and optimized enzyme mixtures can be applied in the
pretreatment and enzymatic saccharification process. Technically, kraft pulping additives
such as anthraquinone (AQ) can inhibit alkali peeling reactions by oxidizing the end
groups of polysaccharides while accelerating the delignification kinetics (Sjostréom 1993).
Zhang et al. (2010), Li et al. (2014), and Alvira et al. (2011) reported that the addition of
multiple enzymes (f-glucosidase, xylanase, a-L-arabinofuranosidase, and pectinase) can
enhance the conversion of the cellulose and hemicellulose into fermentable sugars. Hence,
these methods should be further investigated for increasing the amount fermentable
sugars released from moso bamboo residues in a future study.

Table 6. Effects of Three Pretreatment on the Residual’s Composition,
Delignification, Glucose and Xylose Yield, and Sugars Released*

Pretreatment Recovered yield (%) Deligr;ification Ylﬁl;/j d(r)ofligizsy(rp/oa)tlc Sugars released
Solid | Glucan| Xylan (%) Glucose xylose @
Kraft pulping” 429 | 858 | 3838 95.5 78.5 76.6 352.0
Steam explosion™ | 75.2 | 89.5 | 19.7 45.8 31.0 18.3 127.9
Sulfuric acid” 62.9 | 82.2 0.0 17.4 24.6 0.0 88.1

*The sugars (glucose and xylose) released were calculated by mass balance based on 1000 g of
dry bamboo residues, combining pretreatment and enzymatic hydrolysis processes.

* Kraft pulping pretreatment was at the condition of EA charge of 26%, sulfidity of 24%, 160 °C,
and cooking time of 70 min.

* Steam explosion pretreatment was at the condition of 210 °C and cooking time of 10 min.

* Sulfuric acid pretreatment was at the condition of 160 °C and cooking time of 60 min.
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CONCLUSIONS

1. Kraft pulping pretreatment can remove most of the lignin, and the amount of
delignification was a key factor for enhancing the enzymatic hydrolysis of moso
bamboo residues.

2. The three pretreatment methods improved the release of fermentable sugars from
bamboo residues; the best results were obtained by the kraft pulping pretreatment.
Based on 1000 g of dry moso bamboo residues, 352.0 g, 88.1 g, and 121.5 g of sugars
could obtained after kraft pulping, dilute sulfuric acid, and steam explosion
pretreatments, respectively, when combined with enzymatic hydrolysis.

3. These results suggest that kraft pulping pretreatment may be an effective method for
the saccharification of moso bamboo residues (i.e., lignin-rich biomass). The
optimized kraft pulping pretreatment conditions were EA charge of 26%, sulfidity of
24%, 160 °C, and cooking time of 70 min.

ACKNOWLEDGMENTS

This research was supported by the International Advanced Forestry Technology
Introduction Project Funding (No. 2012-4-18) and the Major Program of the Natural
Science Foundation of Jiangsu Higher Education (No. 11KJA220004). The authors thank
the Priority Academic Program Development of Jiangsu Higher Education Institution
(PAPD) and Natural Science Foundation of Jiangsu Provincial University (No.
14KJB220006) and the Natural Science Foundation of Jiangsu Province (No.
BK20131426) for supporting the work presented in this paper.

REFERENCES CITED

Alvira, P., Negro, M. J., and Ballesteros, M. (2011). “Effect of endoxylanase and a-L-
arabinofuranosidase supplementation on the enzymatic hydrolysis of steam exploded
wheat straw,” Bioresour. Technol. 102, 4552-4558. DOI:
10.1016/j.biortech.2010.12.112

Asada, C., Nakamura, Y., and Kobayashi, F. (2005). “Waste reduction system for
production of useful materials from un-utilized bamboo using steam explosion
followed by various conversion methods,” Biochem. Eng. J. 23(2), 131-137. DOI:
10.1016/j.bej.2004.11.004

Biswas, D., Misbahuddin, M., Roy, U., Francis, R. C., and Bose, S. K. (2011). “Effect of
additives on fiber yield improvement for kraft pulping of kadam (Anthocephalus
chinensis),” Bioresour. Technol. 102(2), 1284-1288. DOI:
10.1016/j.biortech.2010.08.059

Cara, C., Ruiz, E., Ballesteros, M., Manzanares, P., Negro, M. J., and Castro, E. (2008).
“Production of fuel ethanol from steam-explosion pretreated olive tree pruning,” Fuel
87(6), 692-700. DOI: 10.1016/j.fuel.2007.05.008

Chand, N., Jain, D., and Nigrawal, A. (2006). “Investigation on gradient dielectric
characteristics of bamboo (Dentroclamus strictus),” J. Appl. Polym. Sci. 102(1), 380-
386. DOI: 10.1002/app.23979

Huang et al. (2015). “Kraft pulping as pretreatment,” BioResources 10(1), 240-255. 252



PEER-REVIEWED ARTICLE b | oresources.com

Chen, W. H., Tu, Y. J., and Sheen, H. K. (2011). “Disruption of sugarcane bagasse
lignocellulosic structure by means of dilute sulfuric acid pretreatment with
microwave-assisted heating,” Appl. Energ. 88(8), 2726-2734. DOI.
10.1016/j.apenergy.2011.02.027

Chen, J. W., Zhang, W. G., Zhang, H. M., Zhang, Q. X., and Huang, H. (2014). “Screw
extrude steam explosion: A promising pretreatment of corn stover to enhance
enzymatic hydrolysis,” Bioresour. Technol. 161, 230-235. DOI:
10.1016/j.biortech.2014.02.043

Choy, K. K. H., Barford, J. P., and McKay, G. (2005). “Production of activated carbon
from bamboo scaffolding waste-process design, evaluation and sensitivity analysis,”
Chem. Eng. J. 109(1-3), 147-165. DOI: 10.1016/j.cej.2005.02.030

Chu, Q. L., Yang, D. L., Li, X., Ma, B., Yu, S. Y., and Yong, Q. (2013). “An integrated
process to enhance ethanol production from steam-exploded corn stover,” Fuel 107,
823-827. DOI: 10.1016/j.fuel.2013.02.002

Ghose, T. K. (1987). “Measurement of cellulase activities,” Pure Appl. Chem. 59(2), 257-
268.

Gu, F., Yang, L. F., Jin, Y. C., Han, Q., Chang, H. M., Jameel, H., and Phillips, R.
(2012). “Green liquor pretreatment for improving enzymatic hydrolysis of corn
stover,” Bioresour. Technol. 124, 299-305. DOI: 10.1016/j.biortech.2012.08.054

Gu, F., Wang, W. X., Jing, L., and Jin, Y. C. (2013). “Effects of green liquor
pretreatment on the chemical composition and enzymatic digestibility of rice straw,”
Bioresour. Technol. 149, 375-382. DOI: 10.1016/j.biortech.2013.09.064

Gusakov, A. V., Salanovich, T. N., Antonov, A. I., Ustinov, B. B., Okunev, O. N.,
Burlingame, R., Emalfarb, M., Baze, M., and Sinitsyn, A. (2007). “Design of highly
efficient cellulase mixtures for enzymatic hydrolysis of cellulose,” Biotechnol.
Bioeng. 97(5), 1028-1038. DOI: 10.1002/bit.21329

Hartler, N. (1978). “Extended delignification in kraft cooking — A new concept,” Svensk
Papperstidn. 81(15), 483-484.

Jin, Y. C., Jameel, H., Chang, H. M., and Phillips, R. (2010). “Green liquor pretreatment
of mixed hardwood for ethanol production in a repurposed kraft pulp mill,” J. Wood
Chem. Technol. 30(1), 86-104. DOI: 10.1080/02773810903578360

Kim, I., and Han, J. I. (2012). “Optimization of alkaline pretreatment conditions for
enhancing glucose yield of rice straw by response surface methodology,” Biomass
Bioenerg. 46, 210-217. DOI: 10.1016/j.biombioe.2012.08.024

Kumar, L., Arantes, V., Chandra, R., and Saddler, J. (2012). “The lignin present in steam
pretreated softwood binds enzymes and limits cellulose accessibility,” Bioresour.
Technol. 103(1), 201-208. DOI: 10.1016/j.biortech.2011.09.091

Kobayashi, F., Take, H., Asada, C., and Nakamura, Y. (2004). “Methane production from
steam-exploded bamboo,” J. Biosci. Bioeng. 97(6), 426-428. DOI: 10.1016/S1389-
1723(04)70231-5

Li, J. B., Zhou, P. F., Liu, H. M., Xiong, C. J., Lin, J. H., Xiao, W. J., Gong, Y. X., and
Liu, Z. H. (2014). “Synergism of cellulase, xylanase, and pectinase on hydrolyzing
sugarcane bagasse resulting from different pretreatment technologies,” Bioresour.
Technol. 155, 258-265. DOI: 10.1016/j.biortech.2013.12.113

Li, M. F., Fan, Y. M., Xu, F., Sun, R. C., and Zhang, X. L. (2010). “Cold sodium
hydroxide/urea based pretreatment of bamboo for bioethanol production:
Characterization of the cellulose rich fraction,” Ind. Crops Prod. 32(3), 551-559.
DOI: 10.1016/j.indcrop.2010.07.004

Huang et al. (2015). “Kraft pulping as pretreatment,” BioResources 10(1), 240-255. 253



PEER-REVIEWED ARTICLE b | oresources.com

Li, Z. Q., Jiang, Z. H., Fei, B. H., Cai, Z. Y., and Pan, X. J. (2014). “Comparison of
bamboo green, timber and yellow in sulfite, sulfuric acid and sodium hydroxide
pretreatments for enzymatic saccharification,” Bioresour. Technol. 151, 91-99. DOI:
10.1016/j.biortech.2013.10.060

Lin, J. X, He, X. Q., Hu, Y. X,, Kuang, T., and Ceulemans, R. (2002). “Lignification and
lignin heterogeneity for various age classes of bamboo (Phyllostachys pubescens)
sterns,” Physiol Plant. 114, 296-302.

Liu, Q. S., Zheng, T., Wang, P., and Guo, L. (2010). “Preparation and characterization of
activated carbon from bamboo by microwave-induced phosphoric acid activation,”
Ind. Crops Prod. 31(2), 233-238. DOI: 10.1016/j.indcrop.2009.10.011

Liu, Z. H., Qin, L., Jin, M. J., Pang, F., Li, B. Z., Kang, Y., Dale, B. E., and Yuan, Y. J.
(2013). “Evaluation of storage methods for the conversion of corn stover biomass to
sugars based on steam explosion pretreatment,” Bioresour. Technol. 132, 5-15. DOI:
10.1016/j.biortech.2013.01.016

Lou, H. M., Wang, M. X,, Lai, H. R, Lin, X. L., Zhou, M. S., Yang, D. J., and Qiu, X. Q.
(2013). “Reducing non-productive adsorption of cellulase and enhancing enzymatic
hydrolysis of lignocelluloses by noncovalent modification of lignin with
lignosulfonate,” Bioresour. Technol. 146, 478-484. DOI:
10.1016/j.biortech.2013.07.115

Lou, R., Wu, S. B, and Lv, G. J. (2010). “Fast pyrolysis of enzymatic/mild acidolysis
lignin from Moso bamboo,” Bioresources 5(2), 827-837.

Min, D. Y., Jameel, H., Chang, H. M., Lucia, L., Wang, Z. G., and Jin, Y. C. (2014).
“The structural changes of lignin and lignin-carbohydrate complexes in corn stover
induced by the mild sodium hydroxide treatment,” RSC Advances 4 (21), 10845-
10850. DOI: 10.1039/c3ra47032f

Mosier, N. S., Wyman, C. E., Dale, B. E., Elander, R., Lee, Y. Y., Holtzapple, M. T., and
Ladisch, M. (2005). “Features of promising technologies for pretreatment of
lignocellulosic biomass,” Bioresour. Technol. 96(6), 673-686. DOI:
10.1016/j.biortech.2004.06.025

Monavari, S., Galbe, M., and Zacchi, G. (2009). “The influence of solid/liquid separation
techniques on the sugar yield in two-step dilute acid hydrolysis of softwood followed
by enzymatic hydrolysis,” Biotechnol. Biofuels 2, 1-9. DOI: 10.1186/1754-6834-2-6

Rahikainen, J., Mikander, S., Marjamaa, K., Tamminen, T., Lappas, A., Viikari, L., and
Kruus, K. (2011). “Inhibition of enzymatic hydrolysis by residual lignins from
softwood-Study of enzyme binding and inactivation on lignin-rich surface,”
Biotechnol. Bioeng. 108(12), 2823-2834. DOI: 10.1016/j.cej.2005.02.030

Reina, L., Galetta, A., Vinciguerra, V., Resquin, F., and Menéndez, P. (2014). “The
relationship between Eucalyptus grandis lignin structure and kraft pulping
parameters,” J. Anal. Appl. Pyrol. 107, 284-288. DOI: 10.1016/j.jaap.2014.03.013

Saha, B. C., Iten, L. B., Cotta, M. A., and Wu, Y. V. (2005). “Dilute acid pretreatment,
enzymatic saccharification and fermentation of wheat straw to ethanol,” Biotechnol.
Progr. 21(3), 3693-3700. DOI: 10.1021/bp049564n

Sambusiti, C., Ficara, E., Malpeli, F., Steyer, J. P., and Carrere, H. (2013). “Effect of
sodium hydroxide pretreatment on physical, chemical characteristics and methane
production of five varieties of sorghum,” Energy 55, 449-456. DOI:
10.1016/j.energy.2013.04.025

Huang et al. (2015). “Kraft pulping as pretreatment,” BioResources 10(1), 240-255. 254



PEER-REVIEWED ARTICLE b | oresources.com

Sjostrom, E. (1993). Wood Chemistry: Fundamentals and Applications, Academic Press,
New York.

Sluiter, A., Hames, B., Ruiz, R., Scarlata, C., Sluiter, J., Templeton, D., and Crocker, D.
(2011). Determination of Structural Carbohydrates and Lignin in Biomass,
Laboratory Analytical Procedure (LAP), Technical Report NREL/TP-510-42618,
National Renewable Energy Laboratory (NREL), U.S. Dept. of Energy, Golden, CO
(http://www.nrel.gov/biomass/pdfs/42618.pdf).

Sun, S. L., Wen, J. L., Ma, M. G., Sun, R. C., and Jones, G. L. (2014). “Structural
features and antioxidant activities of degraded lignins from steam exploded bamboo
stem,” Ind. Crops Prod. 56, 128-136. DOI: 10.1016/j.indcrop.2014.02.031

Tengborg, C., Galbe, M., and Zacchi, G. (2001). “Reduced inhibition of enzymatic
hydrolysis of steam-pretreated softwood,” Enzyme Microb. Technol. 28(9-10), 835-
844. DOI: 10.1016/S0141-0229(01)00342-8

Wallberg, O., and Jonsson, A. S. (2006). “Separation of lignin in kraft cooking liquor
from a continuous digester by ultrafiltration at temperatures above 100 °C,”
Desalination 195(1-3), 187-200. DOI: 10.1016/j.desal.2005.11.011

Yamashita, Y., Shono, M., Sasaki, C., and Nakamura, Y. (2010). “Alkaline peroxide
pretreatment for efficient enzymatic saccharification of bamboo,” Carbohyd. Polym.
79(4), 914-920. DOI: 10.1016/j.carbpol.2009.10.017

Yu, Z. Y., Jameel, H., Chang, H. M., and Park, S. (2011). “The effect of delignification
of forest biomass on enzymatic hydrolysis,” Bioresour. Technol. 102(19), 9083-9089.
DOI: 10.1016/j.biortech.2011.07.001

Zhang, X. Y., Yu, H. B., Huang, H. Y., and Liu Y. X. (2007). “Evaluation of biological
pretreatment with white rot fungi for the enzymatic hydrolysis of bamboo culms,” Int.
Biodeter. Biodegr. 60(3), 673-686. DOI: 10.1016/j.ibiod.2007.02.003

Zhang, M. J., Su, R. X., Qi, W., and He, Z. M. (2010). “Enhanced enzymatic hydrolysis
of lignocellulose by optimizing enzyme complexes,” Appl. Biochem. Biotechnol.
160(5), 1407-1414. DOI: 10.1007/s12010-009-8602-3

Zhu, S. D, Wu, Y. X, Yu, Z. N., Liao, J. T., and Zhang, Y. (2005). “Pretreatment by
microwave/alkali of rice straw and its enzymic hydrolysis,” Process Biochem. 40(9),
3082-3086. DOI: 10.1016/j.prochio.2005.03.016

Article submitted: August 25, 2014; Peer review completed: October 15, 2014; Revised
version received and accepted: November 4, 2014; Published: November 17, 2014.

Huang et al. (2015). “Kraft pulping as pretreatment,” BioResources 10(1), 240-255. 255



